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B S T R A C T

iofuels are called upon to play an important role, not only in reducing the associated greenhouse-gases
missions, but also in enabling the gradual independence from fossil sources, rendering low-carbon-highly-
stainable fuels. Today, the involvement of biomass-derived sources into existing petroleum refineries has
growing interest due to the increasing unpredictability of oil prices, environmental concerns and the
ecessity to secure an energy supply. Petroleum refineries already have a well-developed infrastructure to
roduce fuels and base chemicals and, consequently, would not require additional intensive investments
r processing of alternative feedstocks. From this point of view, co-processing of biomass-derived feed-
ocks with petroleum fractions is an attractive option, which has already been industrially demonstrated
some cases. There are two main technologies that could be used for co-processing of biomass feedstocks
ith petroleum fractions, the first one being catalytic hydroprocessing and the second one being fluid cata-
tic cracking (FCC). Both technologies are found in virtually any conventional refinery. It is obvious that the
-processing of biomass-based feedstocks with petroleum fractions has the potential to play an important
le in the near future. There are several research studies in literature that examine both technologies for
-processing. However, while there are many technological reviews that focus on stand-alone biofuel pro-
uction (e.g., FAME biodiesel, bioethanol, HVO etc.), a dedicated technological review on co-processing for
roduction of hybrid fuels is still missing. Therefore, this paper is focused on presenting a state-of-the-art
view on co-processing bio-based feedstocks with petroleum fractions via hydroprocessing and fluid cata-
tic cracking, looking at different potential feedstocks, catalysts, operating conditions, products and bene-
ts in detail. As there is no specifically dedicated literature review in this field, the content of this review
rovides a guideline on co-processing of different bio-based feedstocks with petroleum fractions, aimed at
elivering a technological assessment of the existing research efforts.
ailable online xxx

ywords:
-processing
pids
o-oil
VO
ofuels
ydroprocessing
uid catalytic cracking (FCC)
© 2018 Elsevier Ltd. All rights reserved.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

CETM, Advanced Catalyst Evaluation; BEA, Zeolite Beta; BTY, Billion Metric Tons per Year; CAPEX, Capital Expenditures;
m sulfided catalyst; CPO, Catalytic Pyrolysis Oil; CSO, Cottonseed Oil; CTO, Catalyst-to-Oil mass ratio; DMDBT, Dimethyl-
Thermal Analysis; EFAL, Extra-Framework Aluminum; EU, European Union; FAME, Free Fatty Acids Methyl Esters; FAO,
FCC, Fluid Catalytic Cracking; FPO, Fast Pyrolysis Oil; FTIR, Fourier Transformed Infrared Spectroscopy; GC¡MSD, Gas
e Gas; GO, Gas Oil; HAGO, Heavy Atmospheric Gas Oil; HC, Hydrocarbons; HCO, Heavy Cycle Oil; HDA, Hydrodearomati-
on; HDM, Hydrodemetallization; HDN, Hydrodenitrogenation; HDO, Hydrodeoxygenation; HDS, Hydrodesulfurization;
ydrodeoxygenated Pyrolysis Oil; HVGO, Heavy Vacuum Gas Oil; HVOs, Hydrotreated Vegetable Oils; HYD, Hydrogena-
il; LHSV, Liquid Hourly Space Velocity; LMM, Low Molecular Mass; LPG, Liquefied Petroleum Gas; LR, Long Residue;
mber; MS, Mass Spectrometry; NExBTL, Neste Biomass to Liquid; NiMo, Nickel-Molybdenum sulfided catalyst; NiW,
ses; PAH, Poly-aromatic Hydrocarbons; PFAD, Palm Fatty Acid Distillate; PIONA, Paraffins, Isoparaffins, Olefins, Naph-
Octane Number; RSO, Rape Seed Oil; SFO, Sunflower Oil; SGO, Standard Gas Oil #4350; SRGO, Straight Run Gas Oil;

mber; TGA, Thermogravimetric Analysis; TPO, Temperature Programmed Oxidation; TFY, Total Fuel Yield; UK, United
ture according to the International Zeolite Association); VGO, Vacuum Gas Oil; WAF, Waste Animal Fats; WAG, Waste
ourly Space Velocity; ZSM-5, zeolite ZSM-5 (MFI structure according to the International Zeolite Association)

1/36
ontents
. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
. Feedstocks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

http://crossmark.crossref.org/dialog/?doi=10.1016/j.pecs.2018.04.002&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.pecs.2018.04.002&domain=pdf
mailto:david.kubicka@vscht.cz
mailto:david.kubicka@vscht.cz
https://doi.org/10.1016/j.pecs.2018.04.002
https://doi.org/10.1016/j.pecs.2018.04.002
https://doi.org/10.1016/j.pecs.2018.04.002
https://doi.org/10.1016/j.pecs.2018.04.002
http://www.ScienceDirect.com
http://www.ScienceDirect.com
http://www.elsevier.com/locate/pecs
http://www.elsevier.com/locate/pecs


30 S. Bezergianni et al. / Progress in Energy and Combustion Science 68 (2018) 29�64
2.2. Lipids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
2.2.1. Edible oils . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
2.2.2. Non-edible oils. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
2.2.3. Residual oils . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
2.2.4. Lipid content . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

2.3. Pyrolysis bio-oils. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
3. Co-processing in hydroprocessing units . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

3.1. Hydroprocessing technology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
3.2. Operating parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

3.2.1. Co-hydroprocessing of lipids with fossil fractions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
3.2.2. Co-hydroprocessing of bio-oils with fossil fractions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

3.3. Catalysts for co-hydroprocessing. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
4. Co-processing in catalytic cracking units . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

4.1. Catalytic cracking technology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
4.2. Operating parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

4.2.1. Co-processing of lipids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
4.2.2. Co-processing of bio-oils. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

4.3. Catalysts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
5. Product quality. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
6. Sustainability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

6.1. Co-hydroprocessing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
6.2. FCC co-processing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

7. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
1. Introduction

TaggedPThe world-wide depletion of crude oil and greenhouse-gases
(GHG) emissions associated with the transportation sector has
imposed the need for specific energy and climate targets towards
energy security and solidarity via a growing decarbonized economy.
Particularly for the transportation sector, biofuels are highlighted to
play an important role, not only in reducing the associated GHG
emissions, but also in enabling the gradual independence from fossil
sources, rendering low-carbon-highly-sustainable fuels. Over the
last several years, the EU and other countries have established spe-
cific action plans for the promotion of biofuels (Directive 2003/30/
EC, Renewable Energy Directive 2009/28/EC, Amendment to the Fuel
Quality Directive 2009/30/EC, etc.). On the 30th of November 2016,
the Commission published its so-called ‘Winter Package’ of eight
proposals to keep the European Union competitive as the clean
energy transition changes the global energy markets. The Commis-
sion, backed by the Council, has embraced an ambitious plan for the
European Union's electricity market. It will be a major instrument in
realizing the transition to a low carbon economy by 2050. This
means that EU citizens, as well as industrial users, should gradually
switch to electricity not only as a source of light, heating and cooling,
but also transportation. That electricity should, in turn, be generated
or produced from low carbon sources, including, not only, non-fossil
fuels such as hydro, solar and wind energy, but also biofuels, biomass
and biogases [1]. It is obvious that biofuels are going to play a very
important role in the near future.

TaggedPThe first-generation biofuels (biodiesel and bioethanol) are based
on energy crops which limit their environmental benefits (GHG
emissions) while leading to incompatibility problems with their fos-
sil-based counterparts and combustion systems. For example, FAME
(Free Fatty Acids Methyl Esters) biodiesel, produced via the transes-
terification of vegetable oils (sunflower, rape, soy, jatropha, etc.) has
raised economic, environmental and social implications due to the
associated ‘‘food versus fuel’’ debate, problematic by-products (glyc-
erol) utilization, and fuel quality characteristics. More specifically,
FAME's high viscosity, low energy content, high oxygen and water
content, as well as high cloud and pour point, render technical limi-
tations regarding its end-use (injector coking in diesel engines,
microbial contamination of fuel tanks, quality degradation during
long term storage [2�4], etc.). Similar limitations are also reported
ART - 01
TaggedPfor the first-generation ethanol. Furthermore, air transport has
acquired a significant role in the everyday life of the modern world.
Consequently, there is increased interest in alternative fuels for avia-
tion [5]. Aviation fuels are characterized by high energy density and,
therefore, their production depends mainly on liquid hydrocarbon
fuels. Moreover, good flow properties, thermal stability and low
freezing are other important criteria that have to be met by alterna-
tive aviation fuels [6]. Consequently, FAME biodiesel is not accept-
able as an aviation fuel due to its low energy density and high
freezing point in comparison with jet fuels.

TaggedPDue to all these disadvantages of the first-generation biofuels,
alternative biofuels technologies are being explored. Today, the
involvement of biomass-derived sources into existing petroleum
refineries has a growing interest due to the increasing unpredictabil-
ity of oil prices, environmental concerns (e.g., increasing CO2 level
and climate change), and the necessity to secure an energy supply
[7]. Petroleum refineries already have a well-developed infrastruc-
ture to produce fuels and base chemicals and, consequently, would
not require additional intensive investments for the processing of
alternative feedstocks. From this point of view, co-processing of bio-
mass-derived feedstocks with petroleum fractions is an attractive
option, which in some cases has found its practical realization
already [8�12]. There are two main technologies that could be used
for the co-processing of biomass feedstock with petroleum fractions,
the first one is catalytic hydroprocessing and the second one is fluid
catalytic cracking (FCC). Both technologies are found in virtually any
conventional refinery, as indicated in Fig. 1.

TaggedPAs far as catalytic hydroprocessing is concerned, it is a well-
established and commonly-used refining technology generally
employed to upgrade petroleum distillate fractions. There are two
types of hydroprocessing technologies: catalytic hydrotreating
(HDT) and catalytic hydrocracking (HDC), both of which are nor-
mally expected in a typical refinery, as depicted in Fig. 1. The cata-
lytic hydrotreatment process is aimed at removing undesirable
heteroatoms such as sulfur, nitrogen and oxygen as well as metals
and the partial reduction (hydrogenation) of aromatics. It is applied
to intermediate refinery streams which are fed to various conversion
units (e.g., FCC feed hydrotreating, naphtha pretreating prior to
reforming, etc.). Catalytic hydrocracking is a conversion process that
mainly aims to reduce the boiling point of petroleum fractions. Its
feedstocks are generally heavier petroleum intermediate products
2/36
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Fig. 1. Typical refinery scheme.
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ch as heavy gas oil, vacuum gas oil, etc. In fact, as the sulfur and
omatics specifications become stricter (i.e., 10 ppm sulfur in diesel,
e progressive reduction of aromatics) and the available crudes
come heavier and sourer (higher sulfur amounts), catalytic hydro-
ocessing technologies are becoming dominant conversion units.
TaggedPOver the last several years, catalytic hydroprocessing has been
ployed as an advanced biofuels technology over a wide range of

o-based feedstocks, primarily lipids, also. In general, the technol-
y is currently available on an industrial scale, rendering hydro-
eated vegetable oils (HVOs) or “green diesel” produced from edible
ids or “white diesel” produced from used cooking oils as “drop in”
ofuels [13] for road transportation as well as the aviation sector
4]. The first commercial scale hydroprocessing plant for green die-
l production, with a capacity of 170,000,000 metric tons per year
as started up in the summer of 2007 at Neste Oil's Porvoo oil refin-
y in Finland. This technology is branded as ‘‘NExBTL’’ [8, 13, 15].
e produced biofuels are mainly paraffins in diesel, gasoline and jet
el range, depending on the catalyst and operating conditions, with
high cetane number, a high heating value and a zero oxygen con-
nt [16]. The most important advantage of this technology includes
gh flexibility regarding the feedstock without compromising fuel
ality [13]. During the catalytic hydroprocessing of bio-based feed-
ocks H2O, CO, CO2 and C3H8 are produced as side products. Never-
eless, such a technology is associated with high investment costs,
hich justifies high throughput plants only.
TaggedPTo minimize the high investment costs, the co-hydroprocessing
heavy petroleum fractions with bio-based feedstocks is currently
ing investigated, utilizing the underlying conversion capacity of
isting refineries. This approach renders low-carbon hybrid (of par-

ally bio- and partially fossil-origin) fuels of increased sustainability, ti

ART - 01
hile enabling the gradual decarbonization of the transportation
d aviation sector via a biomass infusion in refineries. In addition,
-hydroprocessing has the potential of valorizing a variety of bio-
sed feedstocks including lipids, pyrolysis bio-oils, etc., enabling
erational flexibility and feedstock availability. The difference of
and-alone hydroprocessing of bio-based feedstocks for drop-in
ofuels, which are blended with upgraded petroleum fractions lead-
g to conventional fuels vs the co-processing approach rendering
brid fuels, are compared in Fig. 2.
TaggedPRegarding fluid catalytic cracking (FCC), it is the most widely
ed process in the petrochemical refinery for the conversion of the
avy fractions of crude oil (e.g., vacuum gas oil (VGO) or long resi-
e (LR)) to produce gasoline and propylene as the key products and
her hydrocarbon fractions, such as C4 olefins or a middle distillate,
., light cycle oil (LCO) [17, 18]. It is also among the refinery pro-
sses which can be successfully used for the co-processing of bio-
ass-derived feedstocks and petroleum fractions. Oxygen which is
undantly present in bio-components is removed as CO/CO2 and
ater during co-processing in FCC. Simultaneously, coke formed
ring the process can be successfully burned during the regenera-

on of a catalyst and the generated heat is used to provide heat for
e FCC unit, i.e., the catalyst acts as a heat carrier that supplies the
ergy needed for the endothermic cracking reaction to take place.
this way, all energy contained in the bio-feed is fully utilized in
e process. The separation of water from hydrocarbons does not
em to be a problem. Moreover, some options to involve water into
e water-gas shift reaction have been discussed by Corma et al.
8].
TaggedPThe chemistry, catalysts, and challenges involved in the produc-
on of biofuels by catalytic cracking of lignocellulosic- and
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Fig. 2. Stand-alone biomass hydroprocessing for conventional fuel production by blending drop-in biofuel with petroleum-based fuel and biomass co-hydroprocessing for hybrid
fuel production.
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TaggedPtriglycerides-based feedstocks were considered by Huber and Corma
[19] and St€ocker [20]. Nonetheless, the integration of catalytic crack-
ing of petroleum-based feedstock with cracking of biomass-derived
feedstocks to occur in a single FCC reactor remains a hot topic for
investigation. The transformations of hydrocarbon fractions that
occur in the FCC process include cracking reactions (cracking of alka-
nes, alkenes, naphthenes, and alkyl aromatics to lighter products),
hydrogen transfer, isomerization, and coking reactions [21]. Addi-
tionally, Corma et al. [18] have proposed that the conversion of oxy-
genates from biomass-derived feedstocks in the FCC mainly occurs
through a series involving five different classes of reactions: 1) dehy-
dration reactions, 2) cracking of large oxygenated molecules to
smaller molecules, 3) hydrogen-producing reactions, 4) hydrogen
consuming reactions, and 5) production of larger molecules by C��C
bond-forming reactions (aldol condensation or Diels�Alder reac-
tions). All these reactions take place simultaneously, under FCC co-
processing conditions, and their combination determines the chemi-
cal composition and characteristics of the final product.

TaggedPSeveral reviews considering the FCC co-processing of biomass-
derived and petroleum-derived feedstocks have been published to
date [22�25]. While valuable information and conclusions related to
co-processing of bio-based feedstocks have been provided, the infor-
mation and relevant conclusions on the implementation of bio-
based feedstocks co-processing in industrial FCC technology is
scarce.

TaggedPIt is obvious that the co-processing of biomass-based feedstocks
with petroleum fractions has the potential to play an important role
in the near future. There are several research studies in the literature
that examine both technologies (hydroprocessing and fluid catalytic
cracking) for co-processing. However, while there are many techno-
logical reviews that focus on stand-alone biofuel production (e.g.,
FAME biodiesel, bioethanol, HVO, etc.), a technological review on co-
processing for hybrid fuels production is scarce. There are only a few
reviews published in recent years that deal with co-processing. The
review of Melero et al. [26] is focused mostly on chemistry, catalysis
and challenges involved in the production of biofuels from biomass
in conventional refineries, however it does not discuss the effect of
the operating conditions, type of catalyst and biomass to fossil feed-
stock blending ratios in detail. Similarly, the two reviews of Al-
Sabawi et al. [22, 27] consider the use of biomass-derived oils and
their blends with petroleum feedstocks in hydroprocessing and FCC

processing, respectively. However, a major part of these reviews
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TaggedPdeals with the processing of either individual bio-derived oils or
model compounds. Consequently, a detailed discussion on the tech-
nological aspects is not provided. Moreover, there have been new
developments since these three reviews were published in 2012.
The very recent review of Stefanidis et al. [28] is focused very nar-
rowly � it considers only FCC co-processing of petroleum feeds with
differently prepared bio-oils.

TaggedPTherefore, this paper is focused on presenting a state-of-the-art
review on co-processing bio-based feedstocks with petroleum frac-
tions via co-hydroprocessing and via fluid catalytic cracking, looking
at different potential feedstocks, catalysts, operating conditions,
products and benefits in detail. As a result, the content of this review
provides a recent guideline on co-processing of different bio-based
feedstocks with petroleum fractions, aimed at delivering a techno-
logical assessment of the existing research efforts in which goes
beyond the previous reviews addressing co-processing of bio-based
feedstocks.

2. Feedstocks

TaggedPOne of the main advantages of co-processing is the ability to
combine a variety of bio- and fossil-based feedstocks/fractions with-
out compromising product quality. Moreover, due to co-processing,
fossil feedstocks can be saved and used in other processes. In this
section, the range of fossil- and bio-based feedstocks that are being
co-processed are determined and compared.

2.1. Petroleum fractions

TaggedPBefore examining the key bio-based feedstocks that can be intro-
duced in a refinery via co-processing, the fossil-based fractions that
are the best candidates for co-processing with bio-based feedstocks
should be examined. The most commonly used fossil based feeds for
co-hydroprocessing according to literature are straight run gas oil
(SRGO) [29�32], straight run diesel, also called light atmospheric
gas oil (LAGO) [33�36], heavy atmospheric gas oil (HAGO) [37] and
heavy vacuum gas oil (HVGO) [38]. The fossil-based FCC feedstocks
also suitable for co-processing applications include distillate frac-
tions, such as vacuum- and heavy vacuum gas-oils or FCC cycle oils
(light and heavy cycle oils), as well as atmospheric distillation resi-
due, i.e., short or long residue. The properties of petroleum-based

feedstocks are presented in Table 1.
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Table 1
Properties of various fossil-based feedstocks for co-hydroprocessing.

Properties Kerosene SRGO LAGO HAGO VGO HVGO LCO

Density [g/ml] 0.79 0.83�0.84 0.85�0.86 0.85�0.86 0.84�0.92 0.91�0.97 0.95�0.96
Sulfur [wt%] � 0.72�1.35 1.76 1.20�1.30 0.19�2.02 0.35�3.59 3.50
N [wppm] � 127�570 140 195�473 29�1900 1600�1800 1000
O [wt%] � � � 0�0.50 0�0.28 0.37 �
Cetane index � 54.4 � � � � 26.2
Aromatics [wt%] � 27�33 27�43 30 23 59 76�87
Viscosity [mm2/s] � 2.7�3.0 2.4�5.0 � 8.9�10.8 � 2.5�2.7
10wt 176 234�277 215�266 254 253�400 337�400 227�257
30wt 183 296 280 308 329�437 390�430 276
50 wt 190 276 306 334 373�460 427�455 262�295
70 wt 198 326 331 359 422�495 468�490 327
90 wt 212 310�350 346�371 392 492�550 530�550 313�368
Ref. [67] [41, 42, 44, 68, 69] [29, 31, 35, 48] [45�47, 49] [52, 54, 55, 62, 70] [30, 38, 71] [41, 42, 44]
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TaggedPStraight run gas oil (SRGO) is obtained by crude oil distillation
d is the dominant feedstock for diesel fuel production. It is charac-
rized by a low aromatic content, a high cetane index and a boiling
int range from 234 °C to 350 °C [39, 40]. SRGO is a good candidate
r co-processing due to its low sulfur content and a suitable boiling
int range. Due to its favorable properties, SRGO has been exam-
ed as feedstock for co-hydroprocessing [41, 42].
TaggedPOther possible streams for diesel production like light cycle

l (LCO) are only used sparingly. Light cycle oil (LCO) is a lighter
troleum product characterized by a high sulfur, nitrogen and
omatic content and a low cetane number/index. It contains a
rge amount of gas oil boiling point range multi-substituted aro-
atics (40�60%) and tetralins (20�30%), in which the side chains
e very short paraffins, so their cetane numbers are low [42].
evertheless, the increasing presence of fluid catalytic cracking
its (FCC) in conversion refineries produces large amounts of
O. The quality of LCO could be improved by itself or by the
nversion together with other refinery streams and/or in mix-
res of alternative raw materials [43]. With the co-processing of
iglycerides and middle distillates (e.g., LCO containing gas oils)
t only can the applicability of the low-quality gas oil fractions
fuel be solved, but diesel fuel with a biocomponent content
n be produced. In general, a common practice is to feed LCO in
mixture with SRGO to the hydrotreater [44]. For the above rea-
n, LCO is a feedstock that is not preferable for co-hydropro-
ssing by itself with lipid-based feeds. Instead, the co-
droprocessing of blends of SRGO and LCO and bio-based feeds
preferred [4]. Several studies have examined co-hydroprocess-
g blends of SRGO and LCO with different types of lipids. For
stance, the co-hydroprocessing of different prepared mixtures
om straight run gas oil (70�100%), light cycle oil (0�10%) and
aste animal fat (0�20%) was carried out to yield fuels that
ould satisfy the requirements of the EN 590:2013 standard [4,
]. A similar study of co-hydroprocessing was also carried out
r a straight run gas oil (70�85%), light cycle oil (15%) and
aste cooking oil (0�15%) mixture [42].
TaggedPLight Atmospheric Gas Oil (LAGO) is a cheap liquid petroleum

stillate heavier than naphtha, with an approximate boiling range
om 205 °C to 343 °C, low TAN (0.45mg KOH g¡1) and 12 °C pour
int. Heavy Atmospheric Gas Oil (HAGO) is a heavier petroleum
stillate compared to LAGO, with a high sulfur content and is also
ed for diesel production. A common practice for these two feed-
ocks is to pass them through hydrotreaters to reduce the sulfur
ntent and break the large molecules, rendering high quality blend-
g components for diesel production [45�47]. Both LAGO and
AGO have been examined for co-hydroprocessing with lipid-based
edstocks for hybrid fuel production. LAGO has been tested in dif-
rent blends with waste soya oil [48], sunflower oil [29, 32], rape-

ed oil [35], tallow oil [35] and tall oil [35]. While HAGO was w
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amined in blends with waste cooking oil during co-hydroprocess-
g [45�47, 49].
TaggedPHeavy Vacuum Gas Oil or HVGO is part of the petroleum hydro-

rbon heavy distillate family. HVGO is produced in a Vacuum Distil-
tion Unit, through the separation of the heaviest fraction from the
mospheric distillation column. It is a heavy and viscous product
d is only used as an intermediary. It is also known as cat feed,
hich is feedstock for fluid catalytic crackers used to make gasoline,
soil and many other by-products. There are two main uses of
VGO. The first one is for gasoline production via the fluidized cata-
tic cracker which is a refining unit that cracks the HVGO in the
esence of a catalyst, to produce a gasoline rich mix of products.
d the second one is for diesel and kerosene production via a
drocracker which is a refining unit that cracks the HVGO using
drogen to produce a mixture of products rich in middle distillates.
HVGO is a heavy feed similar to vegetable oils, it has been investi-
ted as a possible feedstock for co-hydroprocessing in blends with
nola oil and sunflower oil both in hydrocracking [30, 38] and cata-
tic cracking (FCC) [50]. From the above research, it is obvious that
ere are numerous fossil-based feedstocks that could be used in
ends with bio-based feeds for hybrid fuel production as shown in
ble 1.
TaggedPVacuum gas oil (VGO) is the most widespread feedstock for FCC
ocesses. It is the top product from the vacuum distillation of the
mospheric residue. It mainly consists of paraffins, naphthenes and
omatics and has a boiling range of 280�580 °C. VGO contains sul-
r and nitrogen compounds which can act as catalyst poisons [51].
GO is the most common petroleum distillate which is used in stud-
s on the FCC co-processing in blends with different lignocellulosic
2�60] and triglycerides-based feedstocks [61, 62]. Sometimes
GO is subjected to hydrotreatment prior to its co-processing in FCC
its to decrease the content of sulfur and nitrogen which could
fluence catalyst deactivation [51, 63�66]. It is worth noting that
e properties of VGO (density, viscosity, boiling point range, etc.)
ay vary in different studies. For example, it is suggested that the
ual feedstocks used in Brazil are heavier than those used in the
SA or Europe [53].

2. Lipids

TaggedPTriglycerides present in vegetable oils, waste oils or animal fats
e characterized as a suitable raw material for high quality fuels
oduction. The most common edible oils for co-hydroprocessing
at have been examined in the literature are, palm oil [36], rape-
ed oil [34, 35], soybean oil [36], sunflower oil [29�32], while Jatro-
a oil [33] is the most common non-edible oil studied as a co-
droprocessing feedstock. As far as residual feedstocks are con-
rned, several types have been studied such as used cooking oils/

aste cooking oils (WCO) [42, 46], waste soya oil [72], waste
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Table 2
Properties of various edible, non-edible and residual lipids.

Properties Canola
oil

Corn
oil

Waste
soya oil

Jatropha
oil

Sunflower
oil

Rapeseed
oil

Palm
oil

Soybean
oil

Waste
animal fat

Waste
lard

Free fatty
acids

Density [g/ml] 0.923 0.912 0.9148 0.919 0.923 0.920 0.912 0.923 0.884 0.893 0.921
Sulfur [wppm] 208 100 42 19 100 100 100 100 270 270 2
N [wppm] 192.7 7 16 1.6 3.9 232 480
O [wt%] 8.31 11.5 10.62 11.33 10.5 11
Pour Point [°C] ¡40 ¡6 ¡6 ¡15 ¡19 ¡12
Viscosity [mm2/s] 35.1 35.391 31.1 37.3 43 33.1 42.4 24.05
Iodine value (g/100 g) 110�126 127�133 82�98 120�134 94�120 50�55 125�128 50�60 58�65
10 wt% 541.2 580 552 576 362
30 wt% 609.8 590 572 587
50 wt% 596 581 594 378
70 wt% 617.2 601 587 599
90 wt% 619.8 642 618 639 460
Ref. [38, 78] [78�80] [48] [33, 78] [29, 67, 78] [34, 36, 69,

71, 78,79, 81]
[36, 62,

78]
[36, 62,
78, 79]

[4, 41] [37, 78] [76, 77]
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TaggedPvegetable oils [48] and animal grease [4, 41]. Here, we provide a brief
overview of different lipid-based feedstocks that can be used for co-
hydroprocessing in existing refineries. Their properties are summa-
rized in Table 2.

TaggedP2.2.1. Edible oils
TaggedPAlthough edible oils are traditionally used for the 1st generation

biodiesel production (FAME), they can also be used for co-hydropro-
cessing with petroleum fractions for hybrid fuel production.

TaggedPThe co-hydroprocessing of different edible oils with petroleum
fractions has been widely explored by many researchers in recent
years. Rapeseed oil was examined as a possible bio-based feedstock
for co-hydroprocessing with light atmospheric gas oil (LAGO). More
specifically, Walendziewski et al. [34] examined 10 wt% and 20 wt%
blends of rape oil with LAGO and noticed the possibility to control
rapeseed oil hydrogenolysis in the presence of gas oil by proper pro-
cess parameters. Mikulec et al. [35] also investigated the co-hydro-
processing of rapeseed oil in 5�6 vol% with LAGO for hybrid fuel
production. Hancsok et al. [69] examined the co-hydroprocessing of
rapeseed oil with SRGO at variable blends (0%, 5%, 8%, 12%, 50% and
100% rapeseed oil). Sunflower oil was also examined as a possible
biomass feedstock for co-hydroprocessing with petroleum fractions
such as LAGO [29, 31], HVGO [30] and kerosene [67] in a variety of
blending ratios (95/5, 85/15, 75/25, 30/70 petroleum fraction/sun-
flower oil) for diesel and jet fuel production. Chen et al. [38] have
studied the co-hydroprocessing of low-grade raw canola oil with
HVGO under typical hydroprocessing conditions; it was found that
during co-hydroprocessing, more diesel but less gasoline was pro-
duced in comparison to pure HVGO. Finally, Watkins et al. [36] ana-
lyzed soybean, palm and rapeseed oil to better understand the
possible chemistry that would occur if they were processed in a con-
ventional hydrotreater with SRGO at blending ratios from 10% to
80%. Although there are also other types of edible oils that could be
good candidates for co-hydroprocessing from a technological point
of view, there is a lack of literature due to the “food versus fuel”
debate for edible oils that limits the prospects of their wide-spread
use.

TaggedP2.2.2. Non-edible oils
TaggedPThe “food versus fuel” debate that stigmatized edible oils acceler-

ated the emergence of non-edible oils as a preferable alternative.
Non-edible oil plants such as Jatropha, sea mango or rubber tree are
well adapted to arid/semi-arid conditions and require low fertility
and moisture demand to grow [73]. In addition, fatty acids and oils
can also be recovered during wood pulping rendering the so-called
tall oils. With respect to their utilization for FAME biodiesel, non-
edible oils can reduce the production cost by 20�40% [22]. Similarly,
ART - 01
TaggedPnon-edible oils seem to be a better choice for hybrid fuels production
as they do not raise the price of food production and have been
investigated as suitable candidates. The most famous non-edible oil
is Jatropha. Its co-hydroprocessing with SRGO was investigated in
detail by Satyarthi et al. [33]. Based on studying a wide range of
blending ratios (10�50% Jatropha oil blended in SRGO) they showed
that the final products consist of hydrocarbons in the diesel fuel
range. Furthermore, no significant effect on the sulfur content of the
final products was observed and the catalyst performance was found
to be stable after 150 h of operation.

TaggedP2.2.3. Residual oils
TaggedPAs in the case for non-edible oils, the “food versus fuel” debate

motivated scientists to focus on the 2nd generation of biomass feed-
stocks, which are based on residual biomass only such as used/waste
cooking oil [45], waste animal fats [4, 41], etc. These feedstock sour-
ces have, however, higher amounts of so-called free fatty acids and
water in comparison with edible and non-edible oils and may, thus,
need pre-treatment before processing.

TaggedPWaste cooking oil (WCO) is a feedstock which can be used in the
production of hybrid biofuels through several methodologies and is
available in satisfactory quantities. Today, used cooking oil is the
main residual feedstock that is increasingly being exploited world-
wide. Based on Wiltsee [74], 4�5 kg per capita per year of WCO can
be collected, which when applied to the ca. 500 million inhabitants
of the EU28, corresponds to 2�2.5 million metric tons per year of
WCO. Other similar studies in Europe have shown even more opti-
mistic results, such as that in the UK (United Kingdom) alone, there
is the potential of 1 million metric tons of WCO that can be collected
or 16 kg per capita [75], which when extrapolated to the EU28 popu-
lation corresponds to 8 million metric tons per year of WCO. Further-
more, in the EU28, approximately 2.5 million metric tons of fats from
the rendering industry are produced which can be exploited simi-
larly. Specifically, waste animal fats are characterized by low sulfur,
nitrogen and oxygen content (see Table 2) and low TAN approxi-
mately 0.85mg KOH g¡1 [4, 41].

TaggedPAlthough waste oils are residual feedstocks with a very low cost,
one of their main disadvantages however is the large-scale collec-
tion, which has not been solved yet. Other relatively high amounts
of residual triglyceride feedstocks that can be used for co-hydropro-
cessing are formed in a variety rendering facilities. In these plants,
various fatty materials, meal, fodders are made from the waste of
slaughterhouses and carcasses of livestock. The most abundant
product of these rendering plants is the technical grade brown lard,
which is characterized by a high water content of approximately
4400mg/kg [37] and high TAN (»16.5mg KOH g¡1). Baladincz and
Hancsok have examined a two stage co-hydroprocessing of waste
6/36
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Table 3
Blending ratio during co-hydroprocessing of lipid feedstocks and fossil feedstocks.

Bio-based feedstock Petroleum fractions Bio-content, wt% Reference

Edible oils
Canola oil Heavy vacuum gas oil 5, 10, 20 [38]
Rapeseed oil Light gas oil, straight run vacuum distillate, straight run gas oil 5, 10, 20 [34, 35, 69, 71]
Sunflower oil Gas oil, heavy vacuum gas oil, straight run gas oil 5, 10, 15, 20, 25, 30, 40 [29�32]
Sunflower oil Kerosene 70 [67]
Olive oil Liquid paraffins 20 [80]
Corn oil Liquid paraffins 20 [80]
Palm oil Straight run diesel 10 [36]
Soybean oil Straight run diesel 10�80 [36]
Non-edible
Jatropha oil Straight run diesel 10, 20, 30, 40, 50 [33]
Wastes
Waste cooking oil Straight run gas oil, light cycle oil 0�15 [42]
Waste cooking oil Heavy atmospheric gas oil 0�30 [45�47, 49]
Waste soya oil Gas oil 10, 25, 40 [72]
Waste vegetable oil Gas oil 10, 25, 40 [48]
Waste animal grease Straight run gas oil, light cycle oil 5�20 [4, 41]
Waste lard Heavy gas oil 5�30 [37]
Free fatty acids Untreated gas oil + LCO 5�20 [76]

Fig. 3. Effect of lipid content in hydrogen consumption (lipid =waste cooking oil,
petroleum feed = HAGO) [45].
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imal fats with heavy gas oil fraction for second-generation paraf-
ic biofuels [37, 41]. Another residual feedstock is free fatty acids.
e hydrotreatment of fatty acids blended in gas oil fractions and
e quality of the resulting hydrotreated products from the point of
ew of diesel fuel standard requirements were investigated in a
uple of papers [76, 77].

2.4. Lipid content
TaggedPDuring the co-hydroprocessing of bio-based feedstocks with
troleum fractions, the bio-content plays an important role with
spect to final product yields and the quality as well as to the
drogen consumption, as shown in Table 3 where different blend-
g ratios of co-hydroprocessing are compared. Toth et al. [29] men-
oned that a higher vegetable oil content in the feed causes a lower
eld of the organic liquid products. This statement can be explained
the hypothesis that the liquid product yield of gas oil hydropro-
ssing is higher than the yield of hydroprocessing of neat lipids.
hile yields of liquid hydrocarbons> 95% are achieved when hydro-
eating SRGO, the hydroprocessing of lipids produces only 80�90%
liquid hydrocarbons, the remainder being propane (5%), water
d CO, CO2 and CH4. Furthermore, in another study of the same
thors investigating waste cooking oil and FCC light cycle oil blends
0�15%), they concluded that increasing the triglyceride content of
edstocks above 15% is not recommended, as the sulfur removal
actions are suppressed due to the high oxygen content [42].
milar results have also been reported for the co-processing of
GO, LCO and animal fats, where the yields of the liquid hydro-
rbon products decreased with the increase in the fat bio-con-
nt of the feedstock [4, 41]. Hancsok et al. [69] found that the
eld of the middle distillate fraction (target fraction) decreased
early with the increasing amount of vegetable oil in the feed-
ock because the theoretical yields of paraffin mixtures obtained

deoxygenation of triglycerides can only be 81�86 wt%
pending on the extent of the key reactions (i.e., hydrodeoxyge-
tion and decarboxylation).
TaggedPOn the other hand, Rana et al. [48] mentioned that an increase of

aste oils content in the feed leads to higher product yields. Rana
al. [48] after studying hybrid fuel production via the co-hydropro-
ssing of waste vegetable oil and LAGO reported that the final prod-
t consisted mostly of diesel-range hydrocarbons (60�90% yields)
d a small amount of kerosene range-hydrocarbons (10�35%
elds). According to Chen et al. [38], during the co-hydroprocessing
canola oil with heavy vacuum gas oil (blending ratio 95/5, 90/10

d 80/20) the gasoline yields range from 1.2 wt% to 8.6 wt% while
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r diesel it ranges from 27 wt% to 38 wt%. Bezergianni et al. [45, 46,
] who examined waste cooking oil from restaurants and house-
lds as a potential residual bio-feedstock for hybrid fuels with
avy atmospheric gas oil in a variety of blends (10�30%) found that
e optimum blending ratio according to the hydrogen consumption
up to 10% WCO as the H2 consumption increased by 7% only as
own in Fig. 3. Besides WCO, waste soya oil with gas oil was also
amined by Tiwari et al. [72] who found that blends can be easily
oxygenated into hydrocarbons under hydroprocessing conditions
ing laboratory prepared hydroprocessing catalysts supported on
esoporous silica and silica�alumina.
3. Pyrolysis bio-oils

TaggedPIn addition to lipids, bio-oils have been recently considered as a
omising alternative bio-based feedstock due to the favorable ori-
n from a non-food biomass. In general, bio-oils can be obtained by
st heating of a solid biomass, typically a lignocellulosic biomass
cluding wood, forestry and agricultural residues, to temperatures
ound 400�500 °C in the absence of oxygen (fast or flash pyrolysis),
liquid oil with yields up to 70�80 wt% is produced [82, 83]. This
st pyrolysis oil (FPO) is a free-flowing liquid at room temperature
hich is green, brown or black in color, depending upon the chemi-
l composition and the amount of microcarbon content [84]. It
proximates to a biomass in an elemental composition and consists
7/36
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TaggedPduring the decomposition of lignin and (hemi-)cellulose with an
appreciable proportion of water from both the original moisture and
reaction product [84]. Solid char (5�10 wt%) and gas (20�30 wt%)
are also produced. Lower process temperatures and longer vapor
residence times favor the production of charcoal. High temperatures
and longer residence times increase the biomass conversion to gas,
while moderate temperatures and a short vapor residence time are
optimum for producing liquids. After cooling and condensation, a
dark brown homogenous liquid is formed which has a heating value
of about half that of a conventional fuel oil. A high yield of liquid is
obtained with most biomass feeds low in ash. FPO has, however, a
low energy density, and low thermal and chemical stability due to
the high oxygen and unsaturation degree [82, 85]. The presence of
oxygenates and unsaturated compounds as well as the admixtures
of basic elements which can behave as catalysts result in the occur-
rence of secondary reactions, such as polymerization, condensation,
etc. [82, 86]. Consequently, density increases while volatility
decreases under FPO storage.

TaggedPThe complex composition of bio-oils and their physical-chemical
properties together with their instability under storage prevent the
direct blending of bio-oils with petroleum fractions. While blending
is a prerequisite for the successful co-processing by hydrotreating,
FCC can be theoretically accomplished without blending the bio-oil
with a petroleum fraction. To allow blending, the high polarity of the
bio-oil accompanied by its high content of water need to be reduced.
Nonetheless, it is not necessary to remove oxygen completely for
the successful blending as blends, e.g., with triglycerides containing
up to 12 wt% are feasible, i.e., the reduction of the polarity is neces-
sary to make blending possible. Two different upgrading routes are
generally considered for improving bio-oil properties before its co-
processing with hydrotreating or FCC feedstocks.

TaggedPFirst, the low quality of FPO can be improved by introducing a
post-pyrolysis mild hydro-treating step to produce an upgraded
hydrodeoxygenated pyrolysis oil (HPO), which is more stable and
possesses higher energy density than the starting bio-oil, FPO [82,
87, 88]. Among the large variety of catalysts employed for bio-oil
HDO, good results have been achieved with noble and base metals
supported on carbon and zeolitic materials [89]. Although these cat-
alysts can be very effective for strongly reducing the oxygen content
of the bio-oil, the high hydrogen consumption and pressure can
increase the costs of HPO production. Elliot [90] pointed out impor-
tant challenges in this field, such as the verification of the long-term
operability of precious metal catalysts in continuous flow systems,
the understanding of the effect of sulfur-containing compounds
present in the bio-oils and the utilization of the upgraded bio-oil as
a feedstock for the production of finished fuels.

TaggedPSecond, the quality of the bio-oil can be improved by performing
an ordinary fast pyrolysis of the biomass in the presence of catalysts,

mostly an FCC catalyst [91, 92]. The addition of catalysts to the

Table 4
Physical properties of differently prepared bio-oils.

Physical property Typical value
FPO

Yield of bio-oil from biomass, wt 46.4�69.0
Water content, wt 15�61.7
Specific density, cm3/g 1.05�1.25
pH value 2.5�3.8
Element content, wt
C 29.4�65
H 5�8.5
O 25�61.7
N 0.2�4.3
S �0.4
Heating value, MJ/kg 16�27.9
Viscosity at 40�50 °C, cP 11.2�100
References [22, 52�54, 59, 60, 82, 84, 9
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TaggedPpyrolysis system enhances the desired reactions that include crack-
ing, decarbonylation, decarboxylation, hydrocracking, hydrodeoxy-
genation, and hydrogenation [93]. Additionally, metals present in
the original biomass (Na, K, Mg, Ca) can be accumulated during
pyrolysis on the catalyst surface, create additional basic active sites
and, hence, cause the deterioration of the catalyst performance [94].
When a proper catalyst and conditions are used, the resulting bio-oil
after catalytic pyrolysis (CPO) has a lower oxygen content and is
more stable than the bio-oil from fast pyrolysis (FPO). This is
achieved at the expense of the liquid yield [54]. Nevertheless,
although the presence of a catalyst can change the quality and yield
of the bio-oil produced from a catalytic pyrolysis process, the FCC
catalyst is a very active one producing mainly water and coke. Thus,
it does not seem to be an appropriate catalyst for this application
and other zeolitic materials have been considered for this applica-
tion. According to Fermoso et al. [89], the best results in CPO produc-
tion were obtained over a ZSM-5 zeolite due to its high selectivity
toward the formation of aromatic hydrocarbons. However, this cata-
lyst suffers from a strong deactivation due to the formation of carbo-
naceous deposits as well as excessive decarbonylation reactions.
This implies a significant loss of both carbon and chemical energy
that would otherwise be in the organic liquid products. No doubt,
more research is needed to identify a more suitable catalyst for the
suggested catalytic pyrolysis process to maximize the liquid yield
[95] and, at the same time, to improve its properties.

TaggedPThe characteristics of FPO, HPO and CPO which have been used in
the co-processing with fossil feedstocks, typically in FCC, are sum-
marized in Table 4 using different literature sources.

TaggedPThe data in Table 4 shows that the elemental composition and
physical-chemical characteristics of the bio-oils are greatly affected
by their origin and pre-treatment. In general, a reduction in the dry
bio-oil yield, water amount and density of the FPO is achieved by its
hydrotreatment. As a consequence, both hydrogen and carbon con-
tent increase in the HPO at the expense of the oxygen content.
Simultaneously, a slight increase in its heating value is observed.
The addition of a catalyst to the thermal pyrolysis process results in
a lower yield (about 2£) of bio-oil organic compounds (CPO). The
lower oil yields stem from oxygen removal in the form of water, CO2

and CO, coke formation on the catalyst and an increase in hydrocar-
bon gas yield. Nevertheless, a comparison of the elemental composi-
tion of FPO and CPO shows that the hydrogen content in the
differently prepared bio-oils is very similar.

TaggedPMore importantly, Table 4 also evidences a large variation in the
characteristics of bio-oils prepared by the same method. In particu-
lar, water content in the FPO may vary from 15% to 62%. Accordingly,
the elemental composition of the resulting bio-oil also varies in a
wide range: the oxygen and carbon content changes from 25% to
61% and from 29% to 65%, respectively [59, 96]. The content of sulfur

and nitrogen in the FPO also falls in a wide range of 0.01�0.4% [59,

HPO CPO

24.0 26.8�35.0
2.1�15.9 7.4�30.8
0.93 1.0

3.7

63�84.4 66�73.1
8�10.6 7�7.4
4.9�28 19.5�27
0�4.9 <0.1
0�0.11 <0.2
25.2�46.0 30.5

1�3.4
5�97] [52, 55, 57, 60, 82, 97�99] [54, 57, 60, 95, 96, 98]
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] and 0.2�4.3% [52, 82], respectively. Moreover, even after the
drotreating of FPO at T = 300 °C both the sulfur and nitrogen con-
nt in the resulting HPO may remain at a high level of 0.1% and
9%, respectively [52]. In most cases, a similar starting biological
aterial was used for the preparation of the bio-oils, such as pine
ood [53, 55, 57, 60] or poplar [59, 97]. Consequently, the character-
tics of the bio-oils used for co-processing with petroleum feeds
pend not only on the method of their preparation (e.g., fast pyroly-
s, catalytic pyrolysis or pyrolysis followed by deoxygenation) or on
e origin of the starting biological materials used for bio-oil produc-
on, but also on other factors, including the conditions of the pyroly-
s process, the pyrolysis technology used, the use of a catalyst (in
e case of a CPO) or the conditions for the separation of aqueous
d organic components after completing the pyrolysis procedure.
deed, Gueudr�e et al. [57] pointed out that the composition of the
-processed pyrolytic oils strongly depends on the various upgrad-
g steps implemented after the initial pyrolysis of the biomass feed-
ock. Comparing the characteristics of bio-oils from different
udies, Agblevor et al. [96] made a conclusion that the CPO from
eir study might be similar to those from the partially hydroge-
ted bio-oils from [82] with respect to the O/C ratios.

Co-processing in hydroprocessing units

1. Hydroprocessing technology

TaggedPHydroprocessing is a catalytic process that enables targeted cata-
tic reactions with the addition of hydrogen. The aim of hydropro-
ssing is to increase the hydrogen-to-carbon ratio and to almost
mpletely remove undesirable heteroatoms such as sulfur, nitro-
n, oxygen and some metals. Furthermore, in some cases, hydro-
ocessing also targets to the reduction of olefin and the aromatic
ntent of the feedstock. The key reactions involved in hydropro-
ssing include hydrodesulphurization (HDS), hydrodenitrogenation
DN), hydrodemetallization (HDM), hydrogenation (HYD) and
drodeoxygenation (HDO). HDS and HDN enable sulfur and nitro-
n removal respectively [100], both of which are environmentally
iven, aiming to mitigate SOX and NOX emissions of fuel combus-
on. HDM reactions focus on the removal of the present metals that
verely poison the conversion catalysts during downstream refin-
y processes. HYD reactions favor the saturation of feedstocks and

e reduction of aromatics, when required, and they are also a or

Fig. 4. Pathways of hydroproces

ART - 01
rquisite for further conversion reactions such as hydrocracking.
DO reactions are necessary for the removal of oxygen compounds,
hich are not desired in certain refinery products such as kerosene.
DO reactions are particularly important for bio-based feedstocks
me of which might contain as much as 50 wt% oxygen. For this
ason, HDO reactions are of high importance during the hydropro-
ssing or co-hydroprocessing of bio-based feedstocks.
TaggedPIn general, catalytic hydroprocessing is widely employed in all

fineries worldwide to upgrade fossil-based intermediate streams.
ch hydroprocessing plant within a refinery focuses on a single or a
mbination of the aforementioned reactions depending on the
plication, rendering multiple hydroprocessing plants within a sin-
e refinery. The availability and flexibility of the underlying refinery
droprocessing plants render this process a suitable candidate for
e parallel conversion of bio-based feedstocks/intermediates within
refinery. Furthermore, in many cases some refinery streams are of
ch low quality (e.g., having high polyaromatic and sulfur contents)
at their individual upgrading to fuels is not profitable, such as the
ht cycle oil (LCO) formed in an FCC plant which is being co-hydro-
ocessed with SRGO [42]. In such cases, co-hydroprocessing with
uid bio-based feedstocks and/or intermediates may better justify
eir upgrading, while in some cases even improve the exploitation
tential of such low-quality refinery streams. All the targeted
brid fuels produced via co-hydroprocessing of bio-based with
troleum streams can fulfill the high-bio-content-fuels require-
ents of the relevant directives of the European Union as described
the introduction section, by utilizing existing infrastructures.
TaggedPIn general, there are two pathways during biomass hydroprocess-

g, the first one is hydrodeoxygenation in which 1 triglyceride mol-
ule consumes 12 hydrogen molecules to form 3 normal
drocarbons with an even number of carbon atoms in their mole-
les, e.g., n-octadecane (n-C18H38), and the second one is hydrode-
rboxylation in which 1 triglyceride molecule consumes 3
drogen molecules to form 3 normal hydrocarbons with an odd
mber of carbon atoms in their molecules, e.g., n-heptadecane (n-
7H36) as they are depicted in Fig. 4 [38]. Typically, the main prod-
ts for hydrogenation of triglycerides are hydrocarbons (n-alkanes)
d by-products are propane, water, CO and CO2 [101]. A byproduct
a product with lower economic value than the main product.
TaggedPDuring the co-hydroprocessing of bio-based feedstocks with fos-

l feeds, the products consist of a gas phase, a water phase and an

ganic liquid phase [29] as schematically represented in Fig. 5. The

sing triglycerides [38].
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Fig. 5. Products from the co-processing of petroleum fraction with lipid feedstocks.
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TaggedPdesired organic phase product is a liquid product containing hydro-
carbons, some unreacted oxygen compounds [81] and a small
amount of dissolved water. Depending on the bio- and fossil-based
feedstocks co-hydroprocessed, the organic phase consists of three
different fractions: a) a light product (hydrocarbons of a boiling
point range of 0¡180 °C), b) a mid-distillate product (a boiling point
from 180 to 360 °C), and c) a heavy residue (with a boiling point
over 360 °C). The aqueous phase is formed during the hydrodeoxyge-
nation (HDO) and decarbonylation reactions of the bio-based part of
the feedstock, and can be separated from the desired organic phase
via sedimentation. Finally, the gas phase, besides the excess of
hydrogen, also contains methane, carbon monoxide and carbon
dioxide, which are by-products of the deoxygenation reactions
(hydrodeoxygenation, decarbonylation, decarboxylation), propane
formed from the triglyceride molecules cleavage, hydrogen sulfide
and ammonia produced from the HDS and HDN reactions of the fos-
sil part of the feedstock, and a small amount of light hydrocarbon
by-products (C1�C4) formed during cracking reactions.

TaggedPThe yields and properties of the organic liquid phase depend on
the operating conditions of the process, the type of catalyst as well
as the feedstock (the type of bio-and fossil-based feedstock and bio-
content). In principle, the more severe the process parameters and
the higher the feedstock bio-content, the lower the density of the
organic phase product [34]. In the next section, the effect of the co-
hydroprocessing operating parameters is summarized based on the
available literature.

3.2. Operating parameters

TaggedP3.2.1. Co-hydroprocessing of lipids with fossil fractions
TaggedPThe most important factors of hydroprocessing are the operating

conditions, i.e., reaction pressure, reaction temperature, space veloc-
ity and hydrogen-to-oil ratio, and catalyst. Table 5 presents different
studies that have been carried out in co-hydroprocessing at various
operating conditions.

TaggedPReaction pressure: Hydrogen pressures during co-processing
range from 20 bars to 110 bars (Table 5), affecting the HDS reactions
as well as product yields. High hydrogen pressures are necessary for
the hydrogen demanding reactions and its role is to increase the
availability of hydrogen in the liquid phase. Special attention should
be paid when co-processing feedstocks, such as lipids that have a
high concentration of olefinic bonds, as saturation reactions con-
sume large amounts of hydrogen. Changes in pressure affect the
extent of the major (hydrodeoxygenation, decarboxylation and
decarbonylation) and secondary reactions (strongly exothermic
methanation and endothermic reverse water-gas-shift reaction), i.e.,
the selectivity is influenced. The reaction pressure also affects the
ART - 01
TaggedPyields of the final products, as the liquid organic product yields
decrease with increasing pressure and temperature in the case of
gas oil and vegetable oil blends [29]. On the other hand, according to
Sankaranarayanan et al. [31] an increase in pressure (30�60 bars)
increased the conversion of vegetable oil in the blend (20% vegetable
oil) by up to 15% depending on the catalyst (> 96% conversion was
achieved) (see Fig. 6), as the conversion of the vegetable oil occurs
through hydrocracking and hydrogenolysis reactions that consume
hydrogen. Eller et al. D10X XD11X X[67] noticed that the extent of the aromatic sat-
uration increased with the increasing pressure during jet fuel pro-
duction. Furthermore, during the co-hydroprocessing of SRGO, LCO
and waste animal fats, an increase in pressure (from 40 to 70 bars)
promoted the conversion of triglycerides resulting in higher yields
(from 92% to 94%) of the organic liquid product [4]. Similar results
were also observed by Sagi et al. [76] who found that a higher pres-
sure is advantageous for HDO and HDS reactions, while higher pres-
sures also allowed products with ultra-low sulphur content, even at
an increased LHSV, to be obtained. Moreover, in the case of the two-
stage co-hydroprocessing of waste lard (10% blend) with HAGO, at
temperatures above 320 °C an increase in pressure (from 20 to
80 bars) caused a small reduction in organic liquid product yields by
2% due to hydrocracking reactions [37].

TaggedPReaction temperature: Most hydrotreatment units operate at a
temperature range from 290 to 400 °C. Toth et al. [29] mentioned
that during the co-hydroprocessing of vegetable oil with a SRGO at
80 bars and 3 h¡1 LHSV (Liquid Hourly Space Velocity), the increase
in temperature (from 300 to 380 °C) increased the conversion and
yields of the organic liquid product from 86% to 92% [29]. Similar
results were also observed by Chen et al. [38] during the co-hydro-
processing of canola oil with HVGO, the yield of the organic liquid
products and feed conversion increased with the increase in temper-
ature from 360 to 395 °C. It was noticed that 80/20 HVGO/canola oil
feed had the highest conversion while pure HVGO had the lowest
one. They concluded that canola oil was easier to crack than HVGO.
Consequently, to achieve the same organic product content or con-
version, feeds with canola oil content required lower reaction tem-
peratures than pure HVGO. As a result, the higher the canola oil
concentration in the feed, the lower the reaction temperature that is
required. Bezergianni and Dimitriadis [105] mentioned that a higher
temperature favored heteroatom removal without affecting conver-
sion; however, the addition of WCO favored the conversion of the
organic liquid product without affecting sulfur and nitrogen
removal. Eller et al. [67] reported that the optimum temperature
range during the co-hydroproccesing of kerosene with sunflower oil
for jet fuel production is 320�330 °C. In the case of co-hydroprocess-
ing straight run gas oil, LCO and animal fats, the yields of the organic
liquid product increased until a temperature of 340 °C and then
decreased with a further increase in temperature, which was due to
hydrocracking reactions that take place parallel to the hydrogena-
tion and aromatic ring opening reactions [4, 41]. Similar trends were
also observed during the two-stage co-hydroprocessing of waste
lard with heavy gas oil, the yield of the main hydrogenated product
fraction slightly decreased with an increase in temperature [37].

TaggedPIn conclusion, the discussed studies show that temperatures
higher than 340 °C favor conversion as well as organic liquid yields
during the co-processing of vegetable oils with petroleum fractions.
However, the results are different when animal fats are co-processed
with petroleum fractions. In this case, mid-range temperatures
(320�340 °C) favor conversion, but with a further increase in tem-
perature, the yields of the main liquid product decrease due to
hydrocracking reactions that take place in addition to hydrogenation
and saturation. A general conclusion that can be drawn is that when
vegetable oils are co-processed with petroleum fractions, higher
temperatures (360�390 °C) are preferable, on the other hand when
the biomass consists of animal fats, mid-range temperatures
(320�340 °C) are optimal.
10/36
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Table 5
Operating conditions during the co-hydroprocessing of bio-based feeds (lipids and pyrolysis bio-oils) with petroleum fractions.

Feed type Catalyst P, bar T, °C H2/Oil, v/v LHSV, h¡1 Product yields,
wt%

Remarks Ref.

The co-processing of lipids with petroleum fractions
HVGO/Canola oil NiMo/Al2O3 80�110 360�395 800 1�2.5 36�40 Conversion increased

with Temp.
[38]

LAGO/Waste soya oil Ni-W/SiO2�Al2O3 50 340�380 500 2 and 4 80�95 Yields depends from cat
and conditions

[48]

HDT LAGO/Jatropha oil CoMo and NiMo in
alumina

50 350 1.2 (WHSV) 90 Yields of C15�C18
hydrocarbons over
90 wt%

[33]

HVGO/Sunflower oil NiMo/Al2O3 50 300�450 1600 4.97 »87 Yields increase with
vegetable oil content
and reactor
temperature

[30]

LAGO/Sunflower oil commercial transition
metal/Al2O3 catalysts

50�80 300�380 600 0.75�3 85�97 More than 15% vegeta-
ble oil reduce desul-
furization efficiency

[29]

Refinery gas oil/Soya
oil

NiMo/Al2O3 50 340�380 1500 2�4 85�95 85�95 wt% diesel yields [72]

<10 wt% kerosene
yields

Refinery gas oil/Soya
oil

NiW/SiO2�Al2O3 50 340�380 1500 2�4 45�80 45�80 wt% diesel yields [72]

15�50 wt% kerosene
yields

Kerosene/Sunflower oil Pt (0.4 wt%)/H-
mordenite

30�70 260�340 400�600 1�2 12�24 Longer reaction time
leads to lower liquid
product yields

[67]

SRGO/Rapeseed oil NiMoP/Al2O3 60 350�360 600 1.5 81�86 Increasing rapeseed oil
content reduce liquid
product yields

[69]

SRGO/Sunflower oil NiMo-g-alumina 30�60 320�350 500 1�4 95.5% conversion Increase of WHSV
decrease conversion
to 64% for 4 h¡1

[31]

SRGO/Sunflower oil NiMo-g-alumina + 15%
zeolite beta

30�60 320�350 500 1�4 >95% conversion Increase of WHSV
decrease conversion
to 81% for 4 h¡1

[31]

SRGO/Sunflower oil NiMo-g-alumina + 30%
zeolite beta

30�60 320�350 500 1�4 100% conversion Increase of WHSV
decrease conversion
to 90% for 4 h¡1

[31]

LAGO/Rapeseed oil NiMo/Al2O3 30�50 320�380 500 2 95 95 wt% yields at tem-
perature range
350�380 °C and
hydrogen pressure
5MPa

[34]

LAGO + Palm fatty acid
distillate (PFAD)

CoMo/Al2O3 25 280�350 630 0.75 30�40 The higher amount of
PFAD slightly facili-
tated deoxygenation
reaction, but impeded
hydrodesulfurization
reaction

[77]

Untreated gas
oil + LCO + Fatty acids

NiMo/Al2O3 40�70 320�380 600 1�2 93.5�98.6 Gas-oil boiling range
products with high
yield can be produced
from 10 to 20% fatty
acid by-product and
10% light cycle oil
containing feedstocks

[76]

SRGO + LCO +waste
cooking oil

CoMo/Al2O3 30 320�380 420 1 ¡3 95�99 Optimum parameters:
T = 360 °C, P = 30 bar,
LHSV = 1 h¡1, H2/
Oil = 420 Nm3/m3 and
15%WCO content

[42]

HAGO/WCO NiMo/Al2O3 56 350 500 1 92 increasing WCO in the
feedstock does not
limit the targeted
HAGO hydrotreating
reactions

[45]

HAGO/WCO NiMo/Al2O3 56 330�370 500 1 presence of WCO in the
feed has a positive
effect on the HDS and
HDN reactions rates
for NiMo

[46]

(continued)
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Table 5 (Continued)

Feed type Catalyst P, bar T, °C H2/Oil, v/v LHSV, h¡1 Product yields,
wt%

Remarks Ref.

HAGO/WCO CoMo/Al2O3 56 330�370 500 1 Presence of WCO in the
feed has a negative
effect on the HDS and
HDN reactions rates
for CoMo

[46]

SRGO + LCO +waste
animal fats (WAF)

NiMo/Al2O3 40�70 300�380 600 0.75�2 94.5 Optimum feed composi-
tion: 75% SRGO, 10%
LCO, 15%WAF. Opti-
mum conditions:
T = 340 °C, P = 70 bar,
LHSV: 1.0 h¡1, H2/feed
ratio: 600 Nm3/m3

[4]

SRGO + LCO +waste
animal grease (WAG)

NiMo/Al2O3 40�70 300�380 600 0.7�3 78.1 Optimum parameters:
T = 340 °C, P = 70 bar,
LHSV = 1.0 h¡1, H2/
Oil = 600 Nm3/m3

[41]

Optimum blend: 75%
SRGO + 10% LCO + 15%
lipids

HAGO/waste lard NiMo/Al2O3 and
Pt/SAPO-11

20�80 300�380 600 0.75�1�1.5 91.7�93.6 2-stage co-hydropro-
cessing, 1st stage with
NiMo/Al2O3 and 2nd
stage with Pt/SAPO-11

[37]

SRVD/rapeseed oil NiMo 180 400�420 1000 1 98�99 There was not observed
any significant deacti-
vation of the catalyst
with lipids addition

[71]

LAGO/rapeseed oil NiMo/Al2O3 55 380 1000 1 93.5�98.2 6.5 vol% the proportion
of rapeseed oil n-C17/
n-C18 1.64

[35]

LAGO/tallow oil NiMo/Al2O3 55 380 1000 1 93.5�98.2 6.5 vol% the proportion
of rapeseed oil n-C17/
n-C18 0.7

[35]

LAGO/tall oil NiMo/Al2O3 55 380 1000 1 93.5�98.2 6.5 vol% the proportion
of rapeseed oil n-C17/
n-C18 0.84

[35]

LAGO/rapeseed oil NiMo/TiO2 55 380 °C 1000 1 93.5�98.2 6.5 vol% the proportion
of rapeseed oil n-C17/
n-C18 2.32

[35]

LAGO/rapeseed oil NiW/NaY 55 380 1000 1 93.5�98.2 6.5 vol% the proportion
of rapeseed oil n-C17/
n-C18 3.80

[35]

LAGO/rapeseed oil NiW/TiO2 55 380 1000 Nm3/m3 1 93.5�98.2 6.5 vol% the proportion
of rapeseed oil n-C17/
n-C18 2.40

[35]

LAGO/rapeseed oil NiW/ZrO2 55 380 1000 Nm3/m3 1 93.5�98.2 6.5 vol% the proportion
of rapeseed oil n-C17/
n-C18 0.94

[35]

The co-processing of pyrolysis bio-oil with petroleum fractions
4,6-DMDBT /Guaiacol ReS2 catalysts sup-

ported on SiO2 and
g-Al2O3

50 300 � � � Batch reactor HDS rates
decreased for both
catalysts used in the
co-processing reac-
tion in comparison
with the rates
obtained for the sepa-
rate experiments

[102]

SRGO/ethanol as oxy-
genate compound

CoMo/Al2O3 50 330 400 1 � Mixed of SRGO with
2.4% w/w of retentate
enriched
in> 220�400 Da and
2.4% w/w of ethanol
due to immiscibility
problems of bio-oil
with SRGO

[68]

SRGO/2-propanol,
cyclopentanone, ani-
sole, guaiacol, propa-
noic acid,
ethyldecanoate

CoMo/Al2O3 30�50 330 � 1 � Compounds tested one
at a time. Results indi-
cate that the co-treat-
ment of some
fractions of biomass
derivates (containing
alcohols, ketones, and
ethers) with hydro-
carbons is feasible

[103]

(continued)
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Table 5 (Continued)

Feed type Catalyst P, bar T, °C H2/Oil, v/v LHSV, h¡1 Product yields,
wt%

Remarks Ref.

SRGO/Guaiacol CoMo/Al2O3 40 280�360 15ml H2/min with 2 g/h 1�2 � In the presence of SRGO
and under deep
desulfurization condi-
tions, no inhibiting
effect on HDS activity
was observed due to
guaiacol conversion

[104]

Fi
(h
(c
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TaggedPSpace velocity: A key parameter of hydroprocessing is space
locity, which is defined either in terms of WHSV (weight hourly
ace velocity) or LHSV (liquid hourly space velocity). WHSV is
fined as the mass feed flow-rate per dry catalyst mass loaded in
e reactor. LHSV is defined as the feed volume flow-rate per catalyst
lume inside the reactor. The inverse of the space velocity is the
ntact (residence) time, i.e., it provides information for how long
e feed is in contact with the catalyst under the operating condi-
ons. The space velocity applied in the hydrotreating processes
nges from 1 to 4 h¡1. Rana et al. [48] examined the co-hydropro-
ssing of waste vegetable oil (from soya oil) with SRGO, and deter-
ined that by increasing the space velocity, it is possible to increase
e yield of middle distillate hydrocarbons (C15�C18) with negligible
acking. Furthermore, Dimitriadis and Bezergianni [47] reported
at lower LHSVs favor saturation reactions (thus increasing hydro-
n consumption) while heteroatom removal, conversion and diesel
eld are unaffected. Hence, higher LHSV is considered more suitable
r co-hydroprocessing of HAGO/WCO [47]. According to Sagi et al.
, 76], a reduction of LHSV was favorable for the improvement in
e conversion at lower reaction temperatures; however, as the pro-
nged residence time favors the formation of lighter compounds by
acking. During the two-stage co-hydroprocessing experiments,
ladincz and Hancsok [37] observed that the triglyceride conver-
on is favored by a decrease in LHSV, however, the hydrocracking
tivity of the catalyst is increased as well, lowering the liquid
ganic product yield. Similar results were also found by Toth et al.
9] who noticed an increase in organic liquid yields with a decrease
WHSV. A general conclusion is that the optimum LHSV for co-
droprocessing in the reaction temperature range of 320 to 360 °C
ries from 1 to 2 h¡1.
g. 6. The influence of process parameters on the conversion of oil/fatty acids in various oil
¡1), 2; (iii) 60 bars, 320 °C; H2/feed (v/v), 500 STP for all runs; data based on a single experim
) 20% oil�diesel blend, Ni�Mo�30BEA; (d) 40% oil�diesel blend, Ni�Mo�30BEA; (e) 20% oil
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TaggedPHydrogen-to-oil ratio: In principle, increasing the hydrogen flow-
te improves the HDS effectiveness since HDS is proportional to the
rtial pressure of hydrogen. In addition, when having a constant
ed flow-rate, increasing the hydrogen flow-rate contributes to the
porization of a large amount of the feed. Satyarthi et al. [33]
aimed that by increasing hydrogen flow, the desulfurization activ-
y is better in the co-hydroprocessing of Jatropha oil with straight
n gas oil, and estimated that up to 30 wt% Jatropha oil can be proc-
sed without affecting the final sulfur content of the product. Simi-
r results were also obtained by Dimitriadis and Bezergianni [47] in
e co-hydroprocessing of waste cooking oil with heavy atmospheric
s oil. They showed that a higher H2/liquid feed ratio favors satura-
on and heteroatom removal as there is an excess of hydrogen for
e reactions to take place as shown in Fig. 7. In general, hydropro-
ssing is a technology that consumes hydrogen, the addition of a
omass feedstock in the co-hydroprocessing increases the hydrogen
nsumption of the overall process rather substantially. The amount
additional hydrogen consumed is obviously dependent on the
pe of feedstock, i.e., bio-oil or lipids (saturated or unsaturated) and
e reaction path that is related to the mechanism and kinetics
the process [101]. A very important parameter that affects the
drogen consumption is the degree of saturation of the initial
edstock, more specifically palm oil and animal fats are highly
turated feeds and offer the advantage of lower hydrogen con-
mption when the target is renewable diesel. Other lipid feeds
at contain high amounts of unsaturated fatty acids (27�40%
8:3) are camelina oil, linseed oil and algae oil which are pref-
able for aviation renewable fuels [106], plausibly because of
e cyclization of the unsaturated chains producing substituted
phthenic hydrocarbons. According to literature, the most
/fatty acid-diesel blends [Conditions: (i) 60 bars, WHSV (h¡1), 2; (ii) 320 °C, WHSV
ent] (a) 20% oil�diesel blend; Ni�Mo�Al; (b) 20% oil�diesel blend, Ni�Mo�15BEA;
(+ 10% oleic acid)�diesel blend, Ni�Mo�30BEA [31].

13/36



Fig. 7. Effect of LHSV 0.66 h¡1 (dash line) and 1 h¡1 (solid line) and H2/Oil ratio (300, 400 and 500 L H2/L feed on desulfurization (&) and denitrogenation (^) reactions during co-
hydroprocessing of HAGO/WCO blend (90/10 V/V%) at T = 350 °C, P = 5.6MPa [47].
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TaggedPcommon practice for co-hydroprocessing is to use an H2/Oil ratio
from 420 to 590 nL H2/L liquid feed.

TaggedP3.2.2. Co-hydroprocessing of bio-oils with fossil fractions
TaggedPThe key aspect of any prospective refinery co-processing is the

influence of the added feedstock, i.e., bio-oil or pre-hydrotreated
bio-oil, on the base petroleum feedstock, i.e., straight-run gas oil or
vacuum gas oil. Apart from the immiscibility issues that will have a
plausibly more severe impact on upgrading in the liquid phase pro-
cesses over catalysts in a fixed bed (hydrotreating / hydrocracking)
than on the gas phase cracking over a fluidized catalyst bed (FCC),
the chemical inhibition effects are of importance as well. In this con-
text, the hydrotreating of atmospheric gas oil would be the most
sensitive process as it affords a final refinery product, i.e., diesel that
is limited by strict standards. For instance, any inhibition by the
oxygenates will limit the hydrodesulphurization activity and, thus,
render reaching the 10 ppm S limit very challenging.

TaggedPUp to now, there is only limited information on the co-processing
of bio-oil or pre-hydrotreated bio-oil in the open literature. More
specifically, there is just one study that examines the direct co-proc-
essing of a real bio-oil with petroleum fractions (straight run gas oil)
[68]. Pinheiro et al. [68] studied the co-hydrotreatment of a bio-oil
(produced from hardwood) with SRGO. In order to achieve this goal,
the bio-oil was separated into four fractions by membrane fraction-
ation and one of the fractions was mixed with the SRGO and co-
hydrotreated over a CoMo/Al2O3 catalyst at 330 °C, 5MPa, 1 h¡1

(LHSV) and 400 SL/L H2/HCoutlet. An inhibition effect on the HDS,
HDN and HDCa (aromatic hydrogenation) reactions was observed in
the presence of the bio-oil fraction. This inhibition was due to the
presence of CO and CO2 formed during the reaction and not due to
the oxygen compounds present in the bio-oil itself [68]. The very
few studies that exist [103, 107, 108] mostly examine model com-
pounds such as guaiacol with atmospheric gas oil to simulate the
effect of a bio-oil in an existing petroleum refinery.

TaggedPSeveral of these studies investigate the effect of bio-oil-represen-
tative compounds on the hydrotreating performance, i.e., hydro-
desulphurization (HDS), hydrodenitrification (HDN) and
hydrodearomatization (HDA), over commercial hydrotreating cata-
lysts [102, 103, 108�110]. Under standard hydrotreating conditions,
i.e., at> 330 °C,> 3MPa and 1 h¡1, typical oxygenates covering the
variety of functionalities present in bio-oils, such as anisole, guaia-
col, 2-propanol, cyclopentanone, propionic acid and ethyl decanoate,
have been completely deoxygenated when co-processed with
straight-run gas oil (SRGO) over a commercial CoMo catalyst [103].
The concentration of these oxygenates in the SRGO was in the range
1.0�4.0 wt%. The results indicate that oxygenates rendering only
water as a deoxygenation by-product do not inhibit the HDS, HDN

and HDA performance of the catalyst, whereas a strong inhibition of
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TaggedPthe HDS, HDN and HDA activity was found in the case of propionic
acid and ethyl decanoate [103]. It was shown that the inhibition is
not due to the oxygenates themselves, but rather due to the inhibit-
ing effect of CO and CO2, i.e., the by-products of deoxygenation
[108]. The formation of carbon oxides is a consequence of the decar-
boxylation and / or decarbonylation reactions. Under hydrotreating
conditions, it is virtually impossible to distinguish these pathways
due to the rapid establishment of equilibrium between CO and CO2

by the water-gas-shift and the reversed water-gas-shift reactions
[108]. The inhibition effect of the addition of 1.16 wt% propionic acid
or of 3.13 wt% ethyl decanoate in the SRGO could be expressed in
technological terms as a need for an increase in the co-processing
temperature by 11 °C to achieve the same level of desulfurization as
in the case of SRGO. In the case of HDN, the necessary temperature
increment would be 16 or 18 °C, respectively, while in the case of
HDA, the co-processing temperature would need to be increased by
6 or 5 °C, respectively, in comparison with SRGO hydrotreating to
have the same content of aromatics in all reaction effluents [103].

TaggedPAmong the other studied oxygenates, anisole and guaiacol,
deserve particular attention. Though they are completely deoxygen-
ated under the experimental conditions, the yield of the products, i.
e., cyclohexane and benzene, were much lower than expected. Only
10.7 and 17.0 mol% of cyclohexane and benzene (< 0.5 mol%) were
formed in the co-processing of anisole and guaiacol, respectively,
with SRGO [103]. This indicates that these aromatic oxygenates
probably undergo, at standard hydrotreating conditions, condensa-
tion reactions yielding compounds undistinguishable from hydro-
carbons present in the SRGO [103]. Under their experimental
conditions, the authors [103] have ruled out the possibility of exces-
sive coke formation that was proposed by others [100, 110] for
guaiacol deoxygenation. It has to be noted that these studies were
performed on oxygenates dissolved in hexadecane in a batch reactor
at temperatures 260¡300 °C. Consequently, the conversion of guaia-
col was limited to 60% and phenolics (phenol and catechol) were the
only reaction products, i.e., only partial deoxygenation through
demethoxylation took place [110]. In agreement with Pinheiro et al.
[103], Bui et al. [108] has reported the absence of an HDS inhibition
when co-processing guaiacol (5000 ppm) with SRGO over a commer-
cial CoMo catalyst at temperatures above 320 °C and at an LHSV of
1 h¡1. However, they have observed the inhibition of the HDS activ-
ity outside the typical range of hydrotreating conditions, namely at
300 °C and 2 h¡1, i.e., at shorter contact times. With a reference to
older studies focusing on the upgrading/co-processing of coal
liquids, they explain the inhibition of the HDS activity by competi-
tive adsorption of between phenols originating from guaiacol and
sulfur-containing compounds, such as benzo- and dibenzothio-
phenes [108]. In quantitative terms, the addition of 5000 ppm of

guaiacol led to a decrease in the HDS conversion to ca. 30% from
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out 70% established for SRGO at 300 °C. At 340 °C, the HDS conver-
on decreased from ca. 92% (SRGO) to approximately 88% when
00 ppm guaiacol was added to the SRGO [108].
TaggedPAn inhibition of the HDS activity of a commercial CoMo catalyst

as observed not only for the co-processing of model compounds. It
as also reported by Mercader et al. [107] for the co-processing of
SRGO with hydrotreated (i.e., partially deoxygenated) bio-oils in

eight ratio 70-to-30. It was observed that the competition between
e HDS and HDO reactions did not result in permanent catalyst
activation [107]. The bio-oils were obtained by water addition to
e whole pyrolysis oil resulting in phase separation into organic
d aqueous fractions. It has to be noted that depending on the type,
e hydrotreated bio-oil used in the co-processing was diluted in
opropanol 2:1 or 1:1 on a weight basis to reduce its viscosity [107].
ence, it has to be kept in mind that the dilution might have affected
e co-processing in a positive way. Moreover, the experiments have
t been performed under fully typical hydrotreating conditions,
mely at 380 °C and at LHSV of 2 h¡1. Due to the different dilution
both bio-oils tested, it is difficult to compare the inhibition effect
a quantitative way � the sulfur content increased from 136 ppm
und for SRGO hydrotreating to ca. 2000 ppm for the less diluted
o-oil and to 376 ppm for the more diluted bio-oil. Interestingly,
oxygenation of the bio-oil was not complete at these experimental
nditions and phenolics were found in the product [107]. This is in
e with the review of Furimsky [100] showing the carbon-oxygen
nd in phenolics as one of the most refractory bonds in hydrotreat-
g.

3. Catalysts for co-hydroprocessing

TaggedPThe selection of optimum catalysts for the co-hydroprocessing of
o-based feedstocks with those derived from petroleum is of
most importance as it determines not only the product yield and
ality, but also the duration of the co-processing operation, i.e., the
aximum catalyst life expectancy is targeted. The hydrotreating cat-
yst selection for co-hydroprocessing is a major challenge for two
asons: a) Catalyst activity varies significantly, as commercial cata-
sts are optimized for different feedstocks, i.e., feedstocks with high
lfur concentration or heavy feedstocks (containing large mole-
les) or feedstocks with high oxygen concentration etc. b) Currently
ere are only a few commercial hydrotreatment catalysts available
r bio-based feedstock/intermediate processing [111]. Conse-
ently, the evaluation of different hydrotreating catalysts for the
-hydroprocessing of biomass feeds with petroleum fractions is a
ry important research area. Table 5 presents studies focusing on
e co-hydroprocessing of bio-based feeds with fossil fuels using
rious catalysts.
TaggedPThe most common catalysts used in co-hydroprocessing are com-

on hydrotreating catalysts based on cobalt�molybdenum (CoMo)
9, 45] and nickel�molybdenum (NiMo) [45, 48] sulfides. In gen-
al, CoMo catalysts are the most appropriate for desulfurization,
hile they exhibit low activity for the removal of nitrogen and the
turation of aromatic compounds while NiMo catalysts exhibit
gher activity in nitrogen reduction and the saturation of aromatics,
hile they are less efficient for sulfur removal [112, 113].
TaggedPThe use of typical hydroprocessing catalysts for the deoxygen-

ion of triglycerides during co-hydroprocessing raises two impor-
nt issues. Firstly, the high oxygen content of triglycerides can
sult in increased continuous sulfur leaching from the catalyst sur-
ce and hence its gradual deactivation. Hence, an additional source
sulfur to replenish it on the surface is needed. However, the pri-
ary reason of the catalyst deactivation is coking which depends
nsiderably upon the operating parameters as well as the blending
tio of the initial feed (fossil fraction and bio-based content) [33].
condly, compared to petroleum derived feedstocks, triglyceride

olecules, as well as some oligomers present in the bio-oils, are pa
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lkier and to overcome diffusion limitations, large pore-size cata-
sts, i.e., catalysts with larger mean pore size than normally used in
mmon hydrotreating catalysts, are required [72].
TaggedPThe co-hydroprocessing of different blends of canola oil with

VGO over NiMo/gAl2O3 was studied by Chen et al. [38], their
sults have shown that no effects were observed on the HDS and
DN reactions when canola oil was added in the initial fossil feed.
milar results were also reported by Bezergianni et al. [46] who
mpared the efficiency of a commercial NiMo with a commercial
Mo catalyst on the co-hydroprocessing of the fossil fraction
eavy atmospheric gas oil) blended with waste cooking oil (WCO).
eir findings have shown that the HDS efficiency of a NiMo-type
talyst was not affected by the addition of WCO, while the effi-
ency of the CoMo-type catalyst was severely hindered from 95% of
re HAGO to 80% for the 70/30 HAGO/WCO blend. The efficiency of
NiMo-type catalyst during co-hydroprocessing was also studied by
na et al. [48] who concluded that the hydrodeoxygenation path-
ay becomes more dominant with an increasing soya oil content in
e feed.
TaggedPDuring the hydroprocessing of triglyceride feeds, H2O, CO2, CO,
d light alkanes are produced as by products [39, 40]. It is obvious
at these by-products also produced during the co-processing of
o-based feeds with fossil fractions. As CO2 constitutes one of the
ain by-products of co-hydrotreatment reactions, Bezergianni and
agonikou [39] investigated the effect of CO2 as a by-product during
e co-hydroprocessing of gas-oil and triglycerides, over a commer-
al CoMo/Al2O3 catalyst. The aim of the study was to identify the
fluence of CO2 on the effectiveness of heteroatom removal and sat-
ation reactions. It was shown that the presence of CO2 limits both
e heteroatom removal (sulfur and nitrogen) and saturation reac-
ons. Similar effects were reported by Pinheiro et al. [114] also.
zergianni et al. [40] also examined the influence of H2O and CO in
e potential biomass catalytic co-hydroprocessing with fossil-based
actions to produce hybrid fuels. It was found that the H2O role is
utral on the HDS and HDN removal. However, CO has a suspend-
g role due to the inhibition of the catalyst active sites [40]. The
eak inhibiting effect of H2O on the hydrogenation reactions was
so confirmed by Laurent and Delmon [110].
TaggedPAs it was already mentioned, the NiMo- and CoMo-type catalysts

e the most common catalysts for co-hydroprocessing, however
her types of catalyst have been explored in terms of their effi-
ency in co-hydroprocessing, such as NiW catalysts [35]. NiW cata-
sts mostly favor decarboxylation and decarbonylation reactions
ring co-hydroprocessing and are more appropriate when increas-
g triglyceride content in the feed [48], thus the hydrogen con-
mption is lower when NiW catalysts are used as decarbonylation/
carboxylation pathways consume less hydrogen compared to
drodeoxygenation, which is more favored over NiMo catalysts.
evertheless, hydrogen consumption also depends on the system
essure as well as the successive hydrogenation of CO and CO2,
hich was limited in the case of NiW catalysts. To sum up, hydro-
oxygenation is favored by NiMo while decarboxylation and decar-
nylation are favored over NiW. Furthermore, different support
aterials for NiMo as well as NiW catalyst were also investigated,
ch as Al2O3, TiO2, NaY and ZrO2. Nonetheless, in the cases of cata-
st support with a low specific surface (ZrO2), the level of desulphu-
zation was much lower when compared to the commercial catalyst
5].
TaggedPAccording to Tiwari et al. [72] the use of a NiW catalyst on an

idic-alumina also results in lower diesel range hydrocarbons
50¡380 °C) compared with NiMo/Al2O3 due to more cracking of
drocarbons over NiW catalyst due to its higher acidity. Thus, NiW
talysts are more suitable for the production of kerosene range
oducts. Similar results were also found by Rana et al. [48] who
ported that diesel yields over NiW catalyst are 2�20% lower com-

red with NiMo.
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TaggedPAlso, the effect of a zeolite beta (BEA) content in NiMo catalyst
was investigated. Sankaranarayanan et al. [31] has studied the effi-
ciency of NiMo-BEA-gamma-alumina catalyst on co-hydroprocess-
ing of straight run gas oil with sunflower oil. It was found that the
large amount of zeolite (0�30%) in the catalyst helped in cracking
the triglyceride molecules and enhanced the HDS activity of the
NiMo catalyst.

TaggedPAnother approach to co-hydroprocessing is to combine vari-
ous compositions of hydrogenation catalysts in the catalyst bed,
more specifically to use different catalyst layers in the catalyst
bed. This approach was investigated by Toth et al. [29] who used
three commercial transition metal/Al2O3 catalysts with different
compositions. The aim of this approach was to exploit the differ-
ent activity of the three layers (protection/pre-hydrogenation,
hydrodesulphurization/hydrodeoxygenation and isomerization)
resulting in fuel components with slightly better cold flow prop-
erties. Similarly, Albemarle [111] has proposed a so-called Bio-
STAX system that is a solution consisting of several different
commercial catalysts loaded at a specific place in the reactor and
considering the constraints of the unit, such as the H2/oil ratio,
outlet pressure, capacity of quenching, and intended VO addition
(type and amount). The distribution (placement) of the catalysts
in the reactor reflects the main factors affecting the kinetics of
the individual feed components conversion [115].

TaggedPTwo-stage co-hydroprocessing is another approach for biofuel
production. Baladincz and Hancsok [37] examined the possibility of
a two stage co-hydroprocessing of waste lard with heavy gas oil. The
first step, hydrogenation using NiMo/g-Al2O3, was followed by an
isomerization step on a custom-made Pt/SAPO-11 catalyst. After the
first step, the product liquid yields were 95.1�95.5%, the triglyceride
part was fully converted and the cetane number ranged from 56 to
58. After the second step (isomerization), the product yields were
91.4�92.4% and the cetane number ranged from 54 to 55. The
isomerization step aimed at improving the CFPP properties was suc-
cessful as the CFPP temperatures were between ¡15 to ¡20 °C.

TaggedPUntil now, different catalyst approaches for co-hydroprocessing
of triglycerides with fossil fuels were analyzed, however besides the
product quality, the expected catalyst decay rate is also a very
important factor for determining the suitability of a hydrotreating
catalyst in industry. The catalyst deactivation rate is associated with
the overall refinery planning and has a significant economic impact.
Bezergianni et al. [46] has examined the deactivation rate of a com-
mercial CoMo/g-Al2O3 and a NiMo/g-Al2O3 catalyst during the co-
hydroprocessing of waste cooking oil and heavy atmospheric gas oil
blends. The deactivation rate was evaluated in terms of the loss of
HDS efficiency of each catalyst with the increasing days of the exper-
iment, i.e., days on stream (DOS). Their results have shown that after
26 DOS, the deactivation rate of the NiMo/g-Al2O3 catalyst (20%)
was less significant when compared with the CoMo/g-Al2O3 catalyst
(30%) rendering NiMo as a better choice for lipids containing feed-
stocks. Also, �Sim�a�cek and Kubi�cka [71] noticed no catalyst deactiva-
tion with a 5% addition of rapeseed oil in a straight run vacuum
distillate with a NiMo catalyst.

TaggedPAs mentioned above, as far as co-hydroprocessing of pyrolysis
bio-oil with petroleum fractions is concerned, there are very few
studies in the literature and most of them use model compounds
to simulate the bio-oil content. The most common model com-
pound is guaiacol. First, it should be noted that hydrotreatment
of a bio-oil in a stand-alone process, faces some disadvantages
that are important for the life of a catalyst. More specifically, the
HDO reaction of 2-methoxyphenol (guaiacol), which was studied
over commercial hydrotreating catalysts such as CoMoS/Al2O3

and NiMoS/Al2O3 [104, 116], has shown that there is a need to
add sulfur to the bio-oil in order to keep the active sites of the
catalyst stable because the bio-oil is a sulfur free feedstock.

However, with the addition of a sulfur source such as hydrogen
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TaggedPsulfide, an adverse effect occurrs. The addition of this source has
been reported to diminish the activity of NiMo catalyst through
competitive adsorption between H2S and the hydrogenolysis and
hydrogenation sites present on the catalyst surface [109]. The
co-hydroprocessing of bio-oil with fossil-based feeds on the
other hand, is a technology that can eliminate this effect. The
hydrodeoxygenation of guaiacol (HDO) in co-processing with gas
oil (HDS) makes it unnecessary to add external sources of sulfur
as the gas oil already has enough sulfur content [108]: the H2S
produced during the HDS of the gas oil acts as a sulfiding agent
which extends the lifetime of the HDS catalyst.

TaggedPPinheiro et al. [68, 114] investigated the co-hydroprocessing of
model compounds as well as of pretreated bio-oil in SRGO (Straight
Run Gas Oil) blends by using CoMo/g-Al2O3. The main conclusion
was that oxygenated model compounds which produce water by
deoxygenation had no impact on the hydrotreatment of the SRGO
under deep HDS conditions whereas inhibition occurs at lower tem-
perature [104]. Sepuvelda et al. [102] claimed that ReS2 supported
over alumina displayed higher activities compared to commercial
reference catalysts, for this reason they investigated the co-hydro-
processing of guaiacol and 4,6-dimethyldibenzothiophene over ReS2
catalysts supported on SiO2 and g-Al2O3. Their results have shown
that guaiacol and 4,6-DMDBT compounds compete for the same
active sites. Thus, guaiacol inhibited the HDS reaction for the
two catalysts which is in agreement with the results observed by
Bui et al. [104] over NiMoS/Al2O3 catalysts. Another observation
was that the HDS efficiency reduced for both catalysts while the
HDO efficiency increased for the ReS2/Al2O3 catalyst only. The
reduction of HDS efficiency was due to the competitive adsorp-
tion between guaiacol and 4,6-dimethyldibenzothiophene on the
active sites while the increase of HDO efficiency was due to the
inhibition of the demethylation pathway beneficial to the deme-
thoxylation route.

TaggedPUnfortunately, there is a lack of literature in the co-hydropro-
cessing of pyrolysis bio-oil with fossil-based feedstocks. The most
commonly used catalysts up to now are CoMo/Al2O3 and NiMoS/
Al2O3, however, further studies with different types of catalyst
should take place in the future to better understand the effect of the
catalyst type on the extent of the HDO and HDS reactions and to
learn about the stability of these catalysts under co-hydroprocessing
conditions.

TaggedPCo-processing of bio-based feedstocks, particularly of lipids, has
already reached commercial status. However, it is not easy to collect
specific data about these technologies and their status. For example,
renewable diesel fuel has been produced by ConocoPhillips at its
refinery in Whitegate, Cork, Ireland [9], since 2006, but detailed
information about the real capacity, the content of the lipids, in the
hydrotreated feedstock, is not available [111]. Similarly, Petrobras
[117] has developed a process in which triglycerides (vegetables oils
and/or animal fats) can be co-hydroprocessed with a fossil-based
feedstock at up to 20%. The bio- and fossil-based feedstock is hydro-
processed at 220�350 °C, improving the quality of the diesel oil pro-
duced [118]. The plan of Petrobras was to have the process
implemented in at least three of its refineries by the end of 2007.
However, the implementation was put on hold in 2008 due to high
soybean oil prices that should have been the main feedstock [111,
117]. Furthermore, Haldor Topsoe supplies its deoxygenation cata-
lyst to three undisclosed refineries in Australia, Europe, and the USA
co-processing bio-feedstocks in the range of 0�5%, 2�5%, and
10�20%, respectively [111]. The feedstocks typically include animal
fats, for example, chicken fat in the USA, and other unspecified bio-
feedstocks. In Preem, Sweden, Haldor Topsoe has supplied its deox-
ygenation catalyst for the co-processing of raw tall oil (20�30% of
the feed). Apart from co-processing, the Haldor Topsoe catalyst is
used by Cetane Energy, USA, to process neat animal fat and algae oil

[111].
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Co-processing in catalytic cracking units

TaggedPCatalytic cracking, i.e., FCC, is a versatile workhorse of modern
fineries and holds a potential to upgrade various bio-based feed-
ocks through their cracking and deoxygenation. This section will,
us, review the results on the co-processing of petroleum fractions
ith bio-based feedstocks in catalytic cracking units. In general, the
-processing of rapeseed oil (RSO) with petroleum oil in FCC condi-
ons seems to be a more advantageous process in comparison with
e transformation of RSO alone due to several reasons. Firstly, there
a substantial difference between the global consumption of petro-
um (4.02 billion metric tons per year (BTY)) and the production of
getable oils (0.12 BTY) [115]. Due to the lower availability of vege-
ble oils, the most preferable option is to integrate them into exist-
g refining schemes than to create a new production. Secondly, it is
ggested that potential synergy may be gained through co-process-
g the two different feedstocks, i.e., aromatic (VGO) versus paraffinic
SO) [50]. Indeed, in most cases, increased conversion was observed
ring FCC processing of blends of RSO with petroleum oil compared
conventional feedstock alone [50, 119]. From a technological point
view, the co-processing of vegetable oils with conventional FCC
eds seems to be a simpler process than the corresponding co-proc-
sing using bio-oil as a co-feed (Sections 4.2.1 and 4.2.2). Firstly,
getable oils are homogeneous mixtures and mix well with petro-
um oils, thus eliminating the occurrence of such technological
oblems as the separation of the constituents, pipe plugging, etc.
condly, seed oils possess high crackability which is derived from
eir low thermal stability. Indeed, pure crude palm oil can be suc-
ssively exposed to thermal cracking by means of free radicals in
e preheating zone of the FCC reactor [120]. �Cern�y et al. [121] have
own that canola oil underwent thermal cracking over glass beads
ith nearly 20% conversion to gaseous and gasoline range products
500 °C. Besides, thermal cracking of canola oil was investigated in
continuously operating pilot plant at different cracking tempera-
res (450 580 °C) using silica sand as the bed material [122]. It was
und that the total fuel yield (TFY = (mgas +mgasoline +mLCO)/mfeed) at
0 °C was about 77.2 wt% and increased with higher temperatures.
irdly, the usual conditions of the FCC unit are severe enough to
sure the catalytically induced decomposition of the triglycerides
carbonic acids by means of decarboxylation, decarbonylation, or
hydration reactions to yield a mixture of different hydrocarbons.
espite the apparent advantages of such co-processing, only a lim-
ed number of publications dealt with this subject [50]. Neverthe-
ss, the information available from open literature makes it possible
draw some conclusions about the peculiarities of carrying out the
-processing of vegetable and petroleum oils.
TaggedPThe co-processing of bio-oil with petroleum feeds under FCC con-

tions causes less technological challenges in comparison with
acking neat bio-oil. In the former case, such problems as plugging
n be avoided due to the usually used ratios between these feeds
hen blended [22]. Nevertheless, possible problems during the cata-
tic experiments should be assumed and prevented if possible.
erefore, special attention should be paid to the choice of feed-
ocks and experimental units used in the co-processing experi-
ents also. Using large scale FCC units (pilot or experimental) seems
be the most suitable choice, because they allow for carrying out
e experiments under conditions as close as possible to those used
the real FCC process. Nevertheless, the operation of such units is
viously an expensive issue which substantially limits the possibil-
y to perform a broad research. Therefore, small laboratory installa-
ons which, however, must be able to mimic FCC cycles are more
ten operated.
TaggedPThe thermal and oxidative stability of triglycerides (vegetable oil
d animal fats) and bio-oils is another important issue that has to
considered. The stability of bio-based feedstocks may cause stor-

e problems due to the changes in density, viscosity, acidity, and an
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crease in polymer formation [123]. In particular, triglycerides can
rm polymers under storage which result in gumming problems in
at exchangers and the hottest parts prior to the reactor. In turn,
e instability of the pyrolysis oil is mainly attributed to lignin
igomers formed during pyrolysis [84]. Furthermore, the presence
acids in bio-based feedstocks can lead to corrosive problems: tri-
ycerides may contain small admixtures of free fatty acids, while
ygenated compounds such as phenols and carboxylic acids con-
ibute to the corrosiveness of bio-oils. Melero et al. [124] investi-
ted the oxidative and thermal stability of mixtures of vegetable
ls, animal fats and used cooking oils with petroleum feedstocks
d suggested that these mixtures can be stable for a period of at
ast 180 days. To diminish the corrosivity of bio-based feedstocks,
e same methods are used as those applied in the case of acidic
ude oils (acidic crude oil means that the acid number is> 0.5mg
H/g, and high TAN crude means that the acid number is> 1.0mg
H/g [125]. These methods usually include (i) blending high TAN

ith low TAN crude; (ii) upgrading construction materials, and (iii)
ing corrosion inhibitors. In addition, the stability of the bio-oil can
improved also through flash pyrolysis, hydrotreating or zeolite
grading (see Section 4.2.2).

1. Catalytic cracking technology

TaggedPLaboratory-scale equipment is mostly used when investigating
e co-processing of bio-based feedstocks in catalytic cracking. This
lows controlling the process operationally and investigating the
fluence of various variables on the characteristics of products. Sev-
al types of laboratory equipment have been used to study the co-
ocessing of bio-oils and petroleum feedstocks. These include:
TaggedP- Microactivity test (MAT) reactor, which is a fully automatic,
mputerized and standardized (ASTM D3907) laboratory unit [82,
, 99]. This equipment can adjust its time on stream time, catalyst/
l ratio, reaction temperature, the regeneration times and tempera-
re, gas flow, and other parameters for each independent experi-
ent. The catalyst loading is usually� 10 g, and the reaction cycle
nsists of cracking, stripping, regeneration and purging steps per-
rmed in a single reactor. This equipment is mainly used as a tool
r catalyst screening [126]. Nevertheless, the simulation of the pro-
sses which happen in an industrial FCC unit is rather complicated
the MAT equipment because of the inherent fluid dynamics differ-
ces between a fixed bed and a fluidized bed, but also other impor-
nt aspects associated with large contact times [61]. It was also
inted out [62] that a higher yield of liquid can be obtained in the
oducts with a fixed-bed reactor, but the olefinic content of the gas
oduct is much lower.

TaggedP- The group of Schuurman and Mirodatos used a laboratory unit
with a fixed-bed quartz reactor containing 1.0 g of a catalyst [55,
56, 60, 70]. It was suggested that the equipment is validated
with respect to a microactivity test reactor (MAT) by bench-
marking experiments. Similar to MAT units, the reaction cycle
consists of in situ cracking, stripping the under flow of inert gas,
regeneration and purge.

TaggedP- A specially designed and patented riser simulator reactor which
permits operation on a laboratory scale under similar conditions
to the FCC unit [58, 59]. This is an internal recycle reactor where
the catalyst is fluidized continuously (during the reaction run)
with an internal impeller for thrusting the gas (feed and prod-
ucts) throughout the catalyst bed. It was suggested that the riser
simulator is ideal for simulating the conditions employed in
industrial FCC units, particularly in terms of reaction time and
fluidization [59]. In contrast to MAT units, the regeneration of a
catalyst and the determination of coke amount using the mass
loss of the spent catalyst were performed by ex situ combustion

in a thermo balance.

17/36

astm:D3907
astm:D3907


46 S. Bezergianni et al. / Progress in Energy and Combustion Science 68 (2018) 29�64
TaggedP- Advanced Catalyst Evaluation (ACETM) by BASF Inc. [96] or
Advanced Cracking Evaluation (ACE-RTM) by Kayser Technology
[52]. In both cases, the catalyst charge is 9 g. As in the case of
MAT units, the reaction cycle consists of cracking, stripping,
regeneration and purging steps.

TaggedP- Laboratory-scale once-through micro-riser [127] that operates
in an isothermal plug-flow regime and simulates realistic FCC
conditions.

TaggedP- Laboratory-scale two-stage riser fluid catalytic cracking unit
having the advantage of a catalyst relay, staged reaction, opti-
mum residence time and great catalyst to oil ratio [62]. Fresh
feedstock is injected into the first stage riser and recycling oil
into the second stage. Both risers share a common disengage
unit and regenerator. Thus, the fresh feedstock and the recycling
oil are in contact with regenerated catalyst.

TaggedP- FCC pilot plant. Most research works on the co-processing of
RSO with petroleum oil on a pilot scale were performed using a
pilot-scale FCC unit built at the Vienna University of Technology
[51, 64]. It is suggested that in this continuous working reaction/
regeneration system, steady state operation can be performed,
which allows high comparability with large-scale FCC plants.

TaggedPAll these set-ups are intended for an effective and operational
evaluation of the performance of the modified FCC catalysts and dif-
ferent FCC feedstocks. They can provide important information on
suitable process parameters also (conversion, temperature) for
upgrading new/alternative feeds with respect to a standard FCC feed
(i.e., a kind of relative measure). The following examples show that
the mentioned experimental units are widely used to collect data on
the influence of various parameters on the qualitative and quantita-
tive characteristics of products obtained in the co-processing of bio-
oils and petroleum feedstocks.

TaggedPHowever, it can be questioned whether the results obtained by
catalyst testing in laboratory units simulate the real catalyst perfor-
mance during commercial operation in some way. Biswas and Max-
well [17] pointed out that the major drawback of the laboratory
testing methods is the long cat/oil contact time (10�100 s) com-
pared to the commercial operation (approximately 1 s). This

increases the contribution of hydrogen transfer reactions in the

Table 6
Operating conditions during the FCC co-processing of lipids with petroleum fractions.

No Feedstock Percent biomass in
the feedstock, %

Catalyst

Biomass component Petroleum
component

1 Palm oil, soybean
oil, nonedible ani-
mal fats, waste
cooking oil

VGO 30 E-CAT

2 Rapeseed oil VGO 10 E-CAT (10% ZSM
additive)

3 Cottonseed oil, sun-
flower oil

VGO 10 E-CAT, Halloysit
nanotubes

4 Sunflower, rape-
seed, mustard and
palm oils

VGO 0�100 E-CAT

5 Palm oil VGO 50; 100 USY + ZSM-5

6 Canola oil HAGO 15 E-CAT

7 FAME VGO 0�100 E-CAT
8 Rapeseed oil VGO 7.5; 15 E-CAT
9 Rapeseed oil VGO 0�100 E-CAT
10 Rapeseed, soybean

and palm oil
VGO 0�100 E-CAT
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TaggedPoverall conversion, thus decreasing the olefinicity and increasing the
aromatic and alkane contents of the gasoline fraction. Then, the fixed
bed MAT systems are non-steady state processes because the cata-
lyst has a higher activity at the onset of the test than at its end, so
the product slate and conversion change continually throughout an
experiment. The long contact time also results in a different conver-
sion-coke selectivity behavior from that of a commercial unit and
causes excessive over-cracking at low conversion levels. Accord-
ingly, Pinho et al. [53] pointed out that coke results obtained in cir-
culating FCC pilot risers were frequently lower than those observed
at lab scale experiments. Hence, knowledge about the experimental
unit set-up and operating conditions is essential to draw correct
conclusions, particularly when predicting future performance in an
industrial scale unit.

TaggedPComparing experiments performed in the conventional MAT
devices and the once-through micro-riser reactor Dupain et al. [127]
have concluded that the MAT experiments were usually performed
at lower temperatures (400�500 °C) than the conventional FCC tem-
peratures (525�575 °C). Also, the different hydrodynamic behavior
caused deviations in the observed phenomena. It may result in dif-
ferences in the distribution of reaction products as well as the con-
tent of oxygenates (CO2, CO and H2O). Nevertheless, Dupain et al.
[127] have suggested that the both testing devices (the MAT and the
micro-riser) ensured the catalytic cracking of unsaturated vegetable
oils and fatty acids and resulted in the formation of a highly aromatic
organic liquid product. In general, it may be concluded that, regard-
less of the type of equipment used, the purpose of the studies is to
understand the co-processing of the blends of vegetable and petro-
leum feedstocks in the context of FCC technology to meet legislative
requirements for a biofuel component in gasoline and diesel.

4.2. Operating parameters

TaggedP4.2.1. Co-processing of lipids
TaggedPThe following section summarizes the results and observations

reported in the published studies on the influence of the operational
conditions which influence the co-processing of RSO and conven-
tional petroleum-derived feedstocks under FCC conditions, and the

generalized information is presented in Table 6.

Reactor Catalyst loading T, °C Catalyst-to-Oil mass
ratio

Ref.

MAT 1.5�9 565 1�6 [61]

-5 MAT 4 525 2�12 [65]

e MAT 11 480�540 WHSV = 21 h¡1 [63]

MAT 450�527 4 [66]

Laboratory-scale
two-stage riser
fluid catalytic
cracking unit

500�520 6�8 [62]

Advanced Catalyst
Evaluation
(ACETM) unit

9 490�530 4�11 [50]

FCC pilot plant 550 [128]
FCC pilot plant [119]
FCC pilot plant 9�11 kg 500�600 3�4 [51]
FCC pilot plant 9�11 kg 500�600 3�4 [64]
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TaggedPReaction temperature: Ng et al. [50] reported that the conversion
a blend of canola oil with HAGO increased as the temperature
creased from 490 to 530 °C and it was higher than the conversion
neat HAGO (Fig. 8A). It was explained as a higher temperature is
e driving force to (1) promote cracking, thus producing more gases
d lighter liquid products, and (2) reduce the catalyst poisoning
fect (by basic nitrogen in the feed), which is more pronounced at
wer temperatures.
TaggedPThe increased cracking at elevated reaction temperature resulted
the growth of the yield of LPG (Fig. 8B) which was always higher
r HAGO + Canola Oil than for HAGO due to the higher content of
iphatic chains in the former feed. The gasoline yield from
AGO + Canola Oil feed increased when increasing the temperature
om 490 to 510 °C because of the enhanced cracking of the feed and
duced nitrogen poisoning of the catalyst (Fig. 8C). However, the
soline yield slightly decreased from 510 to 530 °C due to the grad-
l exhaustion of gasoline precursors. These precursors are satu-
ted hydrocarbons and monoaromatics plus other crackable
mponents that predominantly contribute to the production of gas-
ine and its derived products, i.e., dry gas, LPG, and catalytic coke. In
ntrast, the gasoline yield was virtually constant over the whole
mperature range. The LCO yield decreased from ca. 22% to 18�19%
nsistent with the increasing temperature (from 490 to 530 °C)
ig. 8D) which is a driving force to crack large molecules (e.g., those
LCO) to smaller ones (e.g., those in gasoline and gases). Obviously,
the same temperature, the blend always exhibits a slightly lower
O yield than HAGO (by 0�2%) indicating that the blend is more
ackable than its counterpart. The coke content in the catalysts
creased from 3.5% to 4% with the growth of temperature from 490
530 °C as it was formed through the polymerization of aromatic
drocarbons in the cracked liquid product together with the con-
nsation reaction involving the vegetable oil [50]. Similar results
ere obtained by [66] when studying the co-processing of sunflower
l with VGO. The increase in the reaction temperature from 450 to

0 °C resulted in the increase of conversion from 79.2% to 88.7% LP

Fig. 8. Co-processing of HAGO and canola oil (CO) (85:15, v/v) depen
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d the yield of gaseous reaction products from 18.0% to 40.1%,
hile the yields of gasoline and LCO decreased from 43.5% to 31.2%
d from 16.2% to 9.3%, correspondingly. Investigating the co-proc-
sing of cottonseed (CSO) and sunflower oils (SFO) with VGO at the
mperature range of 480�540 °C, Abbasov et al. [63] found that the
timal conversion has been achieved at 500 °C in all the cases and
ried at a 65�75% range. At higher temperatures (T = 520�540 °C),
pid coking of the catalyst blocked active sites while at lower tem-
ratures (T = 480 °C) the reaction speed was very low.
TaggedPThe catalyst-to-oil mass ratio: The severity of the catalytic crack-

g process can be modified not only by reaction temperature but
so by changing the catalyst-to-oil mass ratio (CTO). Melero et al.
1] investigated the FCC co-processing of 30% palm oil in VGO and
und that, as the CTO increased from 3 to 6, a higher yield to gas-
us products (from 2 to 3.8 wt% and from 11.5 to 23 wt% for dry gas
d LPG, respectively) and coke (from 1 to 4.7 wt%) as well as a lower
oduction of LCO (from 26 to 17 wt%) was achieved. The gasoline
action showed a peculiar tendency with the CTO. It was suggested
at gasoline is an unstable cracking product because it is obtained
om heavier cuts and it is possible to crack further if the severity of
e cracking process is adequate. This fact makes it probable that the
soline which should rise with an increase of the severity will be
acked to lighter products and hence end up mainly as LPG. Because
the presence of this opposite phenomenon, gasoline shows a max-
um in the yield (46�47 wt%) with an increase in the CTO. The
cation of this maximum appears in a different position, and it is
ore significant depending on the features of the feedstock.
TaggedPSimilar results were obtained in the study of Ng et al. [50]. They
served the increase of conversion with CTO and tended to level off
high CTOs. They claimed that this could be expected, as higher
O ratios (as high as 9�11) provide proportionally more active acid
tes of the catalyst to crack a given amount of feed molecules. How-
er, the cracking rate is reduced at high CTOs once the crackable
mponents in the feed are gradually exhausted. Both dry gas and

G also increased with the CTO, while the gasoline yield increased

dent on the reaction temperature. Catalyst-to-Oil = 4 [50].
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TaggedPwith the CTO, but only up to a certain point (CTO� 7�9) at which
the yield started to decline. The authors explained this trend by the
gradual depletion of gasoline precursors and the accelerated conver-
sion of gasoline into gases and coke at high CTOs. The LCO yield also
decreased monotonously and parallel with the CTO, approaching the
limit of the LCO precursors defined as the sum of different aromatic
compounds, while the coke yield increased linearly with the CTO.

TaggedPIn contrast to the results from [50, 61], the decrease in gaseous
reaction products (dry gas and LPG) and considerable increase in
gasoline and stable content of LCO were observed with the growth
of the CTO in [65]. The authors explained the obtained results by the
additional joint transformations of rapeseed oil and HVGO feedstock
compounds which comprised several effects: the enhancement of
hydrogen transfer reactions (easier formation of carbenium ions) by
olefin intermediates formed during rapeseed oil cracking and lower-
ing the further cracking of gasoline-range hydrocarbons due to a
competitive sorption effect of C15�C17 olefins which have a higher
tendency to form surface carbenium ions than the ones from the
gasoline fraction.

TaggedPThe bio-content ratio: The influence of the RSO (Rape Seed Oil)
content in the co-processing blend was investigated in several
articles [61, 63, 64, 66]. Doronin et al. [66] using a lab-scale MAT unit
showed that co-conversion of VGO and RSO under catalytic cracking
conditions increased both the total conversion of the blend feed and
the yields of gasoline fraction, and the maximum promoting effect
was provided by the addition of 5�10 wt% vegetable oil. The authors
suggested that the addition of a small amount of lipids (up to
25 wt%) promotes the activation of paraffinic and naphthenic hydro-
carbons in the petroleum feedstock by hydrogen transfer reactions.
In the process, hydrocarbons of petroleum feedstock serve as hydro-
gen donors, while the primary semi-products of vegetable oil ther-
mal cracking, i.e., C15�C17 olefins are hydrogen acceptors. According
to the proposed scheme, carbocations formed by the interaction of
the olefins with the catalyst active acid site react with paraffinic and
naphthenic hydrocarbons in the petroleum feedstock. Consequently,
hydrogen transfer reactions result in the formation of aromatic
hydrocarbons and isoparaffins and, thus, in an increased VGO
conversion.

TaggedPAt a high concentration of olefins (a 25�75 wt% content of vege-
table oil in the blend feed), the contribution of the secondary trans-
formations was great due to pronounced reactivity of the olefins.
This resulted in the formation of a large amount of mono- and poly-
aromatic hydrocarbons. Strong adsorption of these compounds on
the acid sites of the catalyst led to their deactivation, thus lowering
the catalyst activity.

TaggedPBielansky et al. [51] successfully converted the blends of VGO and
different vegetable oils in a fully continuous FCC small scale pilot
plant. They pointed out that no fundamental modifications were
necessary and no difficulties in the system occurred during the test
runs. The total fuel yield (gas + gasoline) decreased as the content of
rapeseed oil in the blend increased from 0% to 100%. The decrease in
total fuel yield at higher rapeseed oil ratios was attributed by the
authors to the oxygen content of the feed that notably influenced
the cracking gas amount. Indeed, the amount of gasoline was
roughly constant for the different feeds studied, but the yield of the
cracking gas gradually decreased from 37.5 to 24.0 wt% with the
increase in the rapeseed oil content in the feed from 0% to 100%. The
decrease in gas production from pure vegetable oils in comparison
with petroleum feeds or their blends was also observed in other
studies [65, 127]. In contrast, Melero et al. [61] found an increased
formation of gaseous products (dry gas and LPG) as the palm oil con-
tent in the feed increased. According to Bielansky et al. [51], the yield
of LCO depended on the origin of used vegetable oil, while the coke
yields were approximately constant for all the investigated condi-
tions. Based on the nearly linear trends for the lumps with different

blends of vegetable oils and VGO, the authors assumed that the
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TaggedPreaction rate of both feeds was similar and no synergetic effects
seemed to occur.

TaggedPA general observation was found in different studies [61, 64, 66]:
the number of double bounds in the fatty acids (in the order soy-
bean, rapeseed, palm oil) enhances the number of alkylation, cycliza-
tion and dehydrogenation reactions. It increases the total yield of
liquid cracking product and the content of aromatic hydrocarbons,
which are formed by aromatization of olefins, with a simultaneous
decrease in the yields of paraffinic and olefinic hydrocarbons. It was
also suggested [64] that, despite that aromatics in the gasoline
increase the octane number, they are undesired from an environ-
mental point of view.

TaggedPInitial triglycerides are oxygen-containing compounds, while the
final products should be oxygen-free hydrocarbons. Consequently,
FCC processing should promote the effective deoxygenation of the
triglyceride-base molecules. It is believed [61] that the usual condi-
tions of the FCC unit are severe enough to decompose the heavy
oxygenated hydrocarbons by means of decarboxylation, decarbony-
lation, or dehydration reactions to yield a mixture of different hydro-
carbons, while oxygen molecules end up mainly as carboxylic gases
(CO and CO2) and, above all, water. Bielansky et al. [51] established
that about 13 times more water than carbon dioxide was formed
during the co-processing, indicating that most of the oxygen in the
feed was converted into water. A similar suggestion was also made
by Tian et al. [62]. Bielansky et al. [51] pointed out that the change in
the quality of the produced gasoline by adding vegetable oils to the
feedstock is of high importance. Two basic quality standards are the
octane numbers as well as the oxidation stability. In their study
increasing bio-oil content in the feedstock in the range of 0�100%
increased the research octane number (RON) by two units while the
motor octane number (MON) stayed approximately constant. Addi-
tionally, the increase of oil content in the feed (0�100%) also gradu-
ally enhanced oxidation stabilities. Abbasov et al. [63] also found
that acid values of liquid reaction product have increased only mar-
ginally upon the addition of triglycerides, indicating an effective
decarboxylation process. Tian et al. [62] performed the elemental
analysis of the reaction products and found that oxygen content of
the liquid products were relatively low (0.32�0.58%) i.e., oxygen was
present predominantly in the form of H2O, CO and CO2. Similarly,
Lovas et al. [65] suggested that the use of the catalytic system con-
sisting of FCC-ECAT + 10 wt% of FCC-ZSM-5 suppressed the content
of the oxygenates under the detection limit of the GS-MS apparatus
as their amount throughout the whole CTO ratio range was on the
level of a ten thousandth of weight percent.

TaggedPAnalysis of the water phase was performed in [64]. It was found
that the pH value of this phase was slightly basic for a low vegetable
oil content in the blends but became acidic at ratios above 40%.
Water samples from the co-processing had significant contents of
acetic and propionic acids (600�1700 ppm) while the concentration
of formic and butyric acids was smaller (� 300 ppm).

TaggedP4.2.2. Co-processing of bio-oils
TaggedPIn most cases, the co-processing of different bio-oils (flash pyrol-

ysis bio-oil (FPO), catalytic pyrolysis oil (CPO), and hydrotreated
pyrolysis oil (HPO)) and petroleum fractions is performed at reaction
temperatures which are usual for ordinary FCC processing, i.e., about
530 °C [17]. Nevertheless, examples on the study of reaction temper-
ature outside this range on the co-processing parameters are also
known.

TaggedPReaction temperature: As could be expected, the overall conver-
sion increased as the temperature was increased both in the case of
the co-processing of HPO with LCO [99] and the FPO with VGO [58].
Samolada et al. [99] found that the increase in reaction temperature
from 500 °C to 550 °C during the co-processing of HPO and LCO
resulted in a substantial increase in the conversion from 18% to

32%. On the contrary, the coke content decreased because the
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Fig. 9. The change of feed conversion with the reaction time in the catalytic cracking
of VGO and VGO/bio-oil (20 wt% in bio-oil) at different reaction temperatures [58].
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cremental conversion mainly produced gasoline and light gases.
ey also suggested that higher temperatures should be avoided to
event secondary cracking reactions producing additional coke
d/or gases. Nonetheless, the authors decided to perform all further
periments at 550 °C since a conversion lower than 20 wt% was
clared undesirable. Unfortunately, no information on the process-
g of pure LCO under same reaction condition was provided.
TaggedPIbarra et al. [58] investigated the effect of temperature and reac-
n time on the conversion of pure VGO and the blend (80% VGO
ith 20% FPO) (Fig. 9). First of all, the blend conversion was higher
an the conversion of VGO over the whole operating range what
e authors attributed to the synergistic effect of the joint cracking
nce the conversion of neat bio-oil was in the range 55�65%, while
e conversions of VGO and the blend were in the range 49�68% and
�74%, respectively. Furthermore, the conversion substantially
creased as the temperature was increased from 500 to 560 °C. The
olution of the product yields with the conversion for the cracking
the VGO/bio-oil blend and the individual feeds allowed the fol-
wing conclusions to be made. The dry gas yield increased due to
ethane and ethane produced by the thermal cracking of oxygen-
es from the raw bio-oil. The LPG yield also increased due to the
acking of heavy molecular weight components leading to the com-
unds in this lump, as well as those in the dry gas. The coke yield
creased with increasing conversion in the cracking. This was
tributed to the fact that under the conditions studied, an increase
temperature and reaction time mainly promoted coke formation
actions by condensation of heavy volatile compounds rather than
e cracking of these volatile compounds that are intermediates in
e coke formation. The yield of oxygenates decreased to 2.1 wt% as
e conversion increased to 70 wt% which shows that the oxygenate
nversion is significant [58]. Considering the distribution of resid-
l oxygenates among different products, it was noted that no oxy-
nates were found in the LCO fraction, but the presence of
converted oxygenate compounds in the gasoline lump was due to
eir low reactivity.
TaggedPThe catalyst-to-oil mass ratio: The effect of the catalyst-to-oil mass

tios (CTO) on the performance of the bio-oil and petroleum oil co-
ocessing was investigated in several studies [55, 60, 70, 96]. Table 7
idences that this parameter varied over a wide range of 1�9 thus
lowing for significantly modifying the conversion and yields.
blevor et al. [96] demonstrated that the CPO was stable enough to
co-processed with a standard FCC feed to produce various frac-
ns of hydrocarbon fuels. First, a blend of 15 wt% CPO and 85 wt%

andard #4350 Gas oil, i.e., a SRGO, was evaluated and compared di

ART - 01
ith the benchmark (Standard #4350 Gas oil) at a 70% constant con-
rsion. The authors found that the blending of the Standard #4350
as oil with 15 wt% CPO did not have any obvious adverse effect on
e yield of various cracked fractions, especially the gasoline fraction
ig. 10A). Based on this result, they suggested that at a catalyst to
l ratio of 6, the CPO/gas oil blends can be used to produce gasoline
ith similar yields as petroleum gas oil thus constituting a true
placement for gasoline produced entirely from petroleum.
TaggedPAgblevor et al. [96] also investigated the effects of catalyst to oil

tios (CTO) and suggested that the co-processing of CPO with gas
l was very sensitive to the CTO ratio because this ratio affected the
nversion and subsequently the product yields and other parame-
rs. They found that with a decreasing CTO ratio, the overall conver-
on also decreased. It resulted in the corresponding decrease in both
y gas and LPG yields. The coke yield also showed a decrease: as the
O ratio was decreased, the catalyst could not promote coke form-
g reactions. These results are similar to what has been traditionally
served for the cracking FCC feed. In contrast, the HCO and LCO
elds increased as the CTO decreased what was also attributed to
e lower conversion. The authors pointed out that the almost con-
ant yield of gasoline from this process was observed with a varia-
n of the CTO ratio. The minimal change in the gasoline yields was
tributed to the attainment of a pseudo steady state, where the
ange in the CTO ratio, generated more gasoline from the LCO/HCO,
t the gasoline subsequently was converted into LPG. Similar
sults, i.e., an increase in the overall conversion, gas and coke yield
d LCO and bottom decrease with the growth of the CTO ratio were
served in other studies [55, 57, 60, 70, 99].
TaggedPThe examples of the co-processing of FPO, CPO and HPO with
troleum feedstocks at FCC conditions using laboratory scale units
AT and ACE) are summarized in Table 7 which contains informa-
n on the type of both bio- and petroleum feeds, their ratio in the
action mixture and catalysts used for the co-processing as well as
riations in reaction conditions.
TaggedPFrom experiments on the catalytic cracking of pure bio-oils in the
C process, it was summarized that reactor plugging might be a
ucial issue because char and coke formation was substantial, even
low reaction temperatures [99, 131�133]. Consequently, bio-oil
acking resulted in irreversible catalyst deactivation by dealumina-
n of the zeolite component mainly because of the high oxygen
ntent in the feed and substantial water steam presence in the
action medium. Based on these conclusions, it was suggested that
e quality of the raw bio-oil with a high content of oxygenates, i.e.,
oduced by fast pyrolysis, is too low to be co-processed directly
ith a petroleum feed in a standard FCC process [54, 82, 107]. There-
re, upgrading the FPO, mostly by hydrotreatment to remove the
ost reactive components in the bio-oil, is often performed prior to
co-processing with the petroleum feedstock [52, 55, 56, 82, 107].
oreover, it was also suggested that the more upgraded HPO
forded lower coke and dry gas yields during FCC [82]. Correspond-
gly, most published studies have investigated the co-processing of
o-oil stabilized by hydrogenation step (i.e., HPO feedstock with the
west oxygen content and, therefore the lowest plugging problems)
ith conventional FCC feedstocks, vacuum gas oil (VGO) or light
cle oil (LCO) to assess the suitability of using HPO as a potential
-feed [52, 55, 56, 82].
TaggedPThe basic parameters of HPO co-processing with petroleum feed-

ocks were reviewed in [22, 24]. To mention briefly, the influence of
PO added to petroleum-based feedstocks on the conversion level
served in the FCC co-processing is not yet fully understood. It
uld depend either on the type of the fossil feed [70] or on the type
the catalysts being used, because the properties of the equilibrium
talysts were often not specified in the studies [22]. The data in
ble 7 indicates that the co-processing results could be significantly
fected by the properties of bio-oils as these vary in a great extent in

fferent studies. As to product distribution, the cracking of the bio-
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Table 7
Operating conditions during the FCC co-processing of pyrolysis bio-oils with petroleum fractions.

No Feedstock Percent biomass in the
feedstock, %

Catalyst Reactor Catalyst loading, g T, °C Catalyst-to-oil mass
ratio

Remarks Ref.

Biomass component Petroleum component

1 HPO Long residue 20 E-CAT MAT 10 520 3�8 Mild hydrogenation of
FPO (“stabilization”)
is enough to enable
co-processing

[82]

2 HPO VGO 20 E-CAT, HY, ZSM-5 MAT 0.5 or 1 500 1�6 The competition for
zeolite sites between
the cracking route
and the deoxygen-
ation of oxygenates

[55]

3 HPO VGO 10 E-CAT MAT 1 500 3 The processing of bio-oil
oxygenates favors
then bio-coke and the
bio-light gases
production

[56]

4 HPO LCO 15 E-CAT MAT � 500�550 2�6 Produced bio-gasoline
has a high RON num-
ber (96) and meets
the EU specifications.

[99]

5 HPO VGO 20 E-CAT MAT 1 500 2.9�5.9 Oxygen removal from
HDO oxygenates con-
sumes H2 coming
from hydrocarbon
cracking

[70]

6 HPO VGO 10 E-CAT MAT 3�7 560 1.5�7 The effect of bio-oil
upgrading severity on
naphtha quality and
coke content was
evaluated

[129]

7 HPO Atmospheric distillation
residue

0�20 E-CAT MAT 1 520 2.5�3 A higher CTO ratio
should be used for the
conversion of HPO in
the standard FCC unit
in a conventional
refinery.

[97]

8 CPO Gulf coast standard gas
oil

15 E-CAT Advanced Catalyst Eval-
uation (ACETM) unit

9 538 4�9 Hydrogen transfer from
the cracking of gas oil
to bio-oil eliminates
the oxygen in the fuel
without external H2

[96]

9 FPO VGO 20 E-CAT A riser simulator reactor � 500�560 6 Synergistic effect of the
joint cracking of the
VGO/bio-oil blends is
observed

[58]

10 FPO VGO 20 E-CAT A riser simulator reactor � 500 6 Existence of two signifi-
cantly different path-
ways of catalyst
deactivation during
co-processing

[59]

11 CPO/ HPO VGO 10 E-CAT MAT 2 500 3�9 Higher concentration of
alkylphenols in gaso-
line fraction by co-
processing of CPO
compared to HPO

[60]

(continued on next page)
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Table 7 (Continued)

No Feedstock Percent biomass in the
feedstock, %

Catalyst Reactor Catalyst loading, g T, °C Catalyst-to-oil mass
ratio

Remarks Ref.

Biomass component Petroleum component

12 HPO/ CPO VGO 10 E-CAT MAT 2 500 3�6 Mechanistic scheme for
coke formation under
co-processing condi-
tions is provided

[57]

13 FPO/CPO/ VGO 5�30 E-CAT MAT 10 482 1 or 3 Bio-oil concentration
during co-processing
should remain low to
avoid high coke
formation

[98]

14 HPOFPO/HPO VGO 5�20 E-CAT Advanced Catalyst Eval-
uation (ACE- RTM) unit

9 530 5 Removal of char par-
ticles from FPO by
membrane filtration
under vacuum

[52]

15 HPO produced from CPO LGO/VGO 2 E-CAT FCC small-scale pilot
plant unit

� 520 � Presence of the bio-oil
favors gasoline and
diesel production but
increases coke yield

[95]

16 CPO VGO 2�10 E-CAT Pilot-plant FCC unit � 525 5 At 15% CPO riser coke
and feeder blockage
were sometimes
observed

[54]

17 FPO VGO 10�20 E-CAT A demonstration-scale
FCC unit

450 kg 540�560 3 The FCC carbon effi-
ciency was approxi-
mately 30%

[53]

18 FPO VGO 5�10 E-CAT A demonstration-scale
FCC unit

450 kg 540 9-month-old bio-oil did
not cause operating
problems in the FCC
unit

[130]

S.Bezergiannietal./Progress
in

Energy
and

Com
bustion

Science
68

(2018)
29�

64
51

ART - 01 23/36



Fig. 10. A � Yields of hydrocarbon fractions obtained from the co-processing of CPO/gas oil (15/85) blends and gas oil at a 70% conversion. B � Influence of catalysts to oil ratio on
the feed conversion as well as the yields of dry gas, LPG, gasoline, LCO, HCO, and coke during the FCC cracking of CPO/gas oil (15/85) blends [96].
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TaggedPoil/VGOmixture provided higher low-value dry gas (H2, CO, CO2, and
C1�C2) yields and lower liquefied petroleum gas (LPG) yields than a
pure VGO feed [70]. While there are discrepancies in the literature
with respect to the yield of gasoline and LCO [70, 99], there is agree-
ment concerning the increase in coke content during co-processing
in comparison with the cracking of pure VGO [70, 82, 99]. As an
exception, Huynh et al. [97] observed no significant difference in the
observed coke yield between the co-feeding and neat conventional
feed, independent of the CTO ratios. However, no explanation of the
observed trend was provided by the authors.

TaggedPThe co-processing of hydrogenated pyrolysis oils (HPO) with fos-
sil feeds in refineries constitutes a promising route toward the pro-
duction of greener transportation fuels. Nevertheless, an obvious
disadvantage of the bio-oil hydrotreatment to oxygen content close
to 5 wt% is the necessity to use significant quantities of hydrogen
which would make the technology economically unviable [98].
Gueudr�e et al. [129] found that the best naphtha quality (in terms of
RON, MON, and paraffins, isoparaffins, olefins, naphthenes, aro-
matics (PIONA) composition) could be achieved with mildly hydro-
treated pyrolysis liquids corresponding to an H2 consumption of
202 NL/kgbio-oil.

TaggedPTo decrease the cost of bio-oil hydrotreatment, Mercader et al.
[82] used milder conditions for FPO upgrading. They concluded that
bio-oils do not require complete hydrodeoxygenation to decrease
coke formation and prevent unsuccessful FCC co-processing. Thus,
the goal of the upgrading should be the elimination of the highly
reactive components and functional groups with minimized hydro-
gen consumption only. Nonetheless, such upgrading technology is
still under development and requires the use of an expensive noble
metal catalyst [82, 107]. Therefore, eliminating the costly hydro-
genation step by a catalytic pyrolysis step can be considered as a
competitive approach to bio-oil upgrading by hydrotreating [54, 60].
Recent publications show that both FPO and CPO can be used
directly in mixture with petroleum feed for FCC co-processing [58,
59, 96] also.

TaggedPThe co-processing of CPO with different types of gas oils was suc-
cessfully demonstrated by Agblevor et al. [96]. They studied the co-
processing of 15 wt% CPO blended with 85 wt% straight run standard
fluid catalytic cracking feed (Gulf Coast standard #4350 Gas oil). For
the same conversion of 70% for both the standard gas oil and the
CPO/gas oil blends, the gasoline yield was 44 wt%, light cycle oil
(LCO) 17 wt%, heavy cycle oil (HCO) 13 wt%, and LPG 16 wt%. The liq-
uid fractions produced from the co-processing were rich in aromatic
hydrocarbons, contained bio-carbons, and less than one percent oxy-
gen. The coke yield for the blends was 6.64�6.81 wt% which was
lower compared to the standard gas oil run (7.06 wt%). It was attrib-

uted to be hydrogen transferred from the cracking of the standard
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TaggedPgas oil to the bio-crude oil which subsequently eliminated the oxy-
gen in the fuel without external hydrogen addition.

TaggedPIbarra et al. [58] investigated the catalytic cracking of a blend of
raw bio-oil produced by fast pyrolysis (20 wt%) and VGO (80 wt%) in
a patented riser simulator reactor with an in-built impeller. The
authors found the existence of a relationship between the mecha-
nisms for the cracking of the hydrocarbons in the VGO and oxygen-
ates in the bio-oil which had great impact on the yields and lump
concentrations. A favorable synergistic effect was observed on the
LPG (C3and C4) and gasoline (C5�C12) yields (higher values than
expected in the absence of synergy), while the formation of CO2 and
CO was lowered. Moreover, co-feeding prevented coke formation,
which lowered catalytic deactivation. In total, a deoxygenation
degree of 95 wt% was obtained, with a total liquid fuel yield of
52.8 wt% and a gasoline yield of 31.6 wt%, with a low oxygenate frac-
tion (< 4 wt%) which contained carboxylic acids, aldehydes, ketones,
and phenols.

TaggedPThe above examples show that not only HPO but also CPO and
FPO may be considered as a promising bio-additive to petroleum-
derived feedstock for FCC co-processing. Nevertheless, considering
the results from different studies, it is difficult to evaluate the effi-
ciency of the different bio-oils as a bio-additive in the co-processing
and to make any conclusion about the influence of the type of bio-oil
on the co-processing characteristics because of the differences in the
properties of the bio-oils, reaction conditions, etc. Hence, publica-
tions dealing with comparative studies on the co-processing of dif-
ferently prepared bio-oils with petroleum feeds at similar
conditions are of an increased interest.

TaggedPNaik et al. [52] compared the co-processing of petroleum derived
VGO with either FPO or HPO in a laboratory scale Advanced Cracking
Evaluation (ACE-R) unit. The authors suggested that low blending
ratios of 5:95 and 10:90 of FPO with VGO was extremely suitable to
produce light olefins, mainly LPG, at the expense of gasoline range
hydrocarbons. In contrast, a decrease in dry gas yield and an increase
in liquid hydrocarbons were observed with an increase in the FPO
blending ratio with VGO up to 20:80. Nevertheless, the authors con-
cluded that the FPO containing 32 wt% of oxygen seemed to be less
suitable for the co-processing of VGO with FPO for higher gasoline
yield, as the FPO containing the lignin-derived monomers could not
be successfully cracked with the FCC catalysts. In contrast, the co-
processing of HPO with VGO resulted in an increase in the yields of
gasoline and LCO as compared to the co-processing of FPO with
VGO, at the similar blending ratio of 5:95. The FCC distillate from the
co-processing of FPO with VGO contained more iso-paraffinic CH3
substructure components, whereas the distillate fraction from the
co-processing HPO with VGO contained more paraffinic CH3 sub-

structures. The coke yield was found to be within the measurement
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Table 8
Feedstock conversion and yield of different products for MAT runs with blends
(20 wt% bio-oils in VGO) (from [98]).

Product VGO VGO + 20% FPO VGO + 20% CPO VGO + 20% HPO

Conversion
(gas + coke + gas-
oline), D1X Xwt%

30 41 40 38

Liquid, wt% 85 69 74 76
Gas, wt% 10 14 12 12
Coke, wt% 5 10 10 8
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certainty limit, and in fact, lower than in the cracking of the neat
O over the same equilibrium FCC catalyst. Hence, HPO may be
nsidered for co-processing with VGO in the FCC unit without
any modifications in the process configuration and catalyst,
hereas the co-processing of FPO would require some modifica-
ons.
TaggedPAnalyzing the properties of FPO, Thegarid et al. [60] suggested

at this kind of bio-oil cannot be co-processed directly with fossil
ed to liquid fuels due to their oxygen rich composition, low heating
lue, immiscibility with hydrocarbon fuels, chemical instability,
gh viscosity and corrosiveness, and concluded that the co-process-
g has to be preceded by an upgrading step such as hydrodeoxyge-
tion. They compared a bio-oil that has been produced by catalytic
rolysis (CPO) with an upgraded one (partially deoxygenated) ther-
al pyrolysis oil (HPO) in co-processing with VGO under FCC condi-
ons. The main differences between the VGO processing and the
PO/VGO co-processing were found to be in the increased coke pro-
ction, less hydrogen, more olefins and aromatics and the presence
alkyl-phenols in the case of HPO co-processing with VGO. If com-
ring CPO/VGO and HPO/VGO co-processing, small but significant
fferences in the product distribution and quality were observed.
e excess of oxygen in the CPO as compared with HPO resulted in
gher hydrogen consumption due to water formation, explaining
e lower hydrogen production in comparison with HPO/VGO and
e higher concentration of olefins and aromatics, especially at high
ed conversion. Another specificity of the CPO was that it contained
avier components most likely consisting of lignin polymers. Con-
quently, a higher concentration of alkylphenols was found in the
soline fraction when co-processing CPO as compared to HPO co-
ocessing. Additionally, the higher gasoline yield during the CPO
-processing than in the HPO co-processing observed during the
-processing was ascribed to the reduced rate of cracking of the
soline fraction due to its higher aromatic character. Nevertheless,
ese differences such as the higher concentration of unconverted
enolics in the gasoline or its higher content of aromatics could be
duced by further catalyst development both on the pyrolysis as
ell as on the FCC side. Taken together, it was concluded that the
drogenation step could be eliminated by the addition of a suitable
talyst in the biomass pyrolysis step, thus reducing the biomass
grading costs significantly.
TaggedPLindfors et al. [98] studied the co-processing of three differently
epared bio-oils, i.e., dry thermal bio-oil (FPO), catalytic pyrolysis
l (CPO), and hydrotreated pyrolysis oil (HPO). CPO oil and HPO oil
d lower carbonyl contents and lower oxygen contents but a higher
ntent of low-molecular-mass (LMM) lignin in comparison with
O. On the other hand, the amount of high-molecular-mass (HMM)
nin was higher in the CPO oil as compared to the HPO oil, as evi-
nced from the chemical composition of the bio-oil feeds deter-
ined using a solvent fractionation scheme (Fig. 11).
th
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g. 11. Chemical composition of the dry bio-oil, catalytic pyrolysis oil, and hydro-
ated oil determined by a solvent fractionation scheme [98].
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TaggedPIn the co-processing of the dry FPO with VGO in different ratios, it
as found that good mass balances in experiments with this bio-oil
uld be obtained only when using low bio-component concentra-
ons, while at higher bio-oil concentrations coking was a problem
hen carrying out the experiments [98]. This led to the conclusion
at the bio-oil concentration should be low during co-processing.
at is why all comparative experiments on the co-processing of dry
O, CPO, and HPO were performed with the oil content of 20 wt%.
e obtained results showed that the bio-oil properties influenced
e process. The co-processing of dry FPO resulted in a slightly lower
uid yield compared to the partly upgraded bio-oils, but the differ-
ces in the product distribution between different oils were very
all in total (Table 8). Unfortunately, the experiments were not
rformed at the same conversion level and, consequently, the
gher conversion in the case of co-processing than in case of neat
GO processing prevents a fair comparison of VGO processing with
e bio-oils co-processing. Nonetheless, the comparison of different
o-oils co-processing is possible as a conversion of about 40% was
ached in these experiments. Moreover, the chemical compounds
esent in the liquid products from the co-processing experiments
ere almost identical to those found in the product from VGO crack-
g. The main compounds identified by GC¡MSD (Mass Selective
etector) were alkyl benzenes, naphthalenes, and straight-chain
drocarbons, while no oxygen-containing compounds were
tected. Nevertheless, coke formation was higher for FPO and the
ore aromatic CPO in comparison with HPO. The high coke yield
ith the dry FPO was partly caused by the sugar-like material in the
l (Fig. 11). Indeed, Carlson et al. [134] investigated the fast pyroly-
s of glucose in presence of HZSM-5 and found that at high pyrolysis
mperatures, glucose is dehydrated to form anhydro-sugars and
rans. The latter compounds are easily polymerized and further
timately decompose to unsaturated coke which represents large
aphitic species like those observed on the external surface of the
M-5 during the conversion of methanol to hydrocarbons [135].
e difference in the coke yield between the HPO and CPO co-proc-
sing can be attributed to their different chemical compositions:
e latter oil clearly contained more high-molecular-mass (HMM)
nin, which was a highly probable precursor for coke formation or
rect fouling of the catalyst. In contrast to this, the HDO process
creased the oxygen content of the bio-oil while simultaneously
osting its hydrogen content. This change resulted in the saturation
many ring structures, thus making the bio-oil less prone toward
king [98].
TaggedPGueudr�e et al. [57] put an emphasis on the study of coke chemis-

y occurring in FCC on ultra-stable zeolite Y (USY) catalysts during
e co-processing of VGO blended with various types of upgraded
o-oils produced by fast pyrolysis of lignocellulosic biomass,
mely HPO and CPO. The yield of gasoline fraction was changed
ly slightly after blending HPO or CPO with VGO, while the yield of
e LCO fraction decreased in the presence of the bio-oils. This could
explained by the lower average molecular weight of the bio-oils
comparison with VGO. Besides, the coke fraction was markedly

creased in the presence of the bio-oils, though almost
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TaggedPindependently of the nature/composition of the added bio-oil (HPO
or CPO). This could be attributed to the higher reactivity (due to the
presence of oxygenates and unsaturated compounds) of the bio-oil
in comparison with VGO. The investigation of the spent catalysts
with TPO/TGA/DTA/MS and FTIR helped to conclude that the crack-
ing of the bio-oils involved the consumption of most of the hydrogen
present in the feedstock (lignin fragments) by hydrogen transfer
reactions leading to highly dehydrogenated coke deposits. Neverthe-
less, slightly more carbon was accumulated on the spent catalyst
samples (USY) after co-processing CPO with VGO than after neat
VGO cracking. This was attributed to a higher oxygen content and
larger lignin fragments in the non-hydrotreated catalytic pyrolysis
bio-oil. Hence, it was concluded that the formation of additional
coke (about 4%) under co-processing conditions may have a
strong impact on the catalyst regeneration during the FCC cycle.
Indeed, according to a rule of thumb generally accepted in FCC
operation, an increase of 0.1 wt% in the delta coke (delta
coke = coke yield/cat/oil ratio) might increase the regenerator
temperature by about 20 °C. Accordingly, an increase of about 4%
in the coke yield at a cat/oil of 6 would lead to an increase in
the regenerator temperature of about 130 °C, which might create
irreversible hydrothermal damage to the circulating catalyst [57].
No doubt, the increased coke formation during the co-processing
of petroleum fractions with the bio-oil is considered as an appar-
ent drawback which should be avoided.

TaggedPIt is worth noting that most of the above examples are related to
the simulation of FCC co-processing on a laboratory level using a
fixed-bed MAT reactor with a catalyst loading of several grams. In
this case, regardless of the type of bio-oil used, an increase in coke
formation was observed [55, 56, 60, 82, 98, 99]. However, an
increased coke formation was not reported when the co-processing
was performed using a fluidized-bed MAT reactor [88, 107] or a lab-
scale riser simulator reactor [58, 59, 96]. Agblevor et al. [96] reported
that when performing the FCC co-processing experiments using an
ACE unit, the hydrogen and coke yields in the co-processing of bio-
oil with Standard Gas Oil (SGO) and in cracking neat SGO showed
considerable differences. In co-processing, 8.2% less hydrogen was
produced than in the processing of SGO which was attributed to the
bio-oil being hydrogen deficient. However, the hydrogen yield in co-
processing was higher than it should have been expected provided
that all the oxygen in the bio-oil was converted into water. Conse-
quently, the authors suggested that part of the oxygen was rejected
as CO or CO2 rather than converted into water or over-cracking took
place during co-processing. Agblevor et al. [96] also observed that
the coke yield in the co-processing was lower than in the SGO proc-
essing. They attributed this to the inhibition effect of the bio-oil on
the coke formation reactions. They explained this effect by the pres-
ence of steam and in-situ generated hydrogen from the cracking of
the SGO, which moderated the coke formation reactions in spite of
the low H/C ratio.

TaggedPComparing the above-discussed results obtained on different
experimental units, it is obvious that the choice of reactor type is a
crucial factor to be considered when evaluating the prospects of the
bio-oil co-processing and evaluating the product selectivities.

TaggedPPilot- and demo-scale FCC units similar to real industrial FCC
units are clearly a better choice to carry out experiments when
studying bio-oil co-processing with petroleum fractions. Neverthe-
less, access to such kinds of equipment is limited, their operation is
complicated and costly, and they also require access to an adequate
feed supply [28]. Therefore, the examples of using larger pilot scale
installations with process flow operation similar to industrial FCC
units for co-processing are rare. Nevertheless, studies on the co-
processing of bio-oils with petroleum fractions performed on an
enlarged pilot scale provides sufficient information on the features
of the experiments derived from the difference in the unit construc-

tion and size.
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TaggedPLappas et al. [95] performed experiments on the co-processing of
a hydrotreated heavy bio-oil fraction with a conventional VGO using
a small-scale FCC pilot plant unit which was operated in full catalyst
circulation mode with continuous regeneration and consisted of a
riser reactor, a stripper, a lift-line and a fluid bed as the regenerator
system. In total, the pilot plant was fully automated and its process
control system was based on a special industrial control system. The
authors suggested that the main problem with the blend of the
above heavy hydrotreated fraction with conventional VGO could be
the plugging of the injection nozzle of the small-scale FCC pilot
plant. To overcome this issue, they diluted the HPO with LCO (15/85
by weight) and the mixture was finally blended with a conventional
FCC feed (VGO). The total mixture of the LCO +HPO was 15 wt%.
Experiments in the unit showed that the VGO/HPO co-feed produced
about 1 wt% more gasoline and more LCO in comparison with the
VGO feed, i.e., the hydrotreated bio-oil components favored cracking
into gasoline and diesel components. It was concluded, therefore,
that the selectivity of some FCC products was favored by the pres-
ence of an HPO [95].

TaggedPExpectedly, the coke yield was higher in the case of co-process-
ing, however, the slight increase in coke yield was affordable for the
FCC process from the technological point of view [95]. In contrast to
the previously described products, all LPG gas yields were lower
when the bio-oil was added in the feed. In general, it was concluded
that the performed tests showed that co-feeding a petroleum VGO
with a thermally hydrotreated bio-oil is technically viable for FCC
units running with good quality feedstocks (and thus having excess
coke burning capacity). Nevertheless, more experimental work is
necessary to clarify any additional effects, for example, the influence
of the bio-oil concentration (as co-feed) on the FCC product yields
and selectivities, as well as on the quality of these products [95].

TaggedPWang et al. [54] collected data on the FCC bio-oil co-processing in
an automated pilot-plant FCC unit. The pilot plant was operated in
full catalyst circulation mode with continuous regeneration and con-
sisted of a riser reactor, stripper, lift line, and fluidized bed as the
regenerator. The catalyst circulation was achieved with two slide
valves, and it was controlled in a manner similar to that in a com-
mercial FCC unit. The authors studied the effect of a CPO addition
(10%) to VGO and found that the co-processing of the blend gave
nearly equivalent oxygenate content and also similar selectivities to
gasoline, bottom oil, and coke as the catalytic cracking of neat VGO,
suggesting that the CPO was a suitable feedstock for FCC co-process-
ing. At the same time, the dry gas, including hydrogen and light
hydrocarbons, obviously reduced in the co-processing experiment
because of the hydrogen transfer between the bio-feedstock and the
VGO. The co-processing experiments also resulted in the formation
of CO, CO2 and water; however, their amounts in the CPO co-proc-
essing case were much lower than in the FPO co-processing. Conse-
quently, the authors concluded that the co-processing of CPO with
petroleum fractions was highly promising for biomass conversion
into biofuel.

TaggedPPinho et al. [53, 130] provided information on bio-oil co-process-
ing with a petroleum fraction on the largest scale which was suc-
cessful so far. They performed catalytic tests in a demonstration-
scale fluid catalytic cracking unit equipped with a pseudo-adiabatic
riser reactor and a continuous catalyst regenerator, operating under
steady state conditions. The catalyst inventory was 450 kg and the
total feed rate was controlled at 150 kg/h. In contrast to lab-scale
reactors the use of the demonstration-scale unit allowed for the suc-
cessful co-processing of the VGO mixed with 10 and 20 wt% FPO,
even though the bio-oil and conventional petroleum fractions are
poorly miscible or even totally immiscible due to the high polarity of
the bio-oil [53]. The successful experiment with a high FPO content
in the mixture was achieved by using two different axial injection
positions in the FCC riser reactor. The authors concluded that the

bio-oil could be directly co-processed without any type of
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drodeoxygenation and with a regular gas oil FCC feed containing
to 20 wt% bio-oil. The blend of the bio-oil and VGO was cracked

to valuable products such as LPG and gasoline rendering similar
oduct yields as those obtained from neat VGO when the feed con-
ined up to 10 wt% bio-oil. However, there was a clear drop in the
soline yield when 20% bio-oil was added to the feed due to the
lution effect caused by water. The same trend was observed for
O yields, while the bottoms yields increased slightly when 20%
o-oil was added to the feed. The introduction of a 10% bio-oil in
e riser reactor did not significantly increase coke, whereas the use
20% clearly increasedthe coke yield. Most of the oxygen present in
e bio-oil was removed as water. Nevertheless, special care must
so be dedicated to the tanks used for the bio-oil storage and feed
es in the FCC unit to deal with the high acidity of the bio-oil.
oreover, alkaline metals present in the bio-oil may destroy the
olite in the FCC catalyst and higher make-up rates would have to
employed to ensure FCC equilibrium catalyst activity [53].
TaggedPIn a recent article, Pinho et al. [130] demonstrated the effect of
ing a bio-oil on the technical feasibility of co-processing a raw
o-oil with VGO. The tests conducted with the same bio-oil in two
fferent experimental test series showed that while a 9-month-old
o-oil did not cause operating problems in the FCC unit, a 21-month
ed bio-oil may affect the operating conditions. Nevertheless, the
thors suggested the necessity of more data to further investigate
e optimization of the co-processing. It was suggested, based on
e MAT results [60, 98], that coke formation during the co-process-
g is excessively high when raw (untreated) bio-oil is used as a bio-
mponent. Hence, raw bio-oil hydrotreatment to reduce the high
ncentration of heteroatoms has been recommended prior to con-
ct with petroleum feeds. In contrast, Pinho et al. [53] proposed
at a considerable increase in coke production even at low bio-oil
ounts was a consequence of using small-scale units. Based on the

sults obtained in a demonstration-scale fluid catalytic cracking
it they tried to explain which characteristics inherent to small-
ale units could stand up for the differences in yields observed in a
uch larger scale unit. First, a single feed line used in most of the
C laboratory-scale units enormously complicates the feeding of
o-oils in the co-processing experiments because bio-oils are not
iscible with petroleum streams and may result in an inhomoge-
ous feed entering the reactor. Moreover, excessive heating of the
ed lines, above 50 °C, promotes bio-oil polymerization and causes
ugging. However, such a low temperature is not suitable for VGO
eding because it causes an increase in the VGO viscosity and
pairs the proper dispersion in the feed nozzle. Insufficient feed
spersion increases the amount of coke deposited on the catalyst
d damages the catalyst selectivity. These problems may be, how-
er, overcome in larger scale units, when different feed lines are
ed to segregate the bio-oil from the VGO (or other fossil stream),
lowing adequate heating and dispersion of each feed. Indeed, in
lot scale installations which have a technological scheme similar
real FCC units, biomass feedstocks can be injected at a number of
fferent positions of the FCC reactor relative to the VGO feed, i.e.,
fore the VGO, with the VGO, after the VGO feed, or even in the
generator or in a separate riser reactor. These different zones
volve different temperatures and catalytic activities [19].
TaggedPSecond, large scale units can overcome the issues related to the
esence of high molecular weight molecules (cellulose, hemi-cellu-
se and lignin) which are not destroyed in the fast pyrolysis process
36]. In a real FCC unit, the bio-oil can be injected at the bottom of
e riser, before the regenerated catalyst contacts the VGO. Conse-
ently, it may be cracked at higher temperatures and the catalyst-
-oil (CTO) mass ratios (at the bottom of the riser, the local CTO
tio is approximately 10 times higher and the catalyst temperature
approximately 690 °C). The thermal shock between the hot regen-
ated catalyst and the large bio-oil molecules promotes their quick

ermal cracking, transforming them into smaller molecules, which im
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n then penetrate the catalyst pores and react there. If such thermal
acking is not possible, the bio-oil will not vaporize completely; a
rt of it will remain in a liquid form and will most likely be depos-
ed as coke on the catalyst. Consequently, the deposited coke will
crease the catalyst selectivity and deteriorate the FCC yield profile.
owever, most of the equipment used on a laboratory scale, such as
AT reactors or ACE units, work isothermally and the entire reactor
kept uniformly at the same temperature, which is unrealistic for
industrial FCC operation. In this case, the thermal shock between
e hot catalyst and the bio-oil is not possible. The non-vaporized
action of the bio-oil will remain liquid and hence yield more coke.
us, although MAT reactors and ACE units are economical options
r the investigation of most of FCC applications using distillate
troleum feeds, they are inadequate to deal with heavy feeds, such
atmospheric residues and bio-oils [53]. Similarly, Wang et al. [54]
so suggested that the oxygen in the bio-oil can be removed almost
mpletely in their FCC co-processing study and a low oxygen con-
nt in the final product in comparison with results from other lab-
ale cracking experiments, which was attributed to the difference
the operation scale and to the benefits of thermal shock effect in
e pilot-scale unit.

3. Catalysts

TaggedPThe processes that take place in the FCC reactor are based on sev-
al types of reactions, including protolytic cracking (cleavage of car-
n�carbon bonds), hydrogen transfer, and isomerization [137]. The
me reactions should apparently occur in the case of the co-proc-
sing of petroleum and bio-based feedstocks. Moreover, the FCC
ocess in this case has to ensure the removal of oxygen from the
o-based feedstock by dehydration, decarboxylation, and decarbon-
ation because the final product should be substantially oxygen-
ee to meet the requirements for motor fuels [18, 93]. FCC equilib-
um (E-CAT) catalysts which are used in refineries demonstrate
gh effectiveness in this kind of reactions. Such typical catalysts
ually contain 10�30 wt% faujasite zeolite (USY or REUSY) dis-
rsed in a matrix consisting typically of silica�alumina, alumina,
ay (kaolin) and special additives (i.e., NOX reduction additives, gas-
ine sulfur reduction additives, CO combustion, promoters, ZSM-5
an additive to produce light olefins).
TaggedPIn most cases, the FCC co-processing of petroleum and vegetable

ls or bio-oil proceeds in presence of refinery-generated equilib-
um catalysts (E-CAT) (Tables 6 and 7) which are very effective in
e production of valuable reaction products as well as in removing
ygen from the biomass by transformation into CO2, CO, and water
ithout using hydrogen [18]. Nevertheless, several studies tried to
swer the question in which respect the addition of other catalysts
anged the conversion of the blends and the distribution of the
action products. Dupain et al. [127] found that the addition of
M-5 enhanced the cracking of vegetable oils thus resulting in
gher gas yield but lower LCO and gasoline yields compared to the
CAT alone. Similar results were obtained in [65]. However, no data
as provided for the comparative co-processing experiments with-
t/with ZSM-5 addition to the E-CAT.
TaggedPAbbasov et al. [63] investigated the co-processing of VGA and
getable oils using the mixture of E-CAT and halloysite nanotubes
atural clay nanotubes with large 5�20 inner lumen) as a catalyst.
increased the conversion of the feedstock by 3�5% which contrib-
ed to the additional increase in the gasoline and LPG at the
pense of the LCO. The addition of the halloysite also promoted the
ficiency of skeletal isomerization, resulting in the increase of
anched paraffins and alkyl benzenes. Moreover, the coke yield was
duced by 7�10% due to the faster desorption of the reaction prod-
ts from the nanotube mesopores. It was, therefore, concluded that
e blends of E-CAT and halloysite nanotubes represented an

proved catalyst for the mixtures of heavy petroleum distillates
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TaggedPand vegetable oils which ensured the increase of aromatic content
and the gasoline octane number rating by two units.

TaggedPMoreover, studies on the possible relationships between the cat-
alyst structure (nature and composition of the catalysts) and the co-
processing performances are also known. Fogassy et al. [55] investi-
gated the effect of the catalyst structure on the quality of the prod-
ucts formed by the co-processing of HPO with VGO. They performed
a detailed mechanistic study on the possibility of biofuel production
by co-processing in comparison with pure vacuum gas oil (VGO)
processing using three different porous materials containing micro-
pores and/or mesopores, FCC, HY and HZSM-5. The structure of the
zeolites, in terms of pore size and Si/Al ratio (unit cell size), was
found to influence the catalytic cracking reactions both for the VGO
and for the VGO/HPO feed and thus to affect the conversion level
and the product distribution. It was suggested that VGO/HPO co-
processing leads to lower product formation rates than the process-
ing of VGO alone, except for the coke formation and the formation of
more unsaturated components (essentially aromatics). The data for
both VGO cracking and co-processing followed the published trends
with acid site density. These results were explained by the restricted
access of the oxygenated compounds from HDO, like the heaviest
VGO molecules, into the zeolite pores. Therefore, pre-cracking and
deoxygenation (dehydroxylation and decarbonylation) occurred on
the extra-framework structure (silica�alumina matrix or EFAL
deposits for steamed samples). This process resulted in coke forma-
tion; indeed, due to their polar nature and fully accessible basic oxy-
gen electronic doublet, the oxygenated compounds originating from
the HPO adsorb much more strongly on the active sites (Brùnsted
and Lewis acid sites) than the less polar hydrocarbons [138]. This
excessive coke formation led to pore blocking and lower reaction
rates. Another key mechanistic feature explaining the observed
effects of co-processing on the product quality was the competition
for hydrogen (protons or hydrides) through the zeolite interface,
required by the oxygenates cracking process. This resulted in an
increase in olefins and aromatics as well as the LPG fraction and
more bottom and coke formation. Based on these findings, the
authors suggested the existence of a high interest to tune the zeolite
structural parameters in order (i) to increase the methoxy-phenol
conversion and (ii) to decrease the coke deposition from oxygenates.

5. Product quality

TaggedPAs the hydroprocessing of lipids renders a paraffinic fuel, it is
obvious that an increase in the bio-based content in the blend results
in lower densities of the final hybrid fuel as a part of the produced
hydrocarbons are paraffins with low density [37, 81]. During the co-
hydroprocessing of straight run gas oil (SRGO), light cycle oil (LCO)
and animal fats, the addition of LCO to SRGO increases the density
because of its high aromatic content, but the addition of waste fat
offsets that [4]. Obviously, the density of the hybrid products was
reduced as an effect of the triglyceride conversion and the aromatics
saturation. In general, lipids transformed mainly in the C15�C18 n-
alkanes and their densities are much lower (740�770 kg/m3) com-
pared to conventional diesel fuels [35].

TaggedPAs far as the effect of triglycerides on the sulfur content of the
final product is concerned, the effect is not yet clear. Some studies
claim that the sulfur content of the organic product decreased with
the addition of a bio-based feedstock. As lipid-based feeds are virtu-
ally sulfur free, their addition results in lower sulfur content of the
blend which may be responsible for lowering of the sulfur content in
the liquid products, typically diesel. Baladincz and Hancsok [37]
found that during co-hydroprocessing, the triglyceride content is
converted to paraffins and the sulfur, nitrogen and oxygen content
of the feedstock are decreased. Bezergianni et al. [45] noticed that
HDS reactions are not affected by the addition of waste cooking oil

in the feedstock which is in agreement with the results of Huber
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TaggedPet al. [30] who claimed that the hydrotreating of vegetable oil and
HDS probably occurs on different catalytic sites that were, however,
not specified. On the other hand, according to Toth et al. [29], oxygen
containing compounds (triglycerides, other oxygen containing prod-
ucts) bind strongly to the active sites of the desulfurization catalyst
and hence limit the desulfurization reactions. Consequently, when
higher vegetable oil contents were used, the sulfur content in the
products increased. An amount of vegetable oil higher than 15%
reduced the desulphurization efficiency, indicating that the removal
of both heteroatoms (S and O) took place on the same active sites of
the catalyst. Hence, the deoxygenation reactions restricted the
desulphurization reactions because of the intake of large quantities
of oxygen with the triglyceride molecule of the vegetable oil [139].

TaggedPAnother important property of the resulting middle distillate that
is affected by the lipid content in the co-processing feed is the CFPP
(cold filter plugging point). The higher the lipid content, the higher
the CFPP, due to the paraffinic nature of the hybrid fuel [29]. As nor-
mal paraffins have a high melting point, their presence in the diesel
fuel negatively affects the CFPP, which is a critical parameter for
winter operability. During the co-hydroprocessing of waste animal
grease and LCO, a positive correlation was observed between the
CFPP value of the product and the content of the grease in the feed
[41]. According to Toth et al. [81], only the products derived from
less than 10% rapeseed oil containing feedstocks were able to meet
the European standard for summer quality diesel fuel in temperate
zones (EN 590). Balandincz and Hanscok proposed the addition of an
isomerization step to improve the CFPP properties of the final prod-
uct [37]. The problem of poor cold flow properties can also be tack-
led using proper ‘‘cold flow improvers’’ for decreasing the size of the
wax crystallites, during the cooling of the fuel or inhibiting the wax
formation starting [45]. However, it has been reported that the con-
ventional commercial cold flow improvers are inefficient when the
content of bio-derived paraffins exceeds 10% [140].

TaggedPThe total aromatics content of the final products decreased com-
pared to that of the petroleum feedstocks because the lipid-based
feeds are aromatics free [4, 81]. Furthermore, during the co-hydro-
processing of gas oil with triglyceride feedstocks, the aromatics and
PAH content decreases in comparison with gas oil feed only due to
the transformation of triglycerides to alkanes [35]. This gives the
advantage to refineries to produce lower aromatic products, which
will be more and more valuable if the future regulations will con-
tinue becoming stricter and yet a lower limit for total aromatics in
diesel fuel will be imposed.

TaggedPIn addition, paraffins, originating from the deoxygenation of the
lipids in the feed, increase the cetane number/index of the fuel [36,
37], as long chain paraffins have the best ignition quality characteris-
tics between the hydrocarbons. According to experiments by Chen
et al. [38], the cetane index of the corresponding diesel fraction from
hydrocracking of heavy vacuum gas oil was 40 and it increased to 55
when a blend containing 20% of canola oil was upgraded, improving
the quality of the diesel product in this way.

TaggedPAs far as kinematic viscosity is concerned, it decreased with an
increasing temperature and pressure, due to the triglyceride conver-
sion, the aromatics saturation and cracking reactions [37]. Further-
more, an increase in the products’ viscosity was also observed with
the increase in the concentration of the triglycerides in the feedstock
[81]. This happens because a higher triglyceride containing feed-
stock crates more viscous n-paraffins.

TaggedPBeing glyceryl esters of fatty acids (triglycerides), lipids contain a
significant concentration of chemically-bound oxygen (10�14%).
The oxygen moiety reacts under normal hydrotreating conditions
with hydrogen to form water or is released as CO2. If water is formed
in large quantities it may adversely affect the catalyst by weakening
it, or may cause a redistribution in the active metals and loss of sur-
face area due to phase transformation of the support. However, at

blending ratios up to 10%, the oxygen content is below 1.5 wt% and,
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Table 9
Properties of hybrid fuels from the co-hydroprocessing of lipids.

Biomass feed Petroleum fraction Yields, wt% Density, kg/m3 S, wppm N, wppm Cetane index Kinematic viscosity,
mm2/s

CFPP, °C Remarks Ref.

Canola oil HVGO 36�40 20�600 5�160 40�55 S and N content
depends on the
blend and the
product (diesel or
gasoline)

[38]

Waste soya oil GO 80�90 820�860 43�54 Depends on catalyst
and conditions

[48]

Jatropha oil Straight run diesel
fraction

»90 840�823 219�309 3.332�3.692 Depends on catalyst
CoMo or NiMo

[33]

Rapeseed oil Straight run vacuum
distillate

98�99 807�827 9�12 8�11 57�60 2�3.2 ¡27 to ¡19 Depends on T ( °C) [71]

Rapeseed oil Light gas oil »95 834�836 2.86�3.74 Depends from the
conditions

[34]

Waste animal
grease

Straight run gas
oil + light cycle oil

78 825 4.9 8.7 �51 2.56 ¡4 Optimum blend 75%
SRGO, 10% LCO,
15% grease

[41]

Waste lard Heavy gas oil 91�94 838�844 38 3 55 4.5�4.55 8 2-stage co-
hydroprocessing

[37]
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us, it is unlikely to form enough water to cause significant prob-
ms.
TaggedPStudies have shown that the addition of lipid-based feeds into an
isting refinery improve the product quality [45]. Co-hydroprocess-
g is a key technology to produce high quality hybrid fuels that
eet fuel specifications. A very important issue is the selection of
e appropriate catalyst or a combination of catalysts to ensure
troleum grade HDS at the requested level below 10 ppm and, also,
be able to transform triglycerides to hydrocarbons. Hydroprocess-
g of lipid feedstocks converts triglycerides into normal paraffins.
a result, in the case of co-hydroprocessing, the increase of lipid
ntent results in higher paraffinic content in the final product. This
ads to a final product with a higher cetane number and heating
lue which improves the combustion efficiency of the engines.
owever, if the content of lipids is too high, then problems with cold
w properties will occur. Table 9 presents the properties of hybrid
els from various studies.
TaggedPAromatic and naphthenic hydrocarbons, together with both
ear and branched paraffins and olefins, are the main products
the FCC of petroleum fractions. Since in the co-processing of
troleum-derived and bio-derived feedstocks, the resulting
edstock mixture mostly consists of the former component, the
ality of the produced gasoline and diesel fractions are mostly
termined by the characteristics of the petroleum feed and
action conditions. Nevertheless, the presence of oxygen atoms
d unsaturated bonds in the bio-based feedstock affect the
acking process as well as the hydrogen consumption through
drogen transfer reactions.
TaggedPThe fraction of aromatic hydrocarbons and polar aromatics (large

olecular phenols and aromatic acids) in the FPO are considered as
e primary sources for the formation of aromatic hydrocarbons dur-
g the bio-oil co-feeding with a petroleum distillate [99]. The com-
sition of bio-gasoline produced during the FCC co-processing of
O and FPO in a MAT unit was compared to that of an ordinary FCC
soline. The main differences consisted in the lower amount of ole-
s and naphthenes, while the content of the total aromatics, espe-
ally toluene, was higher when co-processing FPO. It contributed to
rise in the RON from 92.2 for an ordinary FCC gasoline to 95.8 for a
o-gasoline. Consequently, it was suggested [99] that the composi-
on of the bio-gasoline produced by the FCC co-processing of FPO
as compatible with the EU specifications for an environmentally

ceptable gasoline. de

ART - 01
TaggedPPinho et al. [53] investigated the properties of a gasoline fraction
oduced by co-processing of VGO and FPO in a demonstration-scale
C unit in detail. The benzene and total aromatics concentration
creased from 0.8 to 1.4 and from 38 to 44 wt%, correspondingly,
hen increasing the content of VGO from 67% to 74%. Nevertheless,
avy cracked naphtha (HCN, 80�220 °C) produced from a blend
ntaining 20% of bio-oil contained more aromatics than that pro-
ced from neat VGO (53.8 wt% and 50 wt%, respectively). Conse-
ently, the octane numbers of the HCN cuts increased when the
O was added to the VGO as a co-feed from 83.3 to 84.4 (MON) and
om 95.8 to 96.5 (RON). Phenol and alkylphenols were identified
d quantified in gasoline derived from the co-processing of VGO
d FPO by ion chromatography. Nevertheless, it was suggested that
e presence of these compounds might only be barely harmful to
e gasoline quality because the phenolics are traditionally believed
stabilize the cracked gasoline and increase its octane number
3].
TaggedPBielansky et al. [51, 64] found that liquid products formed
ring the FCC co-processing of VGO with rapeseed oil in all
nges of feedstock compositions (0�100%) were practically oxy-
n free while water and carbon dioxide were the only oxygen-
ntained by-products of the RSO cracking. The analysis of the
soline range of the pure VGO and pure rapeseed oil feedstocks
owed that the content of the aromatics and olefinic naph-
enes increased while the naphthenes, n-olefins and i-paraffins
clined. The increase in the RSO content in the feedstock was
companied by an increase in the RON and MON up to approxi-
ately 100 and 86, respectively, reported for the neat rapeseed-
l-derived gasoline. Moreover, the oxidation stability increased
higher rapeseed oil admixtures, and a necessary value of 360
cording to EN228 could be reached without any further refine-
ent steps with RSO rich blends.

Sustainability

1. Co-hydroprocessing

TaggedPThe current biofuels market has become much more transparent
comparison to its early stages. Until 2020 the key production and
nsumption region of biodiesel will be the European market. There
e many benefits of biofuels including domestic production of fuels,

creased greenhouse gas emissions, decreased dependence on
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TaggedPfossil fuels, improvement of rural economies and increased national
security [4, 80].

TaggedPThe conventional HVO investment and operating costs involving
the stand-alone hydrotreating of lipid feedstocks have been reported
to be about 50% lower than the FAME costs by some [141, 142] while
others have reported the costs to be comparable with those of FAME
installations of the first generation biodiesel technologies [11, 143,
144] depending on the feedstock costs and by-product revenues.
The corresponding hydroprocessing by-product, propane, is not so
versatile and may not reduce the cost of HVO much. However, the
cost of the catalytic hydroprocessing can be reduced by locating the
plant at an existing petroleum refinery [142, 145]. Based on the
same study, according to petroleum refineries, the modification cost
of an existing hydrotreating unit to produce HVO is small, lowering
the overall cost of the technology in this way. Another important
aspect of HVO is that stand-alone hydroprocessing of lipids requires
a two-stage process, consisting of mild-hydrotreating followed by
an isomerization stage [146�148] leading to a high operating cost
mainly due to the requirements for the hydroprocessing catalyst and
hydrogen. Furthermore, by using a residual lipid-based feedstock
such as waste cooking oil or animal fats, the production costs of the
final diesel product (including 7% v/v HVO biofuel) reduce compared
to the current market diesel scenario where diesel fuel contains 7%
v/v FAME biodiesel. This is obvious as the production cost of the
HVO biofuel from waste cooking oils is lower than that of FAME
from fresh oils. In addition to that, the costs of the hydroprocessing
lipid feedstocks are in some studies stipulated to be about 50% of the
transesterification processing costs [141, 142]. Moreover, the use of
residual biomass further reduces the production costs of the final
diesel blend as according to the Directive 2009/28/EC, residual bio-
mass feeds are eligible for double counting [149]. For instance, 3.5%
v/v HVO (from residual lipids) counts as 7% v/v biofuel in the final
diesel blend reducing the cost of the final market diesel in that way.
In addition to that, methane which is a by-product of stand-alone
hydroprocessing is a valuable gas that can also be sold on the market
increasing the profits of the refinery, while propane, which is also a
by-product of the process, can be processed by steam reforming to
cover a part of the extra hydrogen needs for hydroprocessing of lip-
ids. Finally the possibility of integrating H2 from renewable energy
sources could possibly further diminish the production cost of
stand-alone hydroprocessing [150]. However, the high investment
cost for new constructions makes this technology profitable only for
large scale production. Finally, another important issue that raises
the production cost of HVO is the transportation cost of feedstock
which can be faced by constructing the unit close to feedstock pro-
vider companies [26].

TaggedPThe economic limitations of stand-alone hydroprocessing bio-
based feedstock can be overcome via co-hydroprocessing of lipid-
based feeds with petroleum fractions. This approach enables the use
of existing refinery infrastructure, maintaining the same operating
conditions, producing the same quality products and avoiding the
establishment of parallel systems, which reduce capital and operat-
ing expenditures (CAPEX and OPEX, respectively) [30, 106]. The
more beneficial option from an economic point of view is to add a
small amount of lipid-based feedstock in an existing petroleum
refinery for co-hydroprocessing with a fossil stream as shown in Fig.
2. This would allow the refineries to meet national mandates on bio-
fuels. The final product is already in the diesel, gasoline, jet range,
etc.with very good properties as was discussed in Section 5.

TaggedPHowever, the addition of lipid-based feeds into a refinery results
in an increase of hydrogen consumption. For example, Jatropha oil
has an oxygen content 10�11 wt%, on the other hand, straight run
diesel (LAGO) fraction has a sulfur content 0.5�2 wt%. According to a
recent study [33], when adding Jatropha oil to LAGO fraction, the
amount of oxygen introduced to the catalyst was higher than the

decrease in sulfur content in the feed. As a result, to remove oxygen
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TaggedPand sulfur as H2O and H2S, the hydrogen consumption was
increased. Furthermore, the hydrogen consumption also depends on
the type of lipids, highly saturated fatty feedstock sources (such as
tallow and palm oil) that require less hydrogen than more unsatu-
rated feedstock options (such as rapeseed) [144]. Consequently, the
careful choice of lipid feedstock could result in lower hydrogen
demands. The hydrogen consumption is an important issue from an
industrial point of view; a process with lower hydrogen demands
would be more economical. It may be possible for a typical diesel
hydrotreater to easily co-process low amounts of lipid-based feeds
(10%) with their existing conditions with a nominal increase in
hydrogen consumption [48], for example, the addition of 5�10% of
WCO increased hydrogen consumption by just 6.25% (Fig. 3), indicat-
ing that WCO integration up to 10% can be achieved without signifi-
cant operating cost increase [45]. Another possible way to decrease
hydrogen consumption is by selecting a more appropriate catalyst.
From the reaction stoichiometry point of view (Fig. 4), hydrodeoxy-
genation is more hydrogen-demanding (ca. 4 times more) than
decarboxylation/decarbonylation reactions, as hydrodeoxygenation
is more favored over the NiMo catalyst than over NiW catalyst, the
use of NiW catalyst seems to be a better choice for reducing the
hydrogen consumption during co-hydroprocessing [72]. Nonethe-
less, this is true only when the consecutive reduction of CO2 to meth-
ane can be avoided. If not, the decarboxylation pathway with
complete the CO2 reduction to methane and would consume more
H2 than the hydrodeoxygenation route [101, 111]. In addition to the
catalyst choice, hydrodeoxygenation/decarboxylation selectivity can
be affected by reaction conditions, most notably hydrogen pressure
[151]. Furthermore, Kalnes et al. [11] mention that fossil energy use
in HVO production can be reduced by producing H2 from by-prod-
ucts like propane.

TaggedPAnother advantage of co-hydroprocessing is the reduction of pro-
duction cost when waste lipids are used. The addition of 5�10%
waste cooking oil or waste animal fats into the refinery leads to high
economic benefits for the refinery. The cost of waste cooking oil or
waste animal fats is much lower compared to the cost of fossil fuel
and FAME biodiesel. Thus, by replacing 5�10% of fossil fuel or FAME
biodiesel content with waste cooking oil the economic benefits of
the refinery increased proportionally with the waste bio-content
[152]. In addition to that, as it was already discussed in a previous
section, straight run gas oil with light cycle oil, which is a low-qual-
ity fossil feed, in blends with lipid-based feedstocks can be co-proc-
essed. In this way, saving of crude oil could be reached with the
increased use of LCO for diesel fuel production instead of straight
run gas oil which is used for automotive fuels. As a result, more auto-
motive fuels can be produced from straight run gas oil [4].

TaggedPDue to the increased hydrogen consumption in co-processing,
different hydrogen resources have to be carefully considered. Con-
sidering the overall sustainability, renewable resources should be
preferred. A possibility that is easy to implement even in the current
refineries is the steam reforming of propane and methane formed
during co-hydroprocessing [153, 154]. A promising hydrogen pro-
duction route might be the aqueous phase reforming relying typi-
cally on carbohydrate solutions originating, e.g., from the processing
of lignocellulosic biomass or by-products such as glycerol from other
processes [155-158]. Sugar concentrations of up to 60% were used
and an efficiency (defined as lower heating value of the produced
hydrogen divided by the lower heating value of the feedstock)
of> 55% was achieved [156]. Catalyst stability and moderate space-
time yields still need to be further improved [156]. Moreover,
according to a research project in Greece “Biofuels 2G” [150],
another possibility to reduce the cost of the process is to use solar
hydrogen to cover the extra hydrogen needed for co-hydroprocess-
ing. This technique has an extra investment cost for a solar hydrogen
production unit which, however, has a good pay-back time and

could decrease the overall cost of the process [152]. Finally,
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creased hydrogen demands for co-processing are less important
r some refineries that have excess hydrogen produced by natural
s steam reforming. To conclude, the role of lipids is not to totally
place the fossil fuels, but only part of them as sustainably available
ids are not abundant enough. Consequently, the extra H2 demands
r their co-hydroprocessing are not so high and can be covered with
e methods described above.
TaggedPThe increased hydrogen consumption due to co-processing is

osely related to the blending ratio. While the reports show that
drotreating feeds containing up to 30% of lipids is technologically
asible, the availability of a suitable, i.e., sustainably obtained, bio-
ass has to be kept in mind. Unlike fossil fuels, a biomass is typically
seasonal product, and hence it is not a simple question of absolute
ounts available, but also of the time when it is available. As aver-
e refinery hydrotreating capacity exceeds 30 thousand barrels per
y [159], only low continuous blending ratios, i.e.,< 5% of bio-com-
nents in fossil fuel fractions, seem to be realistic. Due to the sea-
nal aspects, higher temporary blending ratios could be, however,
pected.
TaggedPFinally, there are some technological and market challenges in

ofuels production that remain, however, they are not insurmount-
le. The most important is the storage and handling of the feed-
ock due to lower thermal and oxidation stability of lipids and bio-
ls. The corrosion of the process equipment and the poisoning of
e catalyst due to corrosive properties and impurities (such as alkali
etals) of bio-based feedstock and the higher cost of biomass in a
riod of low crude oil prices make biofuels less competitive [160].
TaggedPIn general, by comparing the two alternatives, i.e., stand-alone

VO production with co-processing of lipid-based feedstocks with
troleum fractions, it is obvious that the second approach is eco-
mically more attractive. This is a consequence of investment cost
ing very small as there are no requirements for a new unit con-
ruction as in the case of “stand alone” processes. Hence, the profits
r a refinery might be substantial.
TaggedPFrom a biomass availability point of view, the main challenge is
w to supply the necessary quantities to a refinery. Other chal-
nges include the seasonal and geographical variation of the bio-
ass feedstock composition and properties and the establishment
suitable transportation chains. These issues can be addressed by
cating low-capacity biorefineries close to biomass-producing
eas, thus reducing the transportation cost. Another possible option
to create temporary storage biomass facilities before the transpor-
tion to the refineries. In general, there are some studies that have
veloped mathematical models aimed at building an efficient logis-
c system [161�163].
TaggedPAs far as GHG emissions are concerned, the use of lipids for co-
ocessing results in lower GHG emissions compared to pure fossil
droprocessing [152] However, GHG emissions reduction depends
the source of lipids. More specifically, waste feedstock sources

e better than native feedstock because of the smaller upstream
pacts. Waste cooking oils have low energy demand which is
lated to the collection of the oils and pretreatment. Regarding tall
l, it was concluded by Tornvall et al. [164] that it is preferable from
environmental point of view instead of rapeseed in an energy and

HG perspective. According to Sunde et al. [144], tall oil is the most
asible feedstock, followed by used vegetable or cooking oil. Tall oil
a byproduct or waste from the main process of pulp production,
r this reason it only carries the environmental loads related to the
eatment of black liquor. Palm oil is cultivated with best practice on
llow or degraded land without soil losses, due to its high yields; it
s favorable environmental profile compared to other vegetable
ls [165]. Rapeseed oil may, however, perform better in cases where
lm oil production is related to high soil carbon emissions or when
e palm oil production processes are not environmentally opti-
ized. The rapid increase in demand for palm oil has resulted in the

earing of rainforests to establish palm oil plantations with de
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ological impacts due to loss of rainforest biodiversity and pollution
66]. The clearing of rainforests or usage of peaty soil for palm oil
oduction may create large soil carbon debts that may take decades
pay off [167, 168]. It is obvious that there are many aspects that
fluence the GHG emissions when the co-processing of lipid based
ith fossil-based feedstocks takes place. To conclude, a recent study
om California Air Resources Board [160] proposes options for the
antification of low-carbon fuel mass/volume and for estimation of
rbon intensities for fuels produced through co-processing. This
udy presents a preliminary framework and methods for estimating
w-carbon fuel content of co-processed fuels for consideration and
edback from stakeholders.

2. FCC co-processing

TaggedPWhen evaluating the concept of co-processing bio-oil with petro-
um fractions in FCC units, it is important to not only consider the
antitative parameters (reaction conditions, the overall conversion,
e yield of different fractions) and the qualitative evaluation of
oducts composition and properties, but also to get an understand-
g on the amount of renewable carbon that is being effectively con-
ntrated in the liquid fractions. For this purpose, the 14C
enewable carbon) concentration is determined by accelerator
ass spectrometry combined with isotope ratio mass spectrometry
3, 54, 56]. Fossil fuels are virtually 14C-free, while bio-oil contains
e present-day “natural” amount of 14C. Fogassy et al. [56] showed
at an initial 8.5 wt% bio-carbon content of the initial mixed feed
mposed of HPO (10 wt%) and VGO (90 wt%) was not statistically
stributed among the products. Thus, the gas and especially the
ke fractions contained significantly more bio-carbon than
pected from the statistical distribution (10.6 wt% and 15.8 wt%,
spectively). In contrast, the total liquid fraction (including the
reacted feed) a bio-carbon content lower than the initial feed con-
nt (7.5 wt%). After correction for the unconverted liquid fraction,
hich represents the LCO and bottom fraction, and assuming these
actions still contained the initial 8.5 wt% of bio-carbon, the content
the renewable carbon in the liquid product, gasoline, was even
wer, about 7.2 wt%. Similar results were also obtained by Wang
al. [54] in the study of co-processing of CPO with VGO. The authors
und that the renewable carbon in the gasoline product was about
wt%, while the bio-carbon in LCO fraction was slightly higher
.3 wt%). The difference was explained by the increased polyaro-
atics content in the latter fraction.
TaggedPPinho et al. [53] pointed out that when 20% FPOwas co-processed

ith a petroleum fraction, the renewable carbon content in the gaso-
e cuts varied between 3 and 5 wt%, whereas the biocarbon in the
avier cuts, i.e., the LCO and bottoms, was 5 and 6 wt%, respectively.
r 10 wt% FPO in the feed, 2 wt% renewable carbon were obtained
the total liquid product. Considering that the carbon content in
e FPO was 42.35 wt%, the catalytic cracking produced a liquid
fluent with approximately one-third of the renewable carbon pres-
t in the bio-oil. The same result was obtained using either 10% bio-
l or 20% bio-oil, i.e., approximately one-third of the renewable car-
n (on weight basis) present in the bio-oil was preserved in the liq-
d effluent. Recent results of the same authors [130] provided
rther evidence that for a similar reference feed (VGO), FCC condi-
ons, and bio-oil origin approximately one-third of the renewable
rbon from the bio-oil ends up in the liquid products for a bio-oil
age between 5 wt% up to 20 wt%. Like in co-hydroprocessing, large
dustrial FCC installations with an average capacity of nearly 40
ousand barrels per day [159], combined with the local biomass
ailability will not allow such large blending ratios on a continuous
sis. Hence, less than 5% of bio-components in the feedstocks seem
be attainable on a continuous basis.
TaggedPResearch activities related to the co-processing of petroleum-

rived and biomass-derived feedstocks under FCC conditions is a
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TaggedPnew area having a big potential to grow. The production of renew-
able fuels may be driven by several forces, including the unpredict-
able change of petroleum prices, governmental mandates and
subsidies as well as commitments to Green House Gas reduction.
Despite these incentives, current growth in the production of renew-
able fuels marginally meets expectations; moreover, little integra-
tion of renewable fuels with petroleum refineries is observed [169].
This increases the cost of production, since it does not take advan-
tage of any existing infrastructure for the production and distribu-
tion of fuels. No doubt that additional economic prerequisites have
to be created for the intensification of biofuel production in existing
oil refineries.

TaggedPThe broad availability and low cost of biomass-derived feedstock
are essential prerequisites for the economic efficiency and, conse-
quently, the successful development of renewable fuel technologies.
In this respect, the production of vegetable oil worldwide is very
promising: it is constantly increasing and exceeded 185 million met-
ric tons in 2016/2017 [170]. Mostly, vegetable oils are used in the
food sector. Nevertheless, the global consumption of major vegeta-
ble oils (food versus industrial uses) can vary significantly and
depends on the type of vegetable oil. Olive, sunflower, cottonseed
oils are predominantly used in the food sector while palm kernel oil
is mostly used in industrial applications, and coconut, rapeseed and
soybean oils occupy an intermediate position [171]. Due to the sig-
nificant consumption of vegetable oils in the food sector they could
only replace a very small fraction of transportation fuels. Neverthe-
less, the ever-increasing demand for biofuels has a significant effect
on the ratio between the food and industrial uses of vegetable oils.
In turn, the necessity to increase the involvement of vegetable oils in
the production of biofuels affects the cost of vegetable oils. In gen-
eral, there is a good correlation between the price of vegetable oils
and crude oil, which began to be noticeable about 10 years ago.
The prices of energy and agriculture products are interrelated for
two main reasons [172, 173]. Firstly, they are related via produc-
tion costs as many agricultural products are energy intensive
due to the high energy content of the fertilizers and other chem-
icals used and due to the high costs of harvesting and transport
relative to the value of production. Secondly, they are related via
substitution with biofuel varieties. According to Mitchell [173],
biodiesel was responsible for approximately one-third of the
increase in vegetable oil consumption in 2004�2007. In recent
years, the cost of vegetable oils is in the range of
0.45�0.65 USD/l [169, 174] being higher than the current price
for crude oil in the range of 0.3�0.4 USD/l. Based on these val-
ues, a conclusion is made that at current prices of vegetable oils
and the limited availability of this kind of biomass, it is not
attractive for producing biofuels without government subsidies
[169].

TaggedPLignocellulosic biomass has a major advantage over vegetable
oils in its larger availability and lower cost. Globally, more than
90% of plant biomass consists of lignocellulose and amounts to
about 200£ 109 metric tons/year, among which 4�10% has an
immense potential for biofuel generation [175]. Several studies
reported the cost of producing bio-oil via fast pyrolysis to range
between 0.11 and 0.65 USD per liter [176�179]. The broad avail-
ability of a lignocellulosic biomass and the low cost of its trans-
formation to FPO makes this feedstock potentially attractive for
its FCC co-processing with petroleum fractions. Nevertheless, it
is assumed that FPO processing requires more commercial devel-
opment and is also limited by the availability of pyrolysis oil,
since commercially it is still in its infancy. In the long term,
however, the focus must be on the effective utilization of cellu-
losic biomass [169]. It is worth noting that a lack of information
is available on the cost of FPO upgrading to produce more stable

and less oxygenated bio-oils, for example, by a hydrogenation

ART - 01
TaggedPstep. Moreover, several other issues may affect the economic and
operational viability of co-processing [180]:

TaggedP� Differences in the stability of the biogenic feedstocks during
storage and handling.

TaggedP� The presence of water and oxygenated organic compounds in
the biogenic feedstocks which can cause equipment corrosion
and can affect yields and conversion rates.

TaggedP� The potential for alkali metals in biogenic feedstocks to deacti-
vate catalysts.

TaggedP� Differences in yields between pilot and commercial scale proj-
ects.
TaggedPSome of these problems can be mitigated based on findings from

ongoing research and development activities. These can be carried
out by using equipment varied in size, as shown in the previous sec-
tions. Accordingly, the obtained results being used for the feasibility
studies may vary in dependence on the capacity of an experimental
unit. Therefore, despite the successes in the co-processing of bio-
derived and petroleum-derived feedstocks in a demonstration scale
FCC riser reactor [130], more experimental data is needed for further
optimization of the whole process.

7. Conclusions

TaggedPThe current biofuels market has become more transparent in
comparison to their early stages. There are many benefits of biofuels
including the domestic production of fuels, decreased greenhouse
gas emissions, decreased dependence on fossil fuels, improvement
of rural economies and increased national security. The co-process-
ing approach enables the use of the existing refinery infrastructure
while maintaining the nominal operating conditions, producing high
quality products and avoiding the establishment of parallel systems,
which consecutively reduces CAPEX and OPEX. The more beneficial
option from an economic point of view is to add a small amount of
bio-based feedstock in an existing petroleum refinery for co-proc-
essing with a fossil stream. This would allow the refineries to meet
national mandates on biofuels. One of the main advantages of co-
processing is the ability to combine a variety of bio- and fossil-based
feedstocks/fractions without compromising product quality. More-
over, fossil resources are saved because of co-processing that can be
used in other processes. There are two main technologies that could
be used for co-processing of biomass feedstock with petroleum frac-
tions, the first one is catalytic hydroprocessing and the second one is
fluid catalytic cracking (FCC). Both technologies are found in virtu-
ally any conventional refinery.

TaggedPThe most commonly used fossil-based feeds for co-processing are
straight-run gas oil (SRGO), light atmospheric gas oil (LAGO), heavy
atmospheric gas oil (HAGO) and heavy vacuum gas oil (HVGO). The
fossil-based FCC feedstocks suitable also for co-processing applica-
tions include distillate fractions, such as vacuum- and heavy vacuum
gas-oils or FCC cycle oils, as well as atmospheric distillation residues.
Triglycerides present in vegetable oils, waste oils or animal fats are
characterized as a suitable raw material for high quality fuels pro-
duction. The most common edible oils for co-hydroprocessing are
palm oil, rapeseed oil, soybean oil, sunflower oil, while Jatropha oil
is the most common non-edible oil. As far as residual feedstocks are
concerned, several types have been studied such as used cooking
oils/waste cooking oils, waste soya oil, waste vegetable oils and ani-
mal greases. In addition to lipids, bio-oil has been recently been con-
sidered as a promising alternative bio-based feedstock due to its
favorable origin from non-food biomass. In general, bio-oil can be
obtained by fast heating of a solid biomass, typically a lignocellulosic
biomass including wood, forestry and agricultural residues.

TaggedPThe most important factors of co-hydroprocessing are operating

conditions, i.e., reaction pressure, reaction temperature, space
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locity and hydrogen-to-oil ratio, and catalyst. It may be possible
r a typical diesel hydrotreater to easily co-hydroprocess low per-
ntages of lipid-based feeds (< 10%) under nominal conditions with
ly a marginal increase in hydrogen consumption. Catalysts used in
e co-hydroprocessing with lipids are common hydrotreating cata-
sts based on cobalt-molybdenum (CoMo) and nickel-molybdenum
iMo). Other types are NiW catalysts while the effect of zeolite beta
EA) content in NiMo catalyst has also been explored. Finally,
other approach is to combine various compositions of hydrogena-
on catalysts in the catalyst bed. Unfortunately, there is a lack of lit-
ature in the co-hydroprocessing of pyrolysis bio-oil with fossil-
ased feedstocks. The most commonly used catalysts for the co-
ydroprocessing of pyrolysis bio-oil with fossil-based feedstocks up
now are CoMo/Al2O3 and NiMo/Al2O3, however, further studies
ith different types of catalysts should be undertaken in the future
better understand the effect of catalyst type on the extent of HDO
d HDS reactions.
TaggedPFurthermore, studies have shown that the addition of lipid-

ased feeds into an existing refinery improves the product qual-
y. Co-hydroprocessing is a key technology to produce high
uality hybrid fuels that meet fuel specifications. Another advan-
ge is the reduction of the production cost when waste lipids
e used. The addition of 5�10% waste cooking oil or waste ani-
al fats into the refinery leads to high economic benefits for the
finery. As far as GHG emissions are concerned, the use of lipids
sults in lower GHG emissions compared to pure fossil hydro-
rocessing. Nonetheless, it has to be kept in mind that co-proc-
sing results in an increased H2 consumption in comparison
ith the hydrotreatment of fossil fractions.
TaggedPConsidering FCC co-processing, processes that take place in the
C reactor are based on several types of reactions, including (proto-
tic) cracking, hydrogen transfer, and isomerization. The same reac-
ons should apparently occur in the case of the co-processing of
etroleum and bio-based feedstocks. When evaluating the concept
co-processing bio-oil with petroleum fractions in FCC units, it is
portant to consider not only the quantitative parameters (reaction
nditions, the overall conversion, the yield of different fractions)
d the qualitative evaluation of products composition and proper-
es, but also to get an understanding on the amount of renewable
rbon that is being effectively concentrated in the liquid fractions.
esearch activities related to the co-processing of petroleum-
erived and biomass-derived feedstocks under FCC conditions is a
ew area having a big potential to grow.
TaggedPDifferent bio-oils (HPO as well as CPO and FPO) may be consid-

ed as promising bio-additives to petroleum-derived feedstocks for
C co-processing. Nevertheless, considering results from different
udies, it is difficult to evaluate the efficiency of different bio-oils as
bio-additive in the co-processing and to make any conclusion
out the influence of the type of bio-oil on the co-processing char-
teristics because of the differences in the properties of the bio-oils,
action conditions, etc. Hence, publications dealing with compara-
ve studies on the co-processing of differently prepared bio-oils
ith petroleum feeds at similar conditions are of an increased
terest.
TaggedPToday, petroleum refineries already have a well-developed infra-

ructure to produce fuels and base chemicals and, consequently,
ould not require additional intensive investments for the process-
g of alternative feedstocks. In general, co-processing either via
ydroprocessing or FCC-processing is a very promising technique to
tegrate bio-based feedstocks in a petroleum refinery for hybrid
els production, which in some cases already has found its practical
alization. The benefits for a refinery are plenty, not only in reduc-
g the associated GHG emissions, but also in enabling the gradual
dependence from fossil sources, rendering low-carbon-highly-

stainable fuels.
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Molecular sieves (zeolites, mesoporous materials, hierarchic systems, two-dimensional
zeolites) are important acid catalysts for transformations of biomass into required
products. This article covers the upgrading potential of different types of biomass
based on their source and discusses the reaction pathways of their transformations
emphasizing the role of molecular sieve catalysts. As typical examples, catalytic
pyrolysis, deoxygenation, transesterification, dehydration, isomerization, and conden-
sation reactions were chosen. Properties and chemical/textural characteristics of the
most important molecular sieve catalysts are briefly discussed and related to their cat-
alytic behavior in biomass transformations. Finally, potential of novel molecular sieve
catalysts towards biomass upgrading is highlighted and some examples of novel zeolitic
materials are addressed.

Keywords Biomass, Molecular sieves, Zeolites, Catalytic transformations, Sugars,
Triglycerides, Glycerol, Terpenes, Lignocellulose

1. INTRODUCTION

Recent years can be described as the beginning of renaissance of utilization
of renewable energy resources. Renewable resources, the exclusive energy car-
riers worldwide for many centuries, were pushed aside in the last 150 years
by fossil energy resources (1) (at first coal, later on petroleum and natural
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2 D. Kubička et al.

gas) that made possible a fast industrialization for most parts of the world.
The wide-spread use of fossil resources can be attributed to their high energy
content (both per m3 as well as per t) and relatively easy accessibility. As a
result, more than 85% of our energy demand is currently satisfied by fossil
resources, mainly petroleum, followed by natural gas and coal (Fig. 1a) (1, 3).
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Figure 1: (a) Share of primary energy resources in different regions (1); b) share of primary
energy resources in different sectors (U.S. data) (4) (color figure available online).
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Biomass Transformations Using Molecular Sieves 3

The dependence on fossil resources is particularly pronounced in the developed
regions (U.S., Japan, and Europe) and in the transportation sector (Fig. 1b)
(1,4). Apart from the undeniable benefits of fossil fuels, their use is connected
with adverse environmental effects. In particular, the global use of fossil fuels
was accompanied by a rapid growth in carbon dioxide emission (5–7). It was
recently confirmed that consumption of fossil fuels accounts for the majority
(ca. 56%) of global anthropogenic greenhouse-gas emissions (5).

The exhaustible nature of fossil resources together with their negative
environmental impact dictates their gradual replacement by inexhaustible
resources, i.e., renewable ones (8). There is a wide variety of renewable energy
resources having different potential to contribute to our energy supply. With
the exception of geothermal energy, all renewable resources available on the
Earth can be considered as a form of solar energy (9). In its direct form, solar
energy can be used for heat and electricity production (concentrating solar
power, photovoltaics). In its indirect form, it can be harvested as the energy
of wind and water (hydropower, e.g., of rivers), typically for electricity produc-
tion or as biomass having a wider range of energy as well as non energy uses.
In addition, tidal energy mostly due to the gravitational force of the Moon can
be used for electricity production (e.g., in South Korea, one such unit is under
constraction).

The current global primary energy supply (2008) is about 492 EJ/yr
(5, 10) out of which ca. 63.5 EJ/yr, i.e., 12.9%, originated from renewable
resources (Fig. 2) (5). Bioenergy, i.e., energy produced from biomass, provided
ca. 50 EJ/yr (5,10) and can be divided into two main groups: (a) traditional
biomass and (b) modern biomass. The term traditional biomass refers to the
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Figure 2: Energy resources portfolio in 2008 (5) (color figure available online).
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use of biomass for cooking, heating, and lighting, being characterized by very
low-energy efficiency (10–20%) and represents about 75% of the primary
energy supplied by biomass. The rest is provided by the so-called modern
biomass including electricity and combined heat and power generation,
heating of residential, public and commercial buildings, and road transport
fuels. The average energy efficiency of the currently used modern biomass
technologies is >50% (5).

Renewable energy resources have not only large potential to mitigate cli-
mate change by lowering greenhouse gases (GHG) emissions, but also provide
additional benefits, contributing to: (a) social and economic development; (b)
reduction of negative impacts on the health and environment; and (c) securing
energy supply and access (5, 8, 10–12). Based on lifecycle assessment (LCA),
electricity production using renewable energy resources leads to significantly
lower GHG emissions than those connected with fossil fuels use. Moreover,
the GHG emissions from renewable energy technologies can often be lower
than from fossil fuel technologies employing carbon capture and storage (CCS).
When using non harvest wastes and residues, bioenergy generation can even
make it possible to avoid GHG emissions (5). This cannot be achieved with any
other source of energy. An additional benefit of bioenergy is that, unlike some
other renewable resources, particularly direct solar (photovoltaics and concen-
trating solar power) and wind energy, it provides constant and controllable
energy output (5).

Energy is stored in biomass owing to photosynthesis, i.e., a process convert-
ing carbon dioxide and water to organic compounds, typically carbohydrates,
and oxygen. The required energy is supplied by photons having wavelength
in the range of 400–740 nm, which represents about 49% of the incident solar
energy (13). The maximum theoretical yield of photosynthesis is 4.6 and 6.0%
for C3 (e.g., sugar beet, eucalyptus, etc.) and C4 plants (e.g., sugar cane, corn,
miscanthus, etc.), respectively, where C3 and C4 denote the photosynthesis
cycle (13).The maximum yields reported so far were 3.7% for C4 plants and
2.4% for C3 plants with an overall average being 0.5% (13, 14). Even highly effi-
cient sugar cane crop stores only around 1% of the annual incident solar energy
as biomass (15,16). The projections for fast-growing algae estimate solar
energy conversion up to 4.2%, but the actual annual conversion efficiencies
above 2% are rare (15). On the other hand, the solar energy reaching Earth’s
surface every hour is 430 EJ (13), the amount of energy comparable with the
current annual global primary energy consumption (492 EJ) (5). The esti-
mated natural annual biomass replacement corresponds to an energy supply
of approximately 3000 EJ (17), i.e., it is about three times higher than the pre-
dicted global primary energy consumption in 2050 (600 to 1000–1200 EJ/yr) (5,
10). The energy content of lignocellulosic biomass is about 450–490 MJ/kmol
of carbon. In order to convert lignocellulosic biomass into a high-energy
density fuel, such as gasoline having 604 MJ/kmol of carbon, almost one
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Biomass Transformations Using Molecular Sieves 5

quarter of carbon has to be released as CO2 if biomass is the only feedstock
used (18).

However, our possibilities to exploit this energy sustainably are currently
very limited. The estimates of available energy from biomass vary in a wide
range depending on the assumptions made (5, 12, 19–22). For example, “IPCC
Special Report on Renewable Energy Sources and Climate Chase Mitigation”
reviewing literature up to 2007 estimated the upper limit of the technical
potential in 2050 being about 500 EJ. Residues originating from forestry,
agriculture, and organic wastes could contribute by 40–170 EJ/yr. Surplus
products (surplus forestry products, energy crops from surplus land, and
marginal land products) could yield up to 250–290 EJ/yr. Another 140 EJ/yr
could be recovered owing to improvements in agricultural and livestock man-
agement (5). Due to the existence of various restrictions, the review concluded
that the potential deployment levels of biomass for energy by 2050 could be in
the range of 100–300 EJ/yr (5).

Unlike the other renewable energy resources, biomass can be used not
only for power production (i.e., heat and electricity) but also to produce many
chemicals and liquid fuels. Transportation is currently dependent on liquid
fuels providing several important advantages over electrically driven vehicles.
These include significantly greater amount of usable energy per unit weight
(20–40 times!), easy storage, handling, and refueling (3, 16).

Biomass as the only renewable source of carbon (11) becomes an impor-
tant feedstock of chemical industry well before oil, gas, and coal reserves are
consumed. As biomass growth depends on availability of CO2, one can argue
that CO2 is the primary renewable source of carbon. The key to successful
deployment of biomass in the current value chains is to achieve economic, envi-
ronmental, and social sustainability of the entire biomass lifecycle. In biomass
upgrading to chemicals and liquid fuels, assuming that biomass was produced
in accordance with all sustainability criteria, the core challenge is the max-
imum efficiency (both material as well as energy efficiency) of any biomass
conversion process to final products. Deployment of innovative green cat-
alytic methodologies (homogeneous, heterogeneous, and enzymatic) will be
thus inevitable (11, 23, 24). There are several useful methods of measuring the
environmental impact of conversion processes, namely E factor (kg waste per
kg of product), atom economy, and environmental quotient (takes into account
not only the amount of waste, but also its nature/toxicity (11, 23, 24).

There is a wide variety of biomass-derived raw materials and hence a
multitude of transformation pathways, but only the most efficient ones will
reach a commercial stage. As suggested above, catalytic systems facilitat-
ing these transformations with maximum selectivity and minimum energy
requirements will play a key role. Among many plausible catalytic systems,
molecular sieves have a special place. They are a versatile class of micro- and
mesoporous (or both) materials, the properties of which can be tailored for
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specific applications owing to their easy modifiability. The most important
tunable properties of molecular sieves include: (a) their structure (size, shape,
and connectivity of pores) controlling the molecular traffic to and from active
sites; and (b) both inherent Lewis and Brønsted acid sites as well as supported,
e.g., metallic sites, while acido-basic properties determining their reactivity
with different guest-molecule functionalities can be adjusted (25).

Recently, several excellent reviews discussing different aspects of biomass
and biomass-derived feedstocks focused on biomass to transportation fuels (1,
26–28), biomass to chemicals (29), biomass to fine and specialty chemicals (30,
31), catalytic transformations of lignocellulosic materials (32, 33), biomass-
derived oxygenates to fuels and chemicals (34, 35), utilization of triglycerides
(36, 37), glycerol to value-added products (38, 39), sugars to furan derivatives
(40), and catalytic valorization of lignin (41) have been published. In general,
these studies are mostly centered on the reaction pathways. In the present
work and in contrast to previous reviews, we attempt to review the topic
from a different perspective, namely our goal is to understand the catalytic
role of micro- and mesoporous molecular sieves in different biomass-related
applications. Some aspects of zeolite application in biomass upgrading were
very recently reviewed by Taarning et al. (42–44). Moreover, application of
zeolites in organic syntheses was meticulously reviewed by van Bekkum and
Kouwenhoven (45, 46).

The main goal of this review is to assess the currently investigated poten-
tial uses of micro- and mesoporous catalysts in transformation of biomass-
derived raw materials and to discuss their further opportunities. After a
concise description of different biomass-derived raw materials based on their
complexity, the selected transformations of biomass-based feedstocks over
micro- and mesoporous materials are discussed with the particular focus on
the role of micro- and mesoporous catalysts and their characteristic proper-
ties, such as acidity, shape selectivity, etc., in these transformations. Further
on, the most relevant types and properties of molecular sieves, such as three-
dimensional (3D) zeolites (i.e., conventional microporous molecular sieves),
two-dimensional (2D) zeolites with limited connectivity in the third dimen-
sion, mesoporous molecular sieves, and hierarchic molecular sieves, will be
shortly introduced and their specific properties will be analyzed in light of the
desired transformations, i.e., the needs for conversion of biomass-derived raw
materials. Finally, some future trends and opportunities will be highlighted.

2. BIOMASS COMPOSITION AND POSSIBLE ROUTES IN ITS
UPGRADING

Any terrestrial organic matter can be in principle denoted as biomass (19),
i.e., wood, agricultural, and forestry residues, energy crops, human and animal

D
ow

nl
oa

de
d 

by
 [

D
av

id
 K

ub
ik

a]
 a

t 1
3:

37
 1

4 
Ja

nu
ar

y 
20

13
 

ART - 02 6/78



Biomass Transformations Using Molecular Sieves 7

excrements, and industrial and municipal biodegradable wastes (12). Biomass
is the most important primary source of energy for mankind; it serves as food,
fodder, and fuel resource. Thus, it is essential to maintain a balance between
biomass production for fuel and chemical applications, on the one hand, and
food and fodder applications on the other hand, in other words to avoid fuel vs.
food competition (15).

Biomass can be classified using many different criteria. Regarding energy
and chemicals production two are particularly important, namely biomass ori-
gin and biomass chemical composition. Based on its origin, biomass can be
classified into three groups: (a) residues from agriculture and forestry (sus-
tainably available waste); (b) dedicated energy crops and surplus forestry
production (dedicated fuel crops); and (c) organic waste (15, 21). The energy
crops potential is estimated to be between 200–600 EJ/yr while the poten-
tial of residues is assumed to reach 62–325 EJ/yr in 2050 (19). According
to its chemical composition, biomass can be classified as: (a) lignocellulosic
biomass (wood, forestry, and agricultural residues); (b) carbohydrate biomass
(starch- or sucrose-rich plants); (c) triglyceride biomass (oil seed plants); and
(d) extractives biomass (e.g., essential oils, terpenes, etc.); see Fig. 3 for exam-
ples. Some plants can be classified into two categories. For example, sugar
cane belongs to both (a) and (b), and rapeseed can be classified into (a) and
(c) when waste from the primary production (sucrose or triglycerides, respec-
tively) are utilized. The current production of different biomass raw materials
(Fig. 4) clearly demonstrates the dominance of lignocellulosic biomass; more
than 80% of biomass feedstocks for energy are derived from wood and shrubs
(5). Traditional biomass applications (i.e., fuel wood) being dominantly used
have a very low efficiency (10–20%), thus, the energy supply from this amount
of biomass is inferred to increase up to 3–6 times by using it in modern biomass
applications.

The global potential of lignocellulosic biomass is significantly larger than
that of the remaining types (5), particularly being less dependent on favorable
climatic and soil conditions and hence requiring fewer inputs of agrochemicals
and competing less with food production (21). On the contrary, carbohydrate
and triglyceride biomass are important food crops and their use for fuel pro-
duction is in direct competition with food production except when only surplus
production is used. For example, it has been estimated that in Europe alone
5–9 EJ/yr of energy crops (with an average yield of 100 GJ/ha/yr) could be
produced in 2030 using land freed up owing to improvement of food crop yields
(22). Algae are the most promising non lignocellulosic biomass feedstock not
competing directly with food and fodder production. It consists mainly of car-
bohydrates, lipids, and proteins produced in yields per hectare (49) estimated
to be 790–4550 GJ/ha/yr. This considerably exceeds the yields of palm oil and
sugar cane (192 and 124 GJ/ha/yr, respectively) (50).
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Figure 3: Chemical structures of the principal biomass components – lignin, cellulose,
hemicelluloses (xylan, glucomannan), and typical extractives (α-terpene, β-sitosterol, abietic
acid) (47, 48).

D
ow

nl
oa

de
d 

by
 [

D
av

id
 K

ub
ik

a]
 a

t 1
3:

37
 1

4 
Ja

nu
ar

y 
20

13
 

ART - 02 8/78



Biomass Transformations Using Molecular Sieves 9

Fuel wood, 67%
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7%

MSW and Ladfill
Gas, 3%

Energy Crops, 3%

Agricultural By-
Products, 4%

Animal By-
Products, 3%

Agriculture, 10%

Figure 4: Global primary biomass sources for energy production, based on (5). MSW - munic-
ipal solid waste; WPRW - wood processing residues and wastes (color figure available
online).

Different strategies for biomass raw materials valorization can be used
depending primarily on the chemical composition of the feedstock. The
lignocellulosic biomass, i.e., the most abundant biomass resource, consists
of three polymers, namely cellulose, hemicellulose, and lignin being accom-
panied by extractives, e.g., terpenes (Fig. 3). The concentrations of these
main components vary substantially depending not only on the plant type
(51) but also on the local environment (Fig. 5). This diversity in composition
presents yet another challenge for lignocellulosic biomass upgrading. Different
thermo-chemical concepts have been reported for the primary upgrading of
lignocellulosic biomass and reviewed by several authors (1, 17, 18, 32, 33,
52–58). These include selective deconstruction, yielding the individual poly-
mers, or unselective treatments such as pyrolysis or gasification, affording
the so-called pyrolysis oil (bio-oil) and synthesis gas (mixture of CO and H2),
respectively.

The former approach is similar to the current pulp production and offers an
advantage of tailoring the secondary upgrading reaction conditions specifically
for each polymer type. Moreover, specific transformation (valorization) chains
for cellulose (and hexoses), hemicellulose (and pentoses), lignin (and phenols),
and extractives can be envisaged as each of the chains will need specific
upgrading conditions (including catalyst) and will afford different products
and/or chemical intermediates. In principal, this approach relies upon tar-
geted depolymerization and its main advantage would be the possibility to
derive selectively several “platform chemicals,” e.g., levulinic acid, glycerol, 5-
hydroxymethylfurfural, or hydroxypropionic acid (29, 30, 59–63). Those could
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Figure 5: Average composition of woody biomass, based on (51) (color figure available
online).

be further transformed into final products or intermediates of various chemi-
cal syntheses (e.g., monomers). The most promising platform chemicals to be
derived from carbohydrates are depicted in Fig. 6 (59).

Molecular sieves are the most important group of heterogeneous catalysts
nowadays in refining and petrochemistry and they are promising catalytic sys-
tems to enhance significantly transformations of biomass, as will be shown
here. The step-wise biomass deconstruction (i.e., primary upgrading) could
be in principle based on the current pulping technologies affording cellulose,
hemicellulose, and lignin. For upgrading of other raw materials than those
currently used in pulping it has to compete with the relatively “simple” and
well-proven pyrolysis and gasification technologies. As a result, new less-
demanding pulping procedures allowing easy separation of the three polymers
and their dissolution are sought. Ionic liquids might provide such a solution in
the future (52, 64–66).

The latter, non selective, approach relies primarily on pyrolysis and
gasification. The details of the technologies are outside of the scope of this
review and can be found elsewhere, see, e.g., (53–57, 67). Pyrolysis affords
a liquid product, bio-oil, that can be further upgraded to fuel components or
chemical intermediates (53, 67–69). The obvious advantage of this approach
is a relatively broad portfolio of feedstocks, ranging from wood and forestry
residues to various agricultural residues, being processed to obtain a liquid
product. At the same time, the volumetric energy density increases. The
disadvantage of bio-oil is its complex composition, high concentration of water,
low pH, and instability, which is a challenge for efficient catalytic upgrading
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Figure 6: Suggested platform chemicals derived from biomass feedstocks (59, 61).

(deoxygenation) of bio-oil (69, 70). On the other hand, gasification yields
a simple and versatile product: synthesis gas that can be processed using
well-mature technologies, such as Fischer-Tropsch synthesis (71). The main
challenge of this approach lies in scaling down the gasification technology to
make it economical also for the scattered biomass resources. The advantage,
on the other hand, is rather obvious: principally, any product can be synthe-
sized using synthesis gas (see Fig. 7 (72)). The applicability of molecular sieves
in synthesis gas-related transformations was also demonstrated (73–76), but
the details are out of the scope of this article as these can be considered as
general petrochemical transformations rather than biomass-related.

The non lignocellulosic biomass raw materials are significantly less com-
plex. Following their isolation from the original plants (sugar cane, sugar
beet, rapeseeds soybeans, etc.) they can be directly converted into final prod-
ucts. Sugars are usually fermented affording ethanol or butanol while lipids
react with methanol or hydrogen to yield the corresponding methyl esters or
hydrocarbons, respectively (36, 37). Various extractives such as terpenes, fatty
acids, and sterols (Fig. 3) are raw materials for production of fine chemicals,
isoeugenol, matairesinol, β-sitostanol, verbenol, and verbenone, to name a few
(29, 30). After isolation, their transformation to useful petrochemicals (e.g.,
cymenes) is comparatively easy since they typically contain less oxygen and
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have a relatively low molecular weight. Nonetheless, they are significantly less
abundant than the main components of lignocellulosic biomass.

The wide variety of biomass-derived feedstocks (related to their origin as
well as composition) implies that there is no general route to their upgrading
but there exists a broad range of alternative processing routes. In principle,
biomass upgrading into value-added products can be tackled by a “bottom-
up approach” or a “top-down approach.” The “bottom-up approach” one relies
on conversion of the simplest building blocks in organic chemistry obtain-
able from any biomass feedstock, i.e., carbon monoxide and hydrogen (being
called synthesis gas or syngas), into virtually any chemical compound contain-
ing carbon, hydrogen, and sometimes also oxygen. Some of the applications
of syngas are depicted in Fig. 7. The “top-down approach” approach is based
on a step-wise deconstruction of the complex biomass-derived feedstocks into
simpler building blocks, sometimes denoted as platform chemicals, and on the
design of specific transformation routes affording desired products from these
platform chemicals. The complexity of biomass-derived feedstocks, includ-
ing the “deconstruction products/intermediates” is schematically shown in
Fig. 8. In the present article, we have decided to focus on the “top-down
approach,” i.e., we discuss at first the transformations of the most complex
biomass feedstock, i.e., lignocellulosic biomass, followed by transformations of
sugars and sugar alcohols, triglycerides, glycerol, short-chain aldehydes and
ketones, and terpenes. In this way, the complete transformation chain, e.g.,
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lignocellulose – cellulose – glucose – 5-hydroxymethylfurfural, can be easily
followed.

Here, we strictly look at the role of heterogeneous catalysts, molecular
sieves in particular, in valorization of some of the most promising biomass-
derived raw materials in detail. The next part is thus devoted to the current
developments in conversion of lignocellulosic biomass, triglycerides, glycerol,
sugars and sugar alcohols, aldehydes, and ketones from biomass pyrolysis,
terpenes, and phenols.

3. BIOMASS-RELATED APPLICATIONS OF MICRO- AND
MESOPOROUS CATALYSTS

3.1. Transformations of Lignocellulosic Biomass
The main objective is to break down bulky molecules originating from

biomass to rather low molecular-weight intermediates and to facilitate their
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14 D. Kubička et al.

(partial) deoxygenation to achieve intermediates useful in the production of
high value-added products. Owing to the complexity of biomass feedstocks,
their conversion involves a wide variety of chemical reactions connected
with oxygen elimination (dehydration, decarboxylation, decarbonylation) and
rearrangement of C–C bonds (cracking, oligomerization, alkylation, isomeriza-
tion, cyclization, and aromatization). The simplest method of lignocellulosic
biomass “deconstruction” to lower molecular weight chemical intermediates
is its pyrolysis. The main challenge of biomass pyrolysis is the low
selectivity to specific intermediates, i.e., a rather wide variety of products is
formed, imposing thus challenging upgrading of the intermediates into final
products.

3.1.1. Pyrolysis

The main purpose of biomass pyrolysis is to convert the heterogeneous
solid material into a liquid product, so-called bio-oil or pyrolysis oil. The
by-products of this transformation include gaseous products, typically light
hydrocarbons and carbon oxides, and coke, i.e., solid product of condensation
and dehydrogenation reactions deposited on the catalyst (53–55, 69, 77). Apart
from obtaining a liquid product that can be rather easily handled, volumet-
ric energy density is also increased reducing thus the transportation cost per
unit of energy transported. This is particularly important for processing of
waste materials, such as straw. The liquid product can be further upgraded
using heterogenous catalysts to yield hydrocarbons in gasoline and diesel fuel
range as the most important desired products with heavier hydrocarbons being
the main by-products. Due to the chemical and thermal instability issues,
high polarity, and corrosiveness of pyrolysis oils (68, 70), different concepts
of biomass pyrolysis have been proposed to maximize the yields of the most
valued products to be used as automotive fuel components.

Two basic approaches to biomass pyrolysis can be distinguished: (a) ther-
mal pyrolysis followed by subsequent catalytic treatment of either pyrolytic
vapors or of the bio-oil and (b) addition of catalyst directly into the pyrolysis
process (i.e., changing the purely thermal process to a combined thermo-
catalytic process). While in the latter case a large external surface area of the
catalyst may be important (advantageous), in the former one the molecular
sieving properties play an important role (due to limiting coking) — similar to
the FCC process. Comparison of different studies concerning catalytic pyrolysis
of biomass and interpretation of their results requires extreme caution partic-
ularly in connection with the various experimental setups (e.g., fluidized vs.
fixed bed, experimental vs. analytical pyrolysis, etc.), experimental conditions
used and inconsistency of data reported by different authors.

The catalytic upgrading of biomass-pyrolysis vapors using zeolite cata-
lysts (ZSM-5) was pioneered already in the 1980’s and 1990’s by Diebold
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Biomass Transformations Using Molecular Sieves 15

and Scahill (78–80), and Horne and Williams (81–84). Oxygen content of the
pyrolysis oil originating from fluidized bed pyrolysis at 550◦C could be reduced
from 33 wt.% (in absence of ZSM-5) to about 13 wt.% when the vapors were
treated over ZSM-5 fixed bed at 550◦C. At the same time, the overall con-
centration of CO and CO2 in the gaseous products increased from 13.4% to
about 31% (81, 84). The coke deposited on the catalyst was shown to con-
tain significant quantities of oxygen that decreased with the reaction time
from 34.4 wt.% after 30 min to ca. 16.4 wt.% after 120–180 min and to lead
to catalyst activity decline as evidenced by the gradual decrease of mono-
cyclic and polycyclic aromatics (82). Nonetheless, the formation of aromatic
hydrocarbons (both mono- and polycyclic) was significantly promoted by ZSM-
5 while the concentration of oxygenates decreased (82, 83). The ZSM-5 catalyst
could be regenerated (air, 550◦C, 8 h) to recover partially its activity, as evi-
denced by the decreased yields of gases and aqueous phase after 3 regeneration
cycles (30.0 and 15.8 wt.% vs. 36.9 and 18.0 wt.% for fresh catalyst). Further
regenerations did not affect the catalyst performance (85).

A comparison of H-ZSM-5 with partially exchanged Na-ZSM-5, zeolite
Y, and activated aluminaindicated the superiority of a medium pore zeolite
(ZSM-5) over a large pore one (Y) in conversion of biomass-pyrolysis vapors as
evidenced by a higher yield of pyrolysis oil and gases over medium pore zeolites
(Table 1) (86). Increasing concentration of sodium decreases the amount of acid
sites and may partly decrease the available reaction volume in the channel sys-
tem. As the location of aluminum controlling the positions of sodium in ZSM-5
(87) depends on the synthesis conditions of an individual sample (88), no gen-
eral conclusion can be made for this issue. Owing to the sterical limitations
inside the pores of ZSM-5, formation of larger coke molecules is prevented.
Consequently, the coke deposited on ZSM-5 catalysts amounted to ca. 12 wt.%
as compared with ca. 19 wt.% deposited on Y zeolite (86). Similar amounts of
coke (18.5 wt.%) were found also on activated alumina (86), as there are no
pore size restrictions preventing coke formation and growth.

In recent studies, the amount of coke in fluidized bed pyrolysis decreased
in the order Y > Beta >Mordenite > ZSM-5 and Y > Beta > Ferrierite reflect-
ing the pore size/connectivity and structure of zeolites (89, 90). The surface
area of all spent catalysts dropped dramatically (below 100 m2/g), but could
be restored after regeneration by burning off the carbonaceous deposits (89).
The increasing concentration of strong Brønsted acid sites, i.e., those retain-
ing pyridine at 450◦C, per unit surface area was shown to enhance the extent
of deoxygenation over zeolite Beta (the concentration of strong Lewis acid
sites was roughly the same for 3 of the 4 studied catalysts), as evidenced
by the decreasing yield of organic oil and increasing yield of aqueous phase.
Unfortunately, information about coke levels on the spent catalysts was not
provided (91). A comparison of different molecular sieves and experimental
setups is given in Table 1.
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Biomass Transformations Using Molecular Sieves 17

Application of a dual bed system (1st bed – thermal pyrolysis at 400◦C; 2nd

bed – catalytic upgrading of vapors at 450◦C) instead of a single fluidized cat-
alytic bed (450◦C) resulted in considerably lower formation of coke on spent
catalysts (2.1 and 0.6 wt.% vs. 11.2 and 5.2 wt.% for zeolites Beta and ZSM-
5, respectively). At the same time, the yields of char and gaseous products
decreased for both zeolites from ca. 22 to about 10 wt.% and ca. 50 wt.% to ca.
37 wt.% (89, 92). It can be speculated that owing to the close contact of biomass
with catalyst in the single bed part of the char is deposited on the external cata-
lyst surface and reported as coke. Moreover, the deoxygenation performance of
the dual system seems to be better as increased yields of water were obtained
(13.5 vs. 16.5 wt.%) and further improvement (to ca. 19 wt.%) was reported
by using hybrid zeolite/bentonite catalysts (35/65 wt.%) (89, 92). When ion-
exchanged with iron (3.4 wt.% Fe), the catalytic performance of zeolite Beta
was modified only slightly, the yield of water increased to 14.0 wt.% (90)
indicating a minor improvement in deoxygenation catalyst activity. Similar
improvement was also observed as a result of modification of zeolite Y and
Ferrierite (90). On the other hand, modification of ZSM-5 with gallium (1 wt.%)
resulted in enhanced aromatization activity as evidenced by the increased con-
centration of monoaromatics (e.g., toluene – 10.4 vs. 5.7 wt.%, xylenes – 10.9 vs.
6.4 wt.%) and suppressed gas formation (93). The gaseous products consisted
typically of carbon oxides (>80%) accompanied by C1-C4 hydrocarbons.

To investigate the effect of different oxygenates on the cracking process,
a series of model compounds was cracked under biomass-pyrolysis conditions
over ZSM-5 (Si/Al = 50) (94). Cracking of anisole, a representative of phenolic
compounds, at 500◦C differed substantially from other oxygenates (methanol,
furfural, and cyclopentanone). The non phenolic oxygenates afforded mainly
C7-C10 aromatics, phenol, and its alkyl derivatives were the main products of
anisole cracking. Hence, phenolics (originating from lignin fraction of biomass)
were suggested to be detrimental for the catalytic upgrading of pyrolysis
liquids (94).

Recently, a screening of different catalysts (ZSM-5, MgO, NiO, Al2O3, ZrO2,
TiO2, FCC catalyst, etc.) in in-situ catalytic upgrading of pyrolysis vapors orig-
inating from fast pyrolysis of beech-wood-derived feed has been performed by
Stefanidis et al. (95). Considering their very different properties, including spe-
cific surface areas and acidity, the performance of the catalysts was rather
similar. It can be hence concluded that the fixed bed setup allows describing
mainly the thermal pyrolysis process and the role of catalysts is rather difficult
to interpret.

Catalytic performance of modified Al-MCM-41, Si-SBA-15, and Al-SBA-
15 catalysts in fixed-bed biomass (milled spruce wood) pyrolysis was compared
with a commercial equilibrium FCC catalyst (96) (typically consisting of amor-
phous alumina-silica matrix, USY as the main cracking catalyst, 15–25 wt.%,
and ZSM-5 as an additive, <5 wt.%). Very high yields of coke, even if the coke
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18 D. Kubička et al.

reported here consists in fact of coke and char, were obtained in these experi-
ments (42–52 wt.%; Table 1) as compared with the fluidized bed experiments
discussed above. The lowest coke yield was obtained with the FCC catalyst.
As the yield of coke and char decreases, the yields of desired liquid products
increase hand in hand with the yield of gaseous products. Unfortunately, not
a clear conclusion can be drawn on the effect of MCM-41 dimensions, only Cu-
modified MCM-41 afforded less coke than the unmodified MCM-41 catalysts
due to an oxidation ability of Cu species (96). Detailed investigation of metal-
modified MCM-41 catalysts (Fe, Cu, Zn) confirmed the effect of Cu (97). The
organic liquid products (OLP) from beech wood pyrolysis over MCM-41 cata-
lysts were rich in hydrocarbons (14–30 wt.% of OLP) and polycyclic aromatic
hydrocarbons (25–44 wt.% of OLP) while the metal-containing MCM-41 cat-
alysts afforded more oxygenates, mainly alcohols, carbonyls, and acids (97).
Moreover, different types of biomass (spruce and miscantus) behaved differ-
ently, in terms of product yields over various catalysts used (MCM-41, SBA-15,
Cu-MCM-41, FCC catalyst) (96, 97).

Unfortunately, results reported for MCM-41 catalysts with similar Si/Al
(34 and 30, and 51 and 50) (97, 98) using the same experimental setup and
procedure as well as the same feedstock differ greatly, e.g., the reported coke
yields were 45–50 wt.% (97) vs. 37–38 wt.% (98). This makes the understand-
ing of such effects as varying acidity and pore size by synthesis (96, 97) or
steaming (98) very difficult if not impossible. One of the reasons could be
the different synthesis protocol for individual Al-containing MCM-41 cata-
lysts. It was shown earlier that the concentration of accessible Al is much
lower than the overall Al concentration and depends on the synthesis strat-
egy (99). Conventional Al-MCM-41 (Si/Al = 50) was also compared with its
mesoporous analogues (MSU-S) synthesized from H-Beta (Si/Al = 50) seeds
(100). The application of MSU-S catalysts resulted in a decreased yield of total
liquid product (32–38 vs. 48 wt.%) consisting of organic and aqueous phase,
i.e., total pyrolysis bio-oil, and increased yield of coke (43–49 vs. 37 wt.%).
However, the main difference was in the organic liquid product composition.
The MSU-S catalysts afforded ca. 39 and 50 wt.% of polyaromatics and heavy
compounds, respectively, in the organic phase, while the corresponding con-
centrations obtained over MCM-41 were 7 and 9 wt.%, respectively (100).
Concurrently, the formation of oxygenates was severely minimized with MSU-
S catalysts (100). The differences in the behavior of Al-MCM-41 and MSU-S
are attributed to a higher acidity (particularly Brønsted one) in the case of
MSU-S, which arises from the presence of Beta seeds (101).

The influence of mesoporosity on the performance of ZSM-5, the most
promising catalyst for biomass pyrolysis so far, was investigated using two
types of mesoporous ZSM-5 catalysts, prepared either by direct synthesis
using mesopore-directing agent or by desilication of primarily synthesized
ZSM-5 crystals (102). The directly synthesized mesoporous ZSM-5 catalyst
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Biomass Transformations Using Molecular Sieves 19

outperformed both the conventional ZSM-5 as well as mesoporous ZSM-5 syn-
thesized from zeolite seed crystals (all Si/Al = 17.5–20.1) by yielding the most
aromatics (C6–C9) in the organic phase (ca. 29 wt.% vs. ca. 20 and 2 wt.%,
respectively). The selectivity of this catalyst to C6–C9 aromatics was further
improved by its incipient wetness impregnation with 1 wt.% Ga, their con-
centration in the organic product increased to about 38 wt.% (102). It has
been shown that excess of Ga (5 wt.%) resulted in suppressed formation of
aromatics, plausibly due to the reduced catalyst acidity. Moreover, gallium
was reported to suppress both gas and coke yields while the total yield of
bio-oil increased (102), which could be explained by dimerization and cycliza-
tion of gaseous products affording liquid phase aromatics. One can expect that
too high concentrations of Ga in the form of oxide nanoparticles block the
entrances to the zeolite channel system and the promoting effect is minimized
at the expense of a low catalytic activity.

Carlson et al. (103, 104) applied a more fundamental approach to biomass
pyrolysis. The authors demonstrated the effect of the hydrogen-to-carbon
efficient ratio (H/Ceff, defined as (H – 2O) / C) (104) predetermining the maxi-
mum theoretical yield of hydrocarbons as the lignocellulosic feedstocks having
H/Ceff in the range 0–0.5 are hydrogen deficient (105). In line with these limi-
tations, xylitol (H/Ceff = 2/5) afforded more aromatics than glucose (H/Ceff =
0) – ca. 45 vs. 30 wt.% in their pyrolysis over ZSM-5 (Si/Al = 60). The yields
from cellulose and cellobiose pyrolysis (both having H/Ceff = 0) were similar to
those of glucose indicating that glucose is a suitable model compound for cel-
lulose pyrolysis (103). The yields of aromatics from glucose pyrolysis (600◦C,
catalyst-to-feed = 19, 240 s) declined in the order ZSM-5 >> silicalite > Beta
> SiO2-Al2O3 ≈ Y (being >10 for silicalite and Beta, and 0 for SiO2-Al2O3 and
Y). Large quantities of coke (>50 wt.%) were formed over Beta, SiO2-Al2O3,
and Y (103). These results evidence the utmost importance of the catalyst
structure as only medium pore zeolites prevent excessive coking; it would be
interesting to see the results performed with much lower amounts of catalysts.
Moreover, the catalyst acidity is essential too, as demonstrated by the supe-
rior performance of ZSM-5 over silicalite. Apart from the catalyst structure,
a fast heating rate and high catalyst-to-feed ratio are crucial for minimizing
coke yields (103). It has been suggested that two main steps are involved in
glucose pyrolysis: (a) fast thermal decomposition via retro–aldol condensation
or dehydration and (b) aromatics formation inside the zeolite pores (104) con-
firming the need for a close contact between catalyst and feedstock molecules
and optimum catalyst properties, particularly in terms of its pore dimensions
and acidity.

In this context, the role of zeolite pore size and shape selectivity on the con-
version of glucose to aromatics was studied as well (106). The yield of aromatics
could be correlated with the zeolite pore size. The highest yields of aromatics
(up to 35% in the case of ZSM-5) were reported for the medium-pore zeolites
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20 D. Kubička et al.

with pore size in the range 0.52–0.56 nm, while small- and large-pore zeolites
afforded no or low yields of aromatics, respectively (106). In addition, large-
pore zeolites facilitated carbonaceous deposits formation, whereas oxygenated
products and carbon oxides were the main products over small-pore zeolites
besides coke (106). Conversion of a wide spectrum of chemical intermediates
originating from biomass (thermal) pyrolysis was thoroughly investigated by
Gayubo et al. (107–109) using a ZSM-5 catalyst (Si/Al = 24). As the attention
is specifically focused on alcohols, phenols, aldehydes, ketones, and acids, the
results will be addressed in the appropriate section below.

3.1.2. Depolymerization

Besides pyrolysis, liquid-phase conversion of cellulose under rather mild
reaction temperature (185◦C) and hydrogen pressure (20 bar) was investi-
gated over mesoporous molecular sieve (Al)MCM-48 with or without Pt. The
primary products included sugars, such as glucose and xylose, that were fur-
ther hydrogenated to sugar alcohols (sorbitol and xylitol) and/or dehydrated
to furfural derivatives (furfural, furfuryl alcohol, 5-hydroxymethyl furfural)
(110). The same research group has also focused on detailed investigation of
catalytic transformation of levoglucosan (1-6-anhydro-β-D-glucopyranose), i.e.,
an important product of cellulose pyrolysis, over different molecular sieves,
such as Beta, MCM-22, MCM-36, and MCM-48 (111,112,113). Over acidic
zeolite Beta (Si/Al = 25) ca. 90% conversion of levoglucosan was achieved
in liquid phase at 150◦C and 20 bar; the main product being glucose accom-
panied by 5-hydroxymethyl furfural (111). On the contrary, under gas phase
conditions (300◦C, atmospheric pressure) glycolaldehyde, formaldehyde, acetic
acid, and acetaldehyde were the main condensable products over H-Beta. The
significantly lower concentration and strength of acid sites in MCM-48 in com-
parison with H-Beta (2 vs. 143 µmol/g) are plausibly the main reason for much
lower conversion (30%) over MCM-48 under liquid phase conditions (111).
In fact, this conversion is only slightly higher than in the case of non-catalytic
experiment (conversion 20%) (111).

More liquid oxygenates (glycolaldehyde, formaldehyde, acetic acid
acetaldehyde, furfural, and 5-methyl furfural) were obtained from
levoglucosan over mesoporous molecular sieves (pillared MCM-36 and
MCM-41) at 300◦C and atmospheric pressure than over microporous MCM-22
(112, 113). For instance, at a short contact time, 0.005 min, the molar yield
of furfural and glycolaldehyde were 0.06 and 0.33, respectively, over MCM-
41 while only 0.01 and 0.17, respectively, over MCM-22 (112). By swelling of
MCM-22 and subsequent pillaring of swollen MCM-22, MCM-36 was obtained
and its performance in levoglucosan conversion was compared to that of the
parent MCM-22. To investigate the influence of acidity, MCM-36 catalysts
with Si/Al equal to 47, 65, and 92 were synthesized. Their Bronsted acidity
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Biomass Transformations Using Molecular Sieves 21

decreased with the decreasing Al content from 87 to 36 µmol/g (113). The low-
est (molar) yields of glycolaldehyde, the main reaction product, were obtained
over MCM-22 (0.1 over 0.25 g of catalyst). However, the glycolaldehyde molar
yield varied in the range 0.28–0.38 for the 3 MCM-36 catalysts without a clear
correlation with their Bronsted acidity (113).

Zeolites were also applied in hydrolysis of polysaccharides. For instance,
inulin, was hydrolyzed to fructose over a zeolite with conversion 95% within
2 h at reaction temperature 100◦C (114). More importantly, cellulose was suc-
cessfully converted to a mixture of sugar alcohols by using Pt and Ru modified
zeolite USY (2.5 wt. % Pt or Ru) at 190◦C and initial hydrogen pressure of
5 MPa (115). The yield of sorbitol and mannitol was 25 and 6%, respectively.
As the supports yielded only very low yields of glucose (ca. 2 % in case of
USY), it was inferred that the supported metals promoted cellulose hydrolysis
in addition to hydrogenating glucose to sorbitol and mannitol (115).

In summary, ZSM-5-derived catalysts outperform other zeolites or
aluminosilicates (Beta, USY, Mordenite and amorphous aluminosilicates (86,
89, 102, 104, 116, 117) owing to their optimum pore dimensions and architec-
ture preventing formation of large coke precursors accelerating rapid catalyst
deactivation and favoring, in particular, deoxygenation and aromatization
reactions. This has been confirmed for lignocellulosic biomass (saw dust) (116,
117) as well as for various model compounds (cellulose, glucose, xylitol) (104,
116, 117) and pyrolysis oils and vapors (102, 120). Apart from the decisive role
of channel dimensions and connectivity, the density and strength of Brønsted
acid sites and modification by other active phases, particularly metals, are the
key parameters affecting primarily the selectivity. Similar experiments shall
be carried out with catalysts exhibiting zeolite acidity but not limiting the reac-
tion space, like various MCM-22-related materials and other two-dimensional
zeolites (118, 119).

3.2. Transformations of Triglycerides
Triglycerides are the main components of vegetable oils and animal fats

(>95%). In contrast to lignocellulosic biomass, the composition of vegetable
oils is rather well defined/uniform and the content of oxygen is signifi-
cantly lower (ca. 11 wt.%). In addition, they can be directly upgraded into
fuel components partially replacing fossil fuels. Consequently, the utiliza-
tion of triglycerides for production of biodiesel (fatty acids methyl esters,
FAME) by transesterification with methanol affording FAME and glycerol
(121, 122) is one of the most mature technologies producing fuels or chem-
icals from renewables. Despite its maturity, the technology does not fully
comply with the green chemistry principles as significant amounts of waste
streams are formed. It is based on using a homogeneous catalyst (typically
NaOH, KOH, or CH3ONa) requiring separation from the products (FAME)
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22 D. Kubička et al.

(122). This separation includes neutralization and washing resulting in large
quantities of waste water streams generated (up to three liters of waste
water for each liter of biodiesel) (123). Moreover, utilization of glycerol, the
main by-product, is essential as it represents ca. 10 wt.% of the raw mate-
rial. However, it typically contains catalyst residues, salts, and water, thus,
its upgrading to a quality suitable for chemical syntheses is very demand-
ing (124). Consequently, alternatives to homogeneous transesterification are
sought. The most investigated ones include transesterification using heteroge-
neous catalysts (124–126), deoxygenation yielding diesel-range hydrocarbons
(36, 37), and catalytic cracking affording for olefins and aromatics (127–129).
These are schematically depicted in Fig. 9 (36). The application of molecu-
lar sieves is important especially in transesterification and catalytic cracking
of triglycerides, even though mesoporous molecular sieves were occasionally
studied also for deoxygenation (130, 131). While basic catalysts were primar-
ily studied in heterogeneously-catalyzed transesterification, e.g., alkali-metals
doped or exchanged molecular sieves, acidic catalysts, mostly zeolites and
mesoporous molecular sieves have been investigated for catalytic cracking of
triglycerides (127–129). Hence, the topics will be discussed separately.

3.2.1. Transesterification

The key parameters of heterogeneous transesterification catalysts are
their basicity and stability with the main challenge being preventing the
leaching of the active basic components. Due to their ion-exchange prop-
erties, zeolites modified by alkali metals have been proposed as suitable
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Figure 9: A simplified scheme of the main reaction paths in transformation of triglycerides into
biofuels via catalytic processes: (1) transesterification; (2) hydrodeoxygenation; (3) hydrode-
carboxylation; (4) decarbonylation; and (5) cracking/catalytic cracking based on (36) (color
figure available online).
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Biomass Transformations Using Molecular Sieves 23

heterogeneous transesterification catalysts (125, 126). Other catalytic sys-
tems include basic oxides (such as MgO, CaO) (132–136), mixed oxides (e.g.,
hydrotalcites) (124, 137–140) and impregnated alumina catalysts (141–143)
including mesoporous alumina (144).

Owing to its high ion-exchange capacity and hence possibility to achieve
high density of basic cations, NaX has been studied extensively (141, 145).
It was reported that modification of the parent NaX zeolite with KOH (145,
146) or NaOx (141) was crucial to achieve basic sites of the high strength (i.e.,
>15 on the Hammett indicators scale) resulting in a high catalyst activity.
Alternatively, thermally treated titanosilicate ETS-10 exhibited higher conver-
sion than 90% similarly to NaOx/NaX zeolite (141). Only a minor reduction of
conversion was observed when the catalyst (NaOx/NaX) was reused. It could
be tied to the partial leaching of sodium. A severe drop in conversion (from
85% to 49%) after one reuse cycle was observed for the KOH/NaX catalyst and
it was attributed to the leaching of KOH (145). Among KI modified catalysts,
zeolite KL and NaX exhibited lower activity in comparison KI/Al2O3, which
was explained by their lower base strength. The modified zeolites showed
also lower activity than KI/ZnO having a similar base strength, which was
attributed to possible differences in the amount of basic sites (143). It seems,
however, more plausible that the pore dimensions of the zeolites prevent the
bulky molecules of triglycerides from entering the zeolite pores and hence
limiting the access of reactants to the active basic sites located inside the
microporous structure.

Potassium-modified mesoporous molecular sieves, as well as delaminated
zeolites (MCM-41, SBA-15, and ITQ-6, respectively). were also active in
triglycerides transesterification with methanol, but exhibiting a severe
decrease in conversion (e.g., K-ITQ-6 from 97% over fresh catalyst to only
56% in the second cycle) (147, 148). It could be attributed to potassium leach-
ing, as its concentration on the catalyst dropped from 1.59 wt.% to 0.51 wt.%
(147). Despite similar conversion of triglycerides over K-ITQ-6 and K-MCM-41
(64 and 58%, respectively, both having Si/Al = ∞), the yield of biodiesel dif-
fered tremendously (56 and 3%, correspondingly). It has been suggested that it
may be a consequence of the higher hydrophobicity of potassium-modified ITQ-
6, nonetheless, the potassium loading of MCM-41 was also significantly lower
(0.22 vs. 1.59 wt.% K on ITQ-6) (147). As both supports were purely siliceous,
a high level of leaching of K is not surprising as the cations are only loosely
bounded to the surface.

Acidic forms of zeolites Y, ZSM-5, and Beta have been studied together
with other solid acidic catalysts (ion-exchange resins, sulfated zirconia) by Kiss
et al. (149). Only a small increase in the conversion of dodecanoic acid reacting
with 2-ethylhexanol has been observed for the zeolites (conversion ca. 40% in
a non catalytic experiment and 42–44% in a zeolite-catalyzed experiment (H-
ZSM-5, Y, Beta) after 120 min at 130◦C and alcohol to acid molar ratio 1:1) as
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compared with the non catalyzed reaction. This has been explained by limited
diffusion of the bulky triglycerides into the zeolite pores (147, 149). Conversion
in the same range (ca. 40%) was also reported for zeolite beta (150, 151).
An increase in conversion (from 40 to ca. 50%) was observed when the zeolite
was ion-exchanged with La cations. The increase was attributed to enhanced
concentration of external Brønsted acid sites owing to La introduction result-
ing in presence of Si-OH-La and La-OH groups (150). The hydrophilicity of
the surface of acidic zeolites has been also suggested to explain their low
transesterification activity (147). One can argue that La3+ cations (Lewis sites)
can also contribute to a higher acidity, resulting then in higher conversion.

The co-existence of acidic and basic active sites in zeolites provides a
potential advantage for processing of feedstocks containing free fatty acids
(FFAs) requiring conventionally a two-step treatment, .i.e., first esterification
of FFAs using an acid catalyst and subsequently transesterification of
triglycerides using a basic catalyst. This advantage has been demonstrated
for transesterification of a feedstock containing FFAs (total free acidity 5.58%)
using K-ITQ-6 and KOH. While with both catalysts virtually complete con-
version of triglycerides was achieved, although under different reaction con-
ditions, conversion of FFAs was different — more than 90% of FFAs were
converted over K-ITQ-6, but only ca. 45% with KOH (147). The conversion
of fatty acids in esterification over Al-MCM-41 after 90 minutes was shown
to increase with decreasing Si/Al ratio, i.e., increasing concentration of acid
sites. The conversion of palmitic acid increased from 55% to 80% when bulk
Si/Al ratio decreased from 32 to 8 (152).

In conclusion, despite some promising results achieved with alkali-metal-
modified zeolites (Table 2), the possibility of increasing their basic sites
strength while simultaneously creating a stable catalyst, i.e., with limited
leaching of alkali cations, is still challenging. Consequently, the first commer-
cial heterogeneous transesterification catalyst (process EsterfipH by Axens)
consists of mixed oxides (Zn, Al) (124).

3.2.2. Catalytic Cracking

The modern cracking processes rely typically on the tunable acido-basic
properties and molecular-sieving ability of zeolites. As these properties are
of importance for any catalytic cracking process, most of the studies deal-
ing with catalytic cracking of triglycerides focused on zeolites and related
microporous-mesoporous molecular sieves (127–129, 155–157). Since the
molecular dimensions of triglycerides exceed those of zeolite channels, signifi-
cant effort has been oriented towards developing composite catalysts, so-called
microporous/mesoporous molecular sieves (158). These materials provide two
levels of molecular sieving: mesopores can accommodate even triglycerides,
but only the intermediates originating from their cracking can enter the micro-
pores and undergo not only further cracking, but also aromatization reactions.
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Biomass Transformations Using Molecular Sieves 25

Table 2: Comparison of zeolite performance in transesterification of vegetable oils.

Catalyst Conditions Basicity
Conversion/Yield

of methyl ester Reference

NaX 150◦C, 24 h, SBO, S = 3.26 38.8/23.9 (141)
KX MeOH/SBO = 6, S = 3.07 40.9/31.5
NaOx/NaX 10 wt.% cat. 100/94
ETS-10 60◦C, 24 h, SBO, S = 3.68 100/95.8
NaX MeOH/SBO = 6, S = 3.26 19.4/6.8
NaOx/NaX 10 wt.% cat. 95.4/84.2
ETS-10 S = 3.68 96.5/80.7

KOH/NaX 65◦C, 8 h, SBO,
MeOH/SBO =
10, 3 wt.% cat.,
10 wt.% KOH

15 < H_ < 18.4 85.6/- (145)

KI/NaX 65◦C, 8 h, SBO, 9.3 < H_ < 15 12.9/- (143)
KI/KL MeOH/SBO = 9.3 < H_ < 15 28.3/-
KI/Al2O3 15, 2 wt.% cat.,

35 wt.% KI
15 < H_ < 18.4 87.4/-

H-X 100◦C, 24 h, WFO, 8/0.5 (147)
K-MCM-41 MeOH/WFO = 58/3
K-ITQ-6 15, 5 wt.% cat. 62/53

SBO – soyabean oil; WFO – waste fruit oilseeds; NaOx/NaX – NaX occluded with 3 sodium
azide/supercage; S – Sandersons intermediate electronegativity; H_ — Hammett indicator
strength.

In a near future, even “two-dimensional” zeolites possessing limited size of the
third-dimension could provide a better catalytic performance (159–161).

The products of catalytic cracking of triglycerides over zeolites such as
ZSM-5 or Beta, comprise hydrocarbon gases (C3–C5 paraffins and olefins),
so-called organic liquid product (OLP, i.e., mixture of aliphatic and aromatic
hydrocarbons with traces of oxygenates) and coke (127, 128). Deoxygenation
is achieved during cracking of triglycerides and carbon oxides and water are
formed as well (127, 128, 155). Obviously, OLP is the most desired product for
potential fuel and petrochemical applications. It consists of hydrocarbons in
the boiling point range of gasoline due to cracking reactions, diesel and also
vacuum distillates originating from condensation reactions (127, 128, 155).
The yield and composition of OLP is particularly affected by the following
factors: (a) reaction conditions; (b) strength of Brønsted acid sites of the cat-
alyst; (c) concentration of Brønsted acid sites; and (d) structure of the catalyst
(in particular, pore dimensions and connectivity). The cracking is typically
investigated at atmospheric pressure and temperatures ranging from 350–
550◦C.

Among zeolites, ZSM-5, Beta, and USY were studied most extensively in
catalytic cracking of triglycerides (127, 128, 157, 162–164). While gaseous and
gasoline-range hydrocarbons are the main products over ZSM-5, USY and Beta
exhibit higher selectivity towards diesel-range hydrocarbons (128). ZSM-5 is a
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26 D. Kubička et al.

medium-pore zeolite (cf. Table 4) and its pore dimensions virtually prohibit the
formation of diesel-range hydrocarbons (linear hydrocarbons in diesel-range
could be in principle formed, however due to slow diffusion they would crack
before leaving ZSM-5 pores), while they can be easily formed in the large pore
zeolites. The pore dimensions affect also the rate of coke formation. It increases
in the order H-ZSM-5 < H-Beta < H-USY (128). The higher coking rate of USY,
in comparison with zeolite Beta, can be ascribed to the presence of cavities
in USY zeolite allowing the formation of bulky coke precursors. Owing to its
strong acidity and unique pore dimensions and architecture, ZSM-5 afforded
rather selectively aromatics (aromatic yield was 80–95 wt. % of OLP), par-
ticularly benzene and toluene. When comparing the performance of different
structural types of zeolites, the overall yield of hydrocarbons decreases in the
order H-ZSM-5 > silicalite > H-Mordenite > H-Y. The yield of aromatics cor-
related with the overall yield of hydrocarbons over zeolites, while amorphous
silica-alumina provided significant yields of aliphatic hydrocarbons (>20 wt.%
vs. <5 wt.% over ZSM-5) (127).

The composite microporous/mesoporous materials were investigated
with the intention to enhance diesel-range hydrocarbons, being nowadays
more valuable from the fuel applications point of view than gasoline-
range hydrocarbons (165). The composite micro/mesoporous catalysts (H-
ZSM-5/MCM-41, H-Beta/MCM-41, H-ZSM-5/SBA-15) outperformed both the
microporous as well as mesoporous parent materials in terms of yields of gaso-
line fraction and aromatics (Table 3). This indicates the importance of optimum
balance between acidity of active sites and diffusion of reactants and products.
Also, the overall yield of OLP increased (156, 157, 166). The improved yields of
aromatics could be attributed to pre-cracking of triglycerides in the mesopores
and the enhanced access of the intermediates into the micropores (156) or by
the possibility of coke deposition in the mesopores preventing the fast blockage
of micropores.

Vegetable oils were also cracked to hydrocarbon components (mainly
aromatics, iso-paraffins, and iso-olefins) belonging both in gasoline and diesel
fuel range under typical FCC conditions (commercial FCC catalyst, reaction
temperature 485–585◦C, contact time <5 s) (167). Oxygen was removed pre-
dominantly in the form of water plausibly by dehydration and aromatics
were the main products, confirming thus results of the previously discussed
studies. Moreover, co-processing of vegetable oils with vacuum distillates was
investigated (168, 169). The addition of rapeseed oil (up to 30 %) to vacuum
gas oil (VGO), a typical FCC feedstock, resulted in a decreased yield of liq-
uid hydrocarbon products. At the same time, the yield of C3/C4 olefins was
enhanced from 8.7–9.5 wt.% when increasing rapeseed oil concentration from
0 to 10 wt.% (168). Only traces of oxygenates, such as carboxylic acids, were
detected in the liquid products. Likewise, the catalytic cracking of animal fats
afforded aliphatic hydrocarbons at lower cracking temperature (400◦C) and
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28 D. Kubička et al.

alkyl aromatic hydrocarbons at higher cracking temperatures (550◦C) (170).
This shift was attributed to the significantly enhanced rate of the cyclization
reactions at the elevated temperatures. Moreover, the indigenous vegetable
oil impurities, such as phosphorus or calcium, were shown to deteriorate the
catalyst cracking activity considerably (168).

In summary, it can be inferred that the yield of hydrocarbons from triglyc-
eride cracking increases with the decreasing pore diameter of the investigated
zeolites. Consequently, the primary decomposition of triglycerides has to occur
on the external surface of zeolite crystals, as triglycerides cannot fit into the
medium- or large-pore zeolite channels. In contrast, the increasing pore dimen-
sions result in increasing yield of carbonaceous deposits and hence a lower
yield of gaseous and liquid hydrocarbons. More importantly, the results sug-
gest that the effect of pore structure is more important than that of the catalyst
acidity and that the primary conversion is rather a thermal process than a
catalyzed one (by the acid sites of zeolites). This means that the product dis-
tribution is determined primarily by the shape selective characteristics of the
catalyst (155), catalyst acidity being also of some importance. Furthermore, it
may be proposed that a careful optimization of the pore architecture at both
micropores, as well as mesopores, provides a tool for selectivity fine tuning in
the case of cracking of bulky biomass-derived reactants.

It should be noted that triglycerides and related feedstocks can be con-
verted selectively into hydrocarbons using hydrotreating catalysts. This pro-
cess has been commercialized by Neste Oil (process NexBTL). Currently, four
production units with a total capacity of nearly 2 Mt/y are operated worldwide
(171). While the deoxygenation step relies on other than molecular sieve cata-
lysts, the subsequent mild isomerization step (165) is catalyzed most probably
by Pt modified zeolites. As this is a conventional refining technology, it is not
discussed here. Nonentheless, mesoporous molecular sieves modified by CoMo
were shown to be viable deoxygenation catalysts though less active than the
alumina supported ones (130, 131).

Bio-oil, the desired product of biomass flash pyrolysis, needs to be further
upgraded before it can be used as a component for automotive fuels blending.
Two principal refinery alternatives include deep hydrotreating (172, 173) and
fluid catalytic cracking (FCC) (174). Hydrotreating of bio-oils necessitates a
two-step process where in the first step the most reactive components (e.g.,
aldehydes) are saturated under mild reaction conditions (<250◦C, 10 MPa).
Only then complete deoxygenation of bio-oil under the required severe reac-
tion conditions (>350◦C, 20 MPa) can be achieved without excessive coking
(172). Similarly, direct introduction of bio-oil in the FCC process was shown to
be not feasible as the rate of coke formaton is too high (174). Hence, a pretreat-
ment to remove the components responsible for rapid coking prior to catalytic
cracking (FCC) was suggested (175). Following bio-oil upgrading at 230◦C and
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Biomass Transformations Using Molecular Sieves 29

29 MPa, the product could be blended in an FCC feed (long residue) up to
a concentration of 20 wt.% and co-processed. The products were oxygen free
despite the high oxygen concentration in the feed (17–28%). The propensity to
coke formation (expressed by the MCRT results) decreased with the increas-
ing HDO pretreatment temperature and hence with the decreasing oxygen
content in bio-oil (the MCRT value dropped from 14 to 2 when the oxygen
content decreased from 28 to 15%, which corresponds to upgrading temper-
ature increase from 230 to 330◦C) (175). The discussed difficulties of further
upgrading of (thermal) flash pyrolysis bio-oils explain the research interest in
catalytic pyrolysis as it includes partial deoxygenation leading to more stable
bio-oil product.

3.3. Transformations of Sugars and Sugar Alcohols
Sugars (carbohydrates) are the main building blocks of cellulose and

hemicellulose, which makes them the most abundant biomass-derived renew-
able raw materials. Consequently, their efficient utilization in production of
renewable fuels and chemicals is essential. Carbohydrates are mostly trans-
formed by fermentation to yield important industrial chemicals, such as
ethanol, butanol, and lactic acid as well as prospective platform chemicals
(e.g., 3-hydroxypropionic acid, succinic acid, etc.) (29, 31, 59, 61). The largest
heterogeneously catalyzed process for sugar transformations is hydrogenation
of glucose affording sorbitol (capacity 650 kt/y in 2008), an intermediate in
vitamin C production (176, 177).

As a result of extensive research efforts focused on development of new
processes utilizing renewable raw materials, zeolites were suggested for sepa-
rations (e.g., carbohydrate separations (178, 179), 1,3 propanediol from glucose
and glycerol separation (Na-ZSM-5 membrane) (180), production of oxy-
genated platform chemicals, such as levulinic acid, 5-hydroxymethylfurfural,
and sorbitol (181–195) oxygenated fuel components (197, 198), and produc-
tion of hydrocarbons, mainly olefins and aromatics (106, 199–202). Other
applications include glucose isomerization to fructose (187, 203–206), glucose
oxidation to hydroxyacids (207, 208), and synthesis of alkyl glucosides (191,
208–210).

The main challenge in catalytic transformation of sugars into
hydrocarbons is the necessity to perform the conversion in aqueous phase
as sugars are thermally unstable under gas phase conditions. Generally,
three main classes of reactions are involved: C–C bond cleavage (e.g., retro
aldol condensation, decarbonylation), C–O bond cleavage (e.g. dehydration),
and hydrogenation reactions (see Fig. 10) (200). Brønsted acidity is crucial
for dehydration reactions, while supported noble metal clusters catalyze
hydrogenation and C–C bond cleavage reactions (200).
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Figure 10: Possibilities of glucose conversion to useful oxygenated intermediates (59, 199).

3.3.1. Aromatization

H-ZSM-5 facilitates selective formation of aromatics suitable for gasoline
pool from carbohydrates (104, 211). Similarly to lignocellulosic biomass and
triglycerides, the appropriate acidity and pore dimensions are vital for secur-
ing high selectivity to aromatics at a minimum coking rate. Apart from the
catalyst properties, the yields of aromatics and olefins depend severely on
the feedstock composition, namely on its hydrogen to carbon effective ratio
(H/Ceff), defined as (H – 2O) / C (104, 202) or in more general way as (H – 2O –
2S – 3N) / C (211). It was demonstrated that biomass-derived feedstocks with
H/Ceff less than 1 (e.g., glucose, sorbitol, glycerol) deactivate the ZSM-5 cata-
lyst more quickly than feedstocks with H/Ceff larger than 1. Furthermore, the
aromatic and olefin carbon yields increase with increasing H/Ceff ratio. It has
been suggested to hydrogenate feedstocks deficient in hydrogen to reach an
H/Ceff ratio of ca. 1.2 to improve aromatic and olefin production (202). Mixtures
with an overall H/Ceff ratio in the range 1.3–1.6 have been recommended to
avoid catalyst deactivation and to increase the yield of desired hydrocarbons
(211). This was demonstrated by upgrading carbohydrate- (e.g., glucose, xylose,
sucrose) methanol mixtures (50% solution) over ZSM-5 at 510◦C, atmospheric
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pressure and ca. 2 gmix/gcat.h (211) where methanol enhanced the H/Ceff ratio
and subsequently the yield of hydrocarbons. The yield of hydrocarbons dropped
with increasing kinetic diameters of the reactants (glucose vs. sucrose) sug-
gesting the importance of accessibility to the channel system of ZSM-5 (211).
When the 4:1 methanol-to-glucose solution was used instead of glucose alone,
the yield of hydrocarbons was enhanced from less than 20 to about 45 wt.%
(211). It should be noted that besides carbohydrates also methanol can be
converted under these reaction conditions to hydrocarbons.

It can be concluded that due to inherent feedstock limitations (low H/Ceff),
carbohydrates can be efficiently converted to hydrocarbons, typically aromatics
and short-chain olefins, only when processed in the presence of a hydrogen
donor, e.g., methanol, or after hydrogen pretreatment yielding intermediates
having sufficiently high H/Ceff. Otherwise, the yields of valuable products are
prohibitively low due to excessive coking.

Application of more selective catalytic strategies, such as dehydration or
hydrogenation, provides a very promising route to important future chemical
intermediates, so-called platform chemicals, such as 5-hydroxymethylfurfural
(HMF), levulinic acid (LA), or sorbitol. The production of sorbitol by
heterogeneously catalyzed hydrogenation is a commercial process (176, 177).
With Ru/H-USY (3 wt.% Ru), starch hydrolysates underwent combined
hydrolysis/hydrogenation to yield sorbitol and mannitol solutions in one-pot
synthesis (45, 189). Brønsted acid sites at the external surface hydrolyze amy-
lose, which is too bulky to enter zeolite Y pores, to glucose that is hydrogenated
to sorbitol over Ru sites located both inside zeolite channels as well as on the
external surface (45). Essentially complete conversion was achieved after 1 h
at 180◦C and 5.5 MPa and the selectivity to sorbitol was >95% (45).

3.3.2. Dehydration

The synthesis of HMF from glucose and fructose was demonstrated to be
feasible over microporous (H-Y, H-Mordenite) (181,182) as well as other molec-
ular sieves MCM-20 or MCM-41 (182) (Fig. 11). Mesoporous MCM-41 promoted
the cleavage of the glucose - pyranose ring owing to their suitable dimen-
sions of intraparticle voids (pores) (182). The reaction is probably catalyzed
by Brønsted acid sites. The decomposition of glucose was even faster over
microporous materials, but resulted in a significant formation of coke and
hence decreased selectivity to HMF and its subsequent decomposition prod-
ucts, i.e., organic acids (formic acids, 4-oxopentanoic (levulinic) acid). Formic
acid was the main product with selectivity up to 60 % followed by HMF
(selectivity up to 30 %) (182). In contrast, fructose could be converted to
HMF with selectivity > 80 %, yield > 70 % over H-Mordenite. The selectivity
decreased with its dealumination and hence with the increasing volume of
mesopores. It has been speculated that the pore structure hinders HMF
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Figure 11: Transformation of glucose to yield 5-hydroxymethyl furfural and levulinic acid, based
on (182).

rearrangement into heavy products (i.e., coke precursors) (181). HMF could
be also obtained rather selectively over functionalized SBA-15 (selectivity
71%, conversion 84%). The increasing hydrophobicity of the silanes used in
functionalization was suggested to affect positively the selectivity towards
HMF (212). Significantly lower yields were obtained, for instance, over Al-
TUD-1 (ca. 20 wt.%), the by-products of which were speculated to be soluble
polymers rather than coke, which was attributed to prevailing Lewis acidity
and weak Brønsted acidity of the catalyst (190).

Analogously, zeolites (H-Y, H-Mordenite, Si/Al ca. 10) convert xylose into
furfural with selectivity >90% at conversion 30% in water/toluene (but only
ca. 50% at similar conversion in water/methyl isobutyl ketone). Obviously,
the solvent choice affecting furfural extraction from the aqueous phase influ-
enced the overall process (183). Comparable catalytic performance exhibited
also the significantly less acidic Al-TUD-1, particularly in terms of concentra-
tion and strength of Brønsted acid sites, providing 60% yield of furfural at 90%
conversion (190). In comparison with monosacharides, disaccharides (sucrose,
cellobiose) and xylan were easily hydrolyzed (100% conversion) over Al-TUD-
1 to corresponding sugars being subsequently partially dehydrated affording
furfural and HMF (190). Direct route to HMF from cellulose using ionic liquids
has been recently reported (186). Zeolite Y added in an ionic liquid facilitated
cellulose hydrolysis to glucose and disaccharides. The superiority of zeolite Y
over sulfonated resins and sulfuric acid was explained by the fact that HY did
not catalyze the subsequent hydrolysis of HMF that was the main consecutive
reaction in strong acids (186).

Consecutive rehydration of HMF affords levulinic acid (LA), another
important intermediate. Usually, this reaction is catalyzed by mineral acids,
as the yields over solid acids reported so far were unsatisfactory (184, 213).
For example, the maximum yield of LA obtained over HY was about 20 wt.% as
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Biomass Transformations Using Molecular Sieves 33

it was consumed in secondary reactions due to its diffusion-limited transport
in the zeolite pores (213). The yield of LA obtained from glucose was almost
doubled (36 wt.%) over a composite micro/mesoporous catalyst (having ZSM-
5 structure) synthesized through hetero-crystal seeding method (184). While
glucose conversion increased with the decreasing Si/Al ratio (130 to 12), the
yield of LA exhibited an optimum at Si/Al = 15, which has been explained
by the higher extent of fragmentation reactions over the more acidic catalyst
affording lactic acid as a by-product. Its yield was 19.1 and 6.8% for catalyst
with Si/Al equal to 12 and 15, respectively (184).

3.3.3. Isomerization

Apart from enzymes, namely D-glucose ketoisomerase which is a very effi-
cient catalyst, zeolites can be also used to catalyze isomerization of glucose to
fructose (204, 205), which is of importance for instance in glucose conversion
to HMF. Two heterogeneously catalyzed routes have been reported. The first
one relies on the use of alkaline-cation-exchanged zeolites and selectivity to
fructose in the range 60–80% was achieved at conversions 20–30 %. However,
cation leaching (> 10 %) remains a challenge (NaX, KX) (204). The other
approach uses Sn-Beta or Ti-Beta as a solid catalyst and glucose (aqueous solu-
tion) is converted in a mixture of glucose, fructose and mannose (46:31:9 wt. %)
(205). Glucose isomerization to fructose over Sn-Beta was also used in design-
ing a biphasic system (H2O/THF/NaCl) allowing the isomerization to proceed
at pH ca. 1 favorable for direct fructose dehydration to HMF by a mineral acid
(HCl). This one-pot synthesis approach was successfully applied for glucose
(HMF selectivity 70% at 76% conversion) as well as for starch (HMF selectivity
69% at 75% conversion). On the other hand, the conversion of cellobiose was
only 36% (selectivity to HMF 36%) (187). Moreover, glucose and fructose can
be separated using CaX or CaY while mannose and glucose separation can be
achieved using BaX or BaY (46)

It was shown that the isomerization of glucose to fructose does not pro-
ceed over medium-pore zeolite (TS-1) and is considerably slower over modified
MCM-41 (Sn-MCM-41, Ti-MCM-41) (205). In contrast, basic titanosilicates
(ETS-10, ETS-4, AM-4) and mixed alkali silicates (AV-1, AV-2, TOB) (203)
were active and except ETS-10 catalysts gave better results than Na-X
zeolite—fructose yields were above 30% while only 20–25% over NaX and ETS-
10 catalysts. The best performance at 100◦C was achieved over ETS-4 (glucose
conversion 48%, fructose selectivity 84%) (203). Sorbitol, a product of glucose
hydrogenation, is commercially dehydrated to isosorbide and reacted with, e.g.,
lauric acid to afford “green” plasticizers. The traditional synthesis using, e.g.,
sulfonic acid resin could be replaced by MCM-41 functionalized with sulfonic
groups. In one-pot synthesis using sorbitol and lauric acid in molar ratio 1:6 as
raw materials dilaurylisosorbide was obtained with 95% selectivity at 33%
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conversion of lauric acid at 110◦C (46). On the other hand, no conversion was
observed over H-Beta (Si/Al = 12.5) (46).

Lactic acid and alkyl lactate can be obtained by dehydration and isomeriza-
tion of triose sugars (dihydroxyacetone, glyceraldehyde that can be obtained,
e.g., by oxidation of glycerol as discussed below) over zeolite catalysts (192,
193, 195), amorphous aluminosilicates and silicoaluminophosphates (194) in
water or alcohol solutions. Apart from being a very valuable monomer for
biodegradable plastics, lactic acid offers also a promising utilization of glycerol.
Unlike most of the up-to-now discussed applications of zeolites in renewable
raw materials upgrading, production of lactic acid from triose sugars relies on
Lewis acidity of the catalyst (192–195). It was demonstrated that the lactic
acid and its methyl ester can be efficiently produced over Sn/Beta (192) as
well as H-USY (Si/Al = 6) having significant concentration of Lewis acid sites
(ca. 200 µmol/g) (193). Similarly, increasing Lewis acidity in zeolite Beta by
isomorphous substitution of silicon for Ti or Zr or due to steaming (leading to
formation of extra-framework Al species) increased the yield of methyl lactate
(from ca. 5% for Al-Beta to about 30–40 for Ti-Beta, Zr-Beta and steamed Al-
Beta) (192). The highest reported selectivity was, however, obtained over an
amorphous aluminosilicate with Si/Al = 10 (conversion 25%, selectivity 96%)
(194). A concerted action of Brønsted and Lewis acid sites was suggested to be
essential as trioses (dihydroxyacetone, glyceraldehyde) were first dehydrated
over Brønsted acid sites with medium acid strength present in USY to pyru-
vic aldehyde before reacting with an alcohol over Lewis acid sites to afford the
corresponding alkyl lactate (195). Strong Brønsted acid sites were shown to be
detrimental for catalyst activity as they catalyze the formation of diethyl acetal
of pyruvic aldehyde, thus decreasing the selectivity towards the desired lactate
(194, 195). It follows that Lewis acidic zeolites may find future applications in
isomerization of oxygenates, particularly of the carbohydrate type, the chal-
lenge being to prevent strong adsorption leading to severe catalyst coking and
deactivation. Moreover, finding the optimum balance between Brønsted and
Lewis acid sites of the appropriate strength remains a challenge to be solved
(194, 196).

3.3.4. Esterification and Oxidation

In addition, several more specialized zeolite applications for carbohydrate
transformations were suggested as well (197, 198, 207, 209, 210). Proton-
form zeolites (H-Y, H-Beta, MCM-22, H-ZSM-5, H-Mordenite) were shown to
be active and selective in synthesis of alkyl glucosides that could be used as
environmentally friendly detergents (209). The highest yields of alkyl glucofu-
ranosides and pyranosides were obtained from D-glucose and n-butanol when
zeolite Beta was used (>90%) (209). Hydrophilic zeolites were less efficient
due to a strong competitive adsorption of polar compounds, i.e., zeolites with
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high Si/Al ratio are preferable (209, 210). In fact, optimum Si/Al ratios were
reported depending on the zeolite preparation method, being around 100 for
dealuminated and 30 for as synthesized zeolite Beta (210). Moreover, zeolite
crystal sizes in excess of 0.35 µm were shown to influence strongly the zeolite
activity by diffusion (210). Ketalization of monosaccharides with acetone over
H-Beta and H-Y was successfully demonstrated by Maksimov et al. (197, 198).
The ketals, obtained in yields above 50%, were suggested as prospective high
octane number components (197).

Ti-containing zeolites (TS-1, Ti-MCM-41, and titanated zeolites Y, L, and
Mordenite) were investigated as glucose oxidation catalysts (207). Glucose
oxidation by hydrogen peroxide afforded various hydroxyacids, the main
being gluconic acid resulting from the aldehyde group oxidation (maxi-
mum selectivity nearly 30% at conversions 20–30%). Neither conversion nor
selectivity of glucose oxidation depended on the pore size or titanium species
(207). Titanosilicates (TS-1) were also used to oxidize furans, e.g., 2,5-dimethyl
furan that can be obtained by selective hydrogenation of 5-hydroxymethyl
furfural, i.e., a product of dehydration of fructose or glucose (40, 46). Nearly
complete conversion of 2,5-dimethyl furan was achieved in 3 h in acetonitrile
at 25◦C when using H2O2 as an oxidant. Diones, cis- and trans-hex-3-ene-
2,5-dione, were obtained with 85% selectivity at 94% conversion (46,214).
Oxidation of furan was complete in about 5 hours at 20◦C in acetonitrile
and the main products were maleic and fumaric dialdehydes with overall
selectivity 80% (214).

Although molecular sieves can be used for direct conversion of sugars into
hydrocarbons, their physico-chemical properties play only a secondary role, as
the yields are limited severely a priori by feedstock composition (its H/Ceff).
Consequently, it appears that more attention shoud be paid to selective con-
versions of sugars, e.g., by partial dehydration, to platform chemicals, such as
5-hydroxymethyl furfural (HMF), levulinic acid, or furfural, that can be further
transformed to a wide range of valuable products including fuel components.
Molecular sieve pore dimensions, surface polarity, and acidity are key param-
eters decisive for minimizing undesired side reactions resulting in coking and
catalyst rapid deactivation.

3.4. Glycerol Transformations
Glycerol has a special place among biomass-derived feedstocks, as it is

obtained with high selectivity as a by-product of biodiesel production by
transesterification of triglycerides with methanol. Its amount corresponds to
ca. 10 wt. % of the starting triglycerides and hence it is crucial, from the
economic point of view, to utilize it for production of high-added-value prod-
ucts. Each carbon atom of glycerol bears a functional group, thus, it has many
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Figure 12: Main catalytic routes of glycerol transformation, based on (215, 216).

application opportunities and belongs to platform chemicals. Some basic chem-
ical transformations of glycerol utilizing various heterogeneous catalysts are
depicted in Fig. 12. Only the transformations over micro- and mesoporous
catalysts are discussed here. Nonetheless, it should be mentioned that there
are successful applications using other types of catalyst, e.g. for conversion of
glycerol to epichlorhydrine that was commercialized recently (217).

3.4.1. Dehydration

Among many reaction pathways available for glycerol (see Fig. 12),
dehydration to acrolein offers the highest application potential for zeolites.
Acrolein is currently produced by selective oxidation of propylene and it is
used primarily for the production of acrylic acid and its esters. Various zeolites
and zeotypes (H-Beta, H-Y, H-Mordenite, H-ZSM-5, H-Ferrierite, ZSM-22,
SAPO-34) were found as active catalysts in glycerol dehydration to acrolein
(218–224). It was demonstrated that the reaction is sensitive to many reaction
parameters, namely specific surface area, pore architecture, and total acidity,
the external surface area, and presence of extra-framework alumina (EFAL)
species (223, 218). As the channel systems of zeolites are typically quickly
filled with carbonaceous deposits due to the reactivity of glycerol-dehydration
products, only the external surface sites can contribute to glycerol conversion.
Consequently, the highest conversion (ca. 94 vs. 30–76% over zeolites after 2 h
on stream) has been obtained over silica-alumina (315◦C, 0.1 MPa, 8.3 mol%
C3H8O3 and 76.3 mol% H2O in He), i.e., the material with the largest external
surface area (218). It also follows that the particle size of the zeolite crystals
plays a significant role with nano-crystals (ZSM-5, Si/Al ca. 65, 20–60 nm)
outperforming bulkier crystals (ca. 20 µm) (219). Analogously, a commercial
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ZSM-5 additive for fluid catalytic cracking containing 15 wt.% ZSM-5 (Si/Al =
50) was found to afford high acrolein yields (molar carbon yield 55–62%, con-
version >85%) at 350◦C in a moving bed reactor (Microdowner, residence time
0.5–-1.0 s) (220). With respect to that it can be inferred that two-dimensional
zeolites can be more resistant to deactivation due to much higher external
surface compared with conventional zeolites.

Nonetheless, selectivity rather than activity is crucial in this case. It was
suggested that Brønsted rather than Lewis acid sites are responsible for high
acrolein selectivity (221, 222), which can also explain the drop in acrolein
selectivity with increasing concentration of EFAL species in Ferrierite (218).
Moreover, high density of Brønsted sites has been beneficial for acrolein for-
mation when comparing different nanocrystalline HZSM-5 catalysts (Si/Al 14,
18, 65, 145, ∞) with similar crystal size (0.02–3 µm) (219). Unfortunately, it
was not possible to synthesize different ZSM-5 zeolites with identical crystal
size and Si/Al ratio varying over a wide range to enable a rigorous analysis of
the influence of Brønsted acid sites density. The strength of acid sites, deter-
mined by Hammet indicators, was correlated with the selectivity of glycerol
dehydration to acrolein (222). Catalysts having acid strength in the range
-8.2 ≤ H0 ≤ -3.0 (e.g., H-ZSM-5 or SAPO-34) exhibited the highest acrolein
selectivity (60–70%), while stronger acids (H0 ≤ -8.2, e.g., H-Beta) and weaker
acids (-3.0 ≤ H0 ≤ +6.8, e.g., siliceous SBA-15) afforded lower acrolein selectivi-
ties (40–50% and <30%, respectively) (222). The decreased acrolein selectivity
over catalysts having stronger acidity was attributed to more severe coking
(222). It should be noted that the acidity measurement by Hammet indica-
tors may underestimate the acidity of zeolites due to the rather bulky nature
of the indicators (222). From the mechanistic point of view, an FTIR study
of glycerol dehydration over ZSM-5 concluded that the hydroxyl group on the
second carbon atom was dehydrated first rather selectively (221).

In addition to frequently investigated gas-phase dehydration of glycerol,
the liquid phase reaction (250◦C, 70 bar, 20 wt.% glycerol in water) was
recently reported over a series of microporous and mesoporous catalysts by de
Oliveira et al. (225). Both catalyst acidity (the density and strength of the acid
sites) and structure determine the catalyst activity — hence, proton forms of
Beta zeolite, Mordenite, and Y zeolite exhibited the highest conversion ≥90%
after 10 h (20 mg catalyst, 20 ml aqueous glycerol solution) followed by H-
ZSM-23 (conversion ca. 80%) having, in addition to less accessible pore system
for glycerol, also a lower density of acid sites (about one third to one half of
the other zeolites) determined by TPD of ammonia. The lowest conversion,
ca. 40%, was observed for the mesoporous siliceous SBA-15 (225). Acrolein
was exclusively formed over H-Y, H-Mordenite, and H-ZSM-23. In contrast,
H-Beta yielded primarily unidentified products and hydroxyacetone (225) but
the reported differences in the strength of the acid sites (that were suggested
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by the authors to explain the differences in acrolein selectivity) do not pro-
vide a clear explanation for the observed deviation of the acrolein selectivity
over H-Beta in comparison with the other zeolites. When reused for the second
time, the conversion over all catalysts dropped to ca. 5–10% (225). A plau-
sible explanation for this decline is coke deposition. The authors concluded
that pore blockage can be expected only in the case of zeolites, particularly
ZSM-23 and Mordenite, hence the deactivation should be rather attributed to
specific adsorption of coke or its precursors on the active (Brønsted acid) sites
(225).

3.4.2. Acetalization

Apart from acrolein production, dehydration of glycerol over acidic zeolites
(H-Beta, H-Y), saponite, and mesoporous molecular sieves (MCM-41) was also
proposed to replace the traditional epichlorhydrine route to glycerol oligomers
(226). While zeolite Beta has been studied most extensively, the selectivity to
diglycerol has been improved by using MCM-41. The increase in the hydropho-
bic character of the catalysts (e.g., due to their dealumination) may affect
the interaction of glycerol with the surface and result in modified selectivity
(226). The wider range of hydrophilic-hydrophobic character of the biomass-
derived feedstocks presents thus yet another challenge to their transformation
using micro- and mesoporous solids. Optimization of the polarity/acidity of
hydrophobic zeolites has a great potential for improving the performance of
these catalysts in upgrading glycerol-water mixtures by reacting glycerol with
aldehydes to yield cyclic acetals (227).

In the presence of water (up to 31 wt.%), hydrophobic zeolite Beta was
found to be more active in acetalization of glycerol with formaldehyde than p-
toluenesulfonic acid and Amberlyst resin that were more active in absence of
water (227). For example, under comparable reaction conditions (25 mg cata-
lyst, 1.115 g CH2O, 1.220 g C3H8O3, and 100◦C) the yield of glycerol formals
was ca. 65% over zeolite Beta and only ca. 50% over Amberlyst-36. Strong
adsorption of polar products caused zeolite Beta deactivation. This can be par-
tially suppressed by appropriate solvent and modification of catalyst surface
hydrophobicity (227). For example, zeolite Beta can be synthesized in fluoride
media to obtain a catalyst having less polar surface, i.e., being more hydropho-
bic due to fewer silanol defects. This way of preparation afforded indeed a more
stable catalyst towards deactivation. As the hydrophobicity increases with the
increasing Si/Al ratio, i.e., with decreasing concentration of active sites, an
optimum between number of active sites and activity decline due to deactiva-
tion (hydrophobicity of the catalyst surface) in acetalization of glycerol with
formaldehyde was found for zeolite Beta to be at Si/Al of about 50 prepared in
fluoride media (227).
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3.4.3. Esterification

Another well-established application for glycerol is triacetin production
traditionally employing mineral acids as homogeneous catalysts. In an attempt
to use heterogeneous catalysts in esterification of glycerol by acetic acid, a
heteropoly acid (H3PMo12O40) has been encapsulated in the cages of NaUSY
zeolite and an active and stable heterogeneous catalyst was obtained (228).
The activity of NaUSY was increased up to 6 times when heteropoly acid
(HPA) was encapsulated in its cages (from ca. 3.10-3 mol/h.mcat to about 17.10-3

mol/h.mcat) and an optimum concentration of HPA was found to be in the range
0.013–0.019 gHPA/gzeolite (228). The introduction of HPA also improved the
selectivity towards acetins (sum of mono-, di-, and triacetin) to >98% from orig-
inal 90% observed for NaUSY. Moreover, the main product over HPA/NaUSY
was diacetin in contrast to monoacetin over NaUSY (228).

3.4.4. Etherification

Etherification of isobutene with glycerol is a new approach aimed at
glycerol utilization as a fuel component. Typically homogeneous catalysts, such
as p-toluenesulfonic acid, and ion-exchange resins, e.g., Amberlyst, have been
investigated. They suffer, however, from thermal stability issues (229–231).
Moreover, they can also be poisoned by typical impurities of glycerol origi-
nating from biodiesel production, i.e., methanol, salts and water (217). As an
alternative, zeolites H-Beta and H-Y were studied (230, 231). High conversions
of glycerol (>80%) were obtained over both zeolite Beta (Si/Al = 12.5) and Y
(Si/Al = 15) at 60◦C using dioxane as solvent and molar ratio of isobutylene
to glycerol equal to 4:1. The reaction proceeded significantly faster over H-
Beta (80% conversion in 60 min) than over H-Y (80% conversion in 400 min)
(230). As the formation of tri-tert-butylether is sterically hindered over Beta,
di-tert-butylether was the main product and etherification equilibrium was
reached (230). The remaining isobutylene was then consumed by the com-
peting oligomerization reaction yielding C8 olefins allowing thus the reverse
reaction (de-etherification) to take place. As a consequence, the conversion of
glycerol decreased after the initial 60 min (230). Both glycerol etherification
and isobutylene oligomerization were significantly slower over H-Y resulting
thus in higher glycerol conversion after 480 min (88.7%) and also higher yields
of di- and tri-tert-butylethers than over H-Beta (230).

A treatment of HY zeolite with citric or nitric acids (231) resulted in intro-
duction of mesoporosity and also in modification of the catalyst acidity. The
concentration of weak acid sites was lowered more extensively than the con-
centration of strong acid sites and, in some cases, the strength of the acid sites
was increased as well (231). Consequently, increased conversion and selectivity
to di-tert-butylglycerols were observed (231). A further shift enhancing yields
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of di- and tri-tert-butylglycerols (> 90 %) wasachieved with SBA-15 modified
by terminal sulfonic groups, in particular arenesulfonic groups, i.e., moderately
strong acid centers (232).

3.4.5. Aromatization

Glycidol, another industrially relevant derivative of glycerol, can be
obtained from glycerol carbonate by its conversion at 175◦C and 35 mbar
over zeolite A. Glycidol is obtained in a yield of 86% and purity of 99% (217).
In addition to applications using the high degree of glycerol functionalization
discussed so far, the use of zeolites to convert glycerol into alkylaromatics was
also proposed (224). Whereas one-dimensional zeolites (ZSM-22, Mordenite)
afforded only oxygenates, mainly acrolein and acetol, 3D zeolites (USY,
ZSM-5) yielded alkyl aromatics C8–C10 at 300–400◦C and 0.1–2 MPa (224).
Nonetheless, acrolein was the main product over all zeolites. All zeolites,
but Mordenite, had Si/Al of 40–45. Mordenite (Si/Al = 8) was partially ion-
exchanged by Na to achieve similar acid sites density to the other zeolites.
This is not easily achieved as our earlier report evidenced that Na is mainly
exchanged into 8-rings, which are not available for aromatic hydrocarbons
(233). Further increase in the yield of alkylaromatics was achieved by apply-
ing a dual bed concept, dehydration catalyst (Pd/ZnO) in the first bed and
aromatization catalyst (H-ZSM-5) in the second bed. The molar carbon yield of
aromatics increased from 21 to 35% when dual bed was used instead of ZSM-
5 (400◦C, 2 MPa, W/F = 0.5h). No aromatics were formed over the first bed
catalyst (Pd/ZnO) (224). In general, the formation of aromatics was favored by
longer contact time, higher temperature and pressure (224).

It can be seen that glycerol is a versatile feedstock that can be con-
verted over micro- and mesoporous materials to a broad spectrum of products
depending on the reaction conditions as well as catalyst functionality (in par-
ticular, acidity – type, strength; pore architecture and dimensions; polarity).
Most of the products have a high added value and can be thus considered
promising valorization alternatives for glycerol. In some cases, the transfor-
mation of glycerol over zeolites could replace the current production based
on fossil resources (e.g., acrolein production from propylene) while in other
cases it aims at new products (e.g., lactic acid/alkyl lactate production from
dihydroxyacetone and glyceraldehyde obtainable by glycerol oxidation).

3.5. Transformations of Low Molecular Weight Aldehydes and
Ketones

Biomass decomposition reactions (e.g., fast pyrolysis) yield typically low-
molecular-weight products that find direct application only with difficul-
ties. Among low-molecular-weight aldehydes and ketones, typically C1-C6

aldehydes and C3-C6 ketones are found in bio-oils, i.e., products of biomass
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fast pyrolysis. Due to their low molecular weight, simple deoxygenation is
not suitable for their valorization, e.g., as fuel components. Consequently,
condensation reactions, such as aldol condensation or Michael reaction, are
necessary to increase the molecular weight of the products and their appli-
cability either as fuel components or as specialty chemicals. Aldehyde and
ketones find a broad range of applications in fine chemicals synthesis, which is
beyond the scope of this review despite some of them are catalyzed by micro-
and mesoporous molecular sieves; for details see (30, 234–245). For more
details about heterogeneously catalyzed transformations of biomass-derived
aldehydes and ketones see the thorough review by Mäki-Arvela et al. (30).

Transformations of low molecular-weight aldehydes and ketones include
a very broad scope of reactions involving a wide variety of reactants and
products. These are typically oriented towards production of fine chemicals
and rely on dedicated resources, such as acetone or acetaldehyde produc-
tion. In contrast, biomass pyrolysis products are typically very complex
mixtures. To provide some insights in the upgrading of bio-oils or other
biomass sources of low-molecular-weight oxygenates studies using relevant
model compounds are reviewed in this chapter. The aim is to demonstrate the
possibility of bio-oil utilization by selective molecular weight increase accom-
panied by an improved stability of the product. Consequently, we focus here
solely on the conversion of: (a) short-chain aliphatic aldehydes and ketones
(i.e., formaldehyde, acetaldehyde, propionaldehyde, and acetone); (b) cyclic
aldehydes (i.e., furfural, 5-hydroxymethyl furfural); and (c) aromatic aldehydes
(benzaldehyde) being typically found in bio-oils using micro- and mesoporous
molecular sieves. Transformation of these intermediates is of the utmost
importance for efficient processing and utilization of bio-oils. Besides being
suitable candidates for valorization by condensation reactions, particularly by
aldol condensation, aldehydes and ketones were also identified as coke precur-
sors in bio-oil upgrading (246) and as fermentation inhibitors (247). Particular
attention is hence paid to aldol condensation (248–250) and to improving the
quality of bio-oils and fermentation broths (107–109, 246, 247). Another rel-
evant class of reactions, synthesis of acetals, and ketals (197, 198, 251) as
possible automotive fuel components over zeolites and mesoporous molecular
sieves was discussed above.

3.5.1. Olefins from Short Aldehydes and Ketones

Reactions of various aldehydes and ketones (e.g., acetaldehyde, acetone,
butanone) over a catalyst comprising 25 wt.% of ZSM-5 zeolite (Si/Al = 24),
bentonite (30 wt.%), and fused alumina (45 wt.%). were investigated by Gayubo
et al. at reaction temperatures 200–450◦C (107–109). Moreover, the behav-
ior of these principal intermediates in biomass pyrolysis was compared with
other important pyrolysis intermediates, namely alcohols, phenols, and acids.
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Acetaldehyde underwent polycondensation reactions in the preheating zone
(400◦C), 50% of acetaldehyde fed in the reactor formed coke even before reach-
ing the catalyst bed (108). Consequently, deep hydrotreating of bio-oil fractions
necessitates a priori removal of aldehydes either by hydrotreating under
significantly milder conditions or by physical separation to avoid extensive cat-
alyst coking. Acetone, on the other hand, yielded butenes by oligomerization
followed by dehydration and cracking. Butenes can be successively oligomer-
ized into heavier olefins (108). Alkali metal-exchanged zeolite Beta was very
recently shown to afford selectively isobutylene, the highest isobutylene yield
of 55% being obtained over K-Beta (249). The high selectivity was attributed to
low diffusion resistance to isobutylene owing to 12-ring openings and 3D archi-
tecture of zeolite Beta channels as well as to elimination of the strongest acid
sites due to ion-exchange by alkali metals. Both factors lead to suppression of
isobutylene consecutive reactions being responsible for coking (249). Ethylene,
propylene, and isobutylene have been obtained over ZSM-5 zeolites (250).
Despite having similar acidity and specific surface area, the nano-sized ZSM-5
(30–40 nm) afforded significantly more stable acetone conversion (>90% after
500 min time-on-stream, TOS) as compared with macro-sized ZSM-5 (2000 nm)
where the conversion dropped after 500 min TOS to <20%. The initial acetone
conversion was 100% for both catalysts (250). Nonetheless, larger external sur-
face and hence higher concentration of acid sites accessible on the nano-sized
ZSM-5 made more feasible the secondary reactions affording aromatics due
to reduced spatial limitations. Consequently, substantially higher C2-C4 olefin
selectivity (up to 90%) was obtained over the partially deactivated macro-sized
ZSM-5 in comparison with the nano-sized one (ca. 30%) (250). However, the
increased selectivity was a result of significantly decreased conversion (from
100% to ca. 20%) being accompanied by a substantial drop in selectivity to
aromatics (from ca. 55% at 100% conversion vs. 0% at 20% conversion). The
yield of C2-C4 olefins over the nano-sized ZSM-5 at high conversion condi-
tions (>97%) was increased from 28 to 45% as a result of deactivation of acid
sites located on the external surface by catalytic cracking of diphenylsilane.
Simultaneously, the yield of aromatics decreased from 54 to 36% (250).

Similar results to those of Tago et al. (250) were observed also for transfor-
mation of alcohols (1-propanol, 2-propanol). Propene, the primary dehydration
product, was oligomerized and partly cracked to yield C4

+ olefins (107). The
product distributions of pyrolysis oil upgraded over ZSM-5 were similar to
those obtained when pure oxygenates were transformed and coking was the
principal reason for the catalyst deactivation (109). It can be thus inferred
that high temperature (>200◦C) treatment of oxygenates present in biomass
pyrolysis oils over acidic zeolites (e.g., ZSM-5) results in severe catalyst coking,
i.e., in loss of the yield of gaseous and liquid biomass-derived carbon-containing
products. In such case, even ZSM-5 zeolite, usually the most stable against
deactivation, is not resistant against coking. To achieve maximum utilization
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of the biomass-derived carbon, low-temperature conversion processes affording
products with higher molecular weight and improved thermal stability, such as
aldol condensation, should be preferred.

3.5.2. Aldol Condensation

Aldol condensation reactions (Fig. 13), relying traditionally on the use
of a homogeneous base catalyst, such as NaOH, belong among the most
promising reactions for valorization of renewable raw materials. The increased
awareness of green chemistry principles as well as the focus on complex
conversions of biomass-derived feedstocks, such as pyrolysis oils (bio-oils),
intensified the efforts to find suitable heterogeneous catalysts for condensa-
tion reactions. In addition to typical base catalysts like various zirconia-based
catalysts (MgO-ZrO2, CexZr1-xO2) (252–254) or hydrotalcites (255, 256), also
alkali-metal forms of zeolites, usually with low Si/Al ratios (257–263), were
used.

The increasing basicity of zeolite Y (HY < NaY < KY) enhances the reac-
tion rate in the aldol condensation of n-butanal to 2-ethyl-2-hexanal reaction
(257). Moreover, the presence of both acid (weak Lewis acid) and basic sites
was important for enhancing the catalyst activity, which was evidenced by a
higher activity of alkali-cation-exchanged zeolite Y (CsNa, Na, LiNa) in com-
parison with the strongly basic MgO (257). This assumption was confirmed
by poisoning acid and basic sites by ammonia and CO2, respectively, result-
ing in reduced steady-state rate of the aldol condensation (from 1.99 x 10-4

to ca. 0.66 x 10-4 moles of formed 2-ethyl-2-hexanal per g of catalyst and
hour) (257). Cooperation between basic and acid sites was used as a plausi-
ble explanation for the enhanced performance of ZSM-5, when modified with
MgO, in formaldehyde and acetaldehyde condensation to acrolein (259). The

O
O

O
+

O O

O O O

O
+

O O
O

O OH
O

O O
O

H2

Figure 13: Schematic depiction of aldol condensation of furfural and acetone followed by
hydrogenation of reaction product over heterogeneous catalysts.
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conversion at 400◦C increased from ca. 35 to 60% with the increasing MgO
loading from 2 to 8 wt.%, but it decreased to ca. 55% when MgO loading was
increased to 10 wt.% as some of the active sites inside the porous structure of
ZSM-5 became inaccessible (259). Similar conversion as in the case of 4 wt.%
MgO/ZSM-5 was observed over MgO-loaded (4 wt.%) SiO2 and zeolite Y, but
their selectivity to acrolein was lower owing to their larger pores allowing
formation of polycondensation products (259).

Acrolein synthesis was also investigated using a series of metallosili-
calites having ZSM-5 structure containing Fe, Ga, B, and Al, introduced by
isomorphous substitution for Si. It was concluded that the catalyst activity
in aldol condensation increased with increasing concentration of accessible
Brønsted acid sites of medium strength. The selectivity, on the other hand,
increased with decreasing strength of Brønsted acid sites since strong acid
sites enhance particularly the rate of secondary reactions (260). Consequently,
conversion of acetaldehyde increased with increasing concentration of acid
sites, while coking resistance and selectivity to acrolein and crotonaldehyde
(products of aldol condensation) decreased (261). The feasibility of aldol con-
densation over acidic zeolites can be also deduced from the adsorption studies
of acetaldehyde and acetone on a ZSM-5 zeolite using FTIR spectroscopy (248,
264). Even at low partial pressures of acetaldehyde the authors observed
conversion of adsorbed acetaldehyde into crotonaldehyde (264).

In some cases the catalysts for aldol condensation were modified by noble
metals, e.g., Pd, to achieve simultaneous hydrogenation of the condensation
products (254). More frequently, however, the hydrogenation step was per-
formed over metal-supported silica-alumina catalysts or molecular sieves (e.g.,
MCM-41, H-Y) (265). Pd-modified molecular sieves yielded exclusively alkanes
while the use of other Pd-modified catalysts led solely to ketones (Pd/C) or
mixtures of ketones and alkanes (Pd/Al2O3, Pd/SiO2-Al2O3) in hydrogenation
of condensation products of 5-hydroxymethylfurfural and acetone (265). The
remarkable selectivity of Pd-modified molecular sieves can be associated with
highly dispersed Pd particles and combination of metal and acid active sites
facilitating furan ring-opening reaction.

Condensation reactions are the key to successful valorization of low-
molecular-weight products obtained typically by biomass pyrolysis. Owing to
the possibility to employ zeolites as basic catalysts and tune their basicity, they
can catalyze aldol condensation reactions. By optimizing the acido-basic prop-
erties their catalytic performance can be improved. Apart from oxygenates that
can be deoxygenated over supported noble metal catalysts (possible on a molec-
ular sieve) affording fuel-range hydrocarbons, low olefins (ethylene, propylene,
isobutylene) can be obtained as well. In this instance, the pore dimensions and
architecture play an important role, on the one hand, they impose diffusional
limitations promoting the extent of secondary reactions while on the other
hand they restrict the formation of large coke precursors. Hence, small zeolite
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crystals (i.e., short diffusional path lengths) with deactivated-blocked external
surface area (to suppress formation of coke) afford the highest selectivities.

3.6. Terpenes Transformations
Terpenes belong to a relatively small class of renewable raw materi-

als (in comparison with lignocellulose) that is denoted as “extractives,” as
they can be separated by extraction from biomass, typically plants. They are
the primary constituents of essential oils and find various applications as
fragrances. By chemical transformations (isomerization, hydrogenation, oxi-
dation) their application potential can be substantially expanded. The main
terpenes include α-pinene and β-pinene extracted from turpentine oil (a by-
product from wood pulping) and limonene originating from citrus oil (31) (for
structures of the most important terpenes, see Fig. 14). Catalytic transforma-
tions of terpenes were reviewed in detail by Swift, Ravasio et al., and Monteiro
and Veloso (266–268). Therefore, here we revisit only the principle transfor-
mation routes of terpenes over (modified) micro- and mesoporous materials
comprising isomerization of α-pinene (269–271), dehydrogenation of pinenes to

p-Cymene

α-Pinene β-Pinene

Fenchene Camphene

Terpinolene    Limonene α-Terpinene γ-Terpinene

-H2

Figure 14: Isomerization of α-pinene over acidic catalysts (270).
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p-cymene (272), alkoxylation of limonene (273), epoxidations of α-pinene and
limonene (274–276), and rearrangement of α-pinene oxide (277).

3.6.1. Isomerization

The isomerization of α-pinene (Fig. 14) is the most widely investigated
reaction of terpenes, as it affords interesting chemical intermediates, such as
camphene, limonene, terpinene, or cymenes being subsequently essential for
a number of fine chemical syntheses (29). The activity and selectivity of cata-
lysts in α-pinene isomerization are significantly influenced by the strengths
of Brønsted acid sites and their distribution originating, for instance from
the zeolite framework irregularities (269). Catalysts having the largest exter-
nal surface areas afforded the highest conversions. For example, conversion
of α-pinene in its isomerization to camphene and limonene was 7 and 99 for
zeolite Beta having Si/Al = 10 and Sext = 43 m2/g and for zeolite Beta with
Si/Al = 27, Sext = 227 m2/g, respectively (269). On the other hand, despite
their significantly larger external surface areas (Sext>700 m2/g), MCM-41 cat-
alysts (Si/Al = 12 and ∞) exhibited substantially lower conversion. Whereas
the purely siliceous MCM-41 showed a negligible conversion of α-pinene
(2.9%), the conversion of α-pinene over aluminum-containing MCM-41 (Si/Al
= 12) was nearly 45% evidencing the importance of catalyst acidity (269).
In addition to acidity, the presence of mesopores facilitating the transport of
α-pinene to active sites is important as well (269) as evidenced by low con-
versions over medium-pore ZSM-5 or one-dimensional Mordenite, i.e., zeolites
in which diffusional limitations play important role. The low conversion over
these zeolites can be related to their smaller external surface area originat-
ing probably from their larger crystal size. In this context, the performance
of faujasite and mordenite zeolites dealuminated to a different degree (dea-
lumination 20–90%) was studied (278). A combined yield of camphene and
limonene, the most desired isomerization products, was as high as 68% over
dealuminated mordenite. However, the increasing pore diameter due to exten-
sive dealumination favored formation of heavier by-products. At the same time,
an optimum dealumination was reported maximizing pinene conversion (orig-
inal mordenite Si/Al = 7, dealuminated mordenite Si/Al = 50) (278). This
demonstrates the importance of a balance between accessibility and amount
of Brønsted acid sites. Isomerization of α-pinene was also accomplished over
natural zeolites, such as clinoptilolite and montmorillonite (266).

To improve the performance of the parent zeolites (ZSM-5, ZSM-12),
desilication treatment (leading to the pore surface cleaning and to formation
of mesopores) was suggested (279). A treatment of ZSM-5 zeolite with 1.0 M
NaOH increased α-pinene conversion at 75◦C from ca. 11% to about 27%, while
the selectivity to the main products, i.e., camphene and limonene, remained
virtually unaltered (about 34% to camphene as well as limonene) (279). This
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approach based on dissolving of a part of silica domains in zeolites by basic
treatment, provides zeolites with much larger surface areas and a higher con-
centration of acid sites on the external surface (280). This will be discussed in
more detail later on in this article.

The importance of the presence of mesopores allowing for more accessi-
ble acid sites and faster diffusion was also demonstrated by the successful
application of mesoporous molecular sieves prepared by direct assembly of
nanoclustered zeolitic precursors (named MSU S(BEA)). On a series of MSU
S(BEA) catalysts with various Si/Al ratios (30–150), an influence of the con-
centration of acid sites on the catalyst activity was shown and an optimum
Si/Al ratio (Si/Al = 67) was found (271). The volcano-shaped dependence
of yield of camphene and limonene (max. 91%) as a function of the acces-
sible acid sites (determined by adsorption of 2,6-di-tert-butylpyridine) was
attributed to changes in both hydrophobicity and in concentration of acid
sites (271). While the number of acid sites increased with the increasing Al
concentration, i.e., decreasing Si/Al, the hydrophobicity decreases and con-
sequently adsorption of the non polar reactant is less favorable. Similarly,
introduction of mesopores to H-Ferrierite by its mild dealumination resulted
in an increased α-pinene conversion (from 72 to 97% after the treatment
with 0.25 M HCl). The treatment was accompanied by an increase in the
selectivity to limonene and simultaneous decrease in the selectivity to cam-
phene. The overall selectivity to these products remained virtually unaltered
(ca. 85 %) (270). However, more severe dealumination resulted in less active
catalysts due to reduction of their Brønsted acidity (270). The initial activity
of 4.28 mmolα-pinene/(gcat.min) (acidity 1.29 mmol H+/gcat) increased after the
first treatment to 5.01 mmolα-pinene/(gcat.min) (acidity 0.92 mmol H+/gcat), but
declined severely after consecutive treatments to 2.31 mmolα-pinene/(gcat.min)
after the third treatment when acidity dropped to only 0.32 mmol H+/gcat. As
expected, isomorphous substitution of Al by B, Ti, and V yielded catalysts with
insignificant activity evidencing the importance of Brønsted acid sites (281).

3.6.2. Dehydrogenation and Epoxidation

The dehydrogenation of pinenes to p-cymene, an important chemical inter-
mediate (e.g., for p-cresol production), requires the use of a bifunctional cata-
lyst. Most importantly, the strength of the acid sites needs to be carefully opti-
mized as too weak acid sites cannot open selectively the cyclobutane ring while
too strong acids sites favor side reactions (cracking, oligomerization) (272).
The metal function (e.g., Pd) controls the hydrogenation/dehydrogenation cat-
alyst activity, i.e., the yield of aromatics. The yield of aromatics increased at
complete conversion of α-pinene from 3 to 67% as a result of Pd introduction
(0.5 wt.%) on a silica support (272). Apart from various metals (Ni, Cu, Pt, Pd)
supported on alumina, silica, or active carbon (266), H-ZSM-5 was shown to
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be active in dehydrogenation of limonene to p-cymene. When promoted with
cerium (1 wt.% Pd, 2 wt.% Ce) the initial selectivity to p-cymene increased
from 17 to 50 % at complete conversion of limonene. Simultaneously, deactiva-
tion was suppressed (282). A further increase in selectivity (to 80% at complete
conversion) was obtained as a result of replacing H-ZSM-5 by its sodium form
(282).

The porous structure of highly dealuminated zeolites NaX and
NaY has been utilized to entrap homogeneous catalytic complexes
(such as (R,R)-(N,N0)-bis(3,5-di-tert-butylsalicylidene)-1,2-diphenylethylene-
1,2-diaminocobalt complex) using a “ship-in-a-bottle” synthesis approach. The
complex was synthesized in mesopores generated by the dealumination pro-
cedure and being surrounded by micropores. These catalysts were efficient
for epoxidation of α-pinene and limonene (275). The entrapment of the
organometallic complex was achieved without a significant loss of its activ-
ity and selectivity while allowing easy separation from the reaction mixture
(275). The epoxidation of α-pinene was also successfully catalyzed by Ti-Beta
(274) and Ti-MCM-41 (276). Titanium-modified mesoporous silicas (Ti-MCM-
41, Ti-HMS; Si/Ti = ca. 50) were shown to afford exclusively α-pinane oxide
in oxidation of α-pinene by t-butyl hydroxyperoxide at conversion of α-pinane
<10% (283). Upon introduction of trivalent cations like Al, B, or Fe, mild acid-
ity was introduced resulting in the formation of 1,2-pinanediol i.e., a product
of opening of the epoxy ring. Due to a mild acidity, the ring is opened selec-
tively, i.e., without promoting secondary reactions of oxidation products (283).
The method of Ti incorporation was shown to be of key importance for catalyst
activity; Ti-MCM-41 catalyst with Ti introduced during the sol-gel synthesis
had 2–10 times lower TOF (depending on the reactant) than Ti-MCM-41 where
Ti was was grafted from a titanocene solution (267). In contrast to Ti-Beta,
where epoxidation of double bond in the side chain was preferential due to
steric reasons (284), the porosity features did not have a significant influence
in the case of Ti-modified silicas (MCM-41, Aerosil, etc.) (267).

The subsequent conversion of α-pinene oxide to campholenic aldehyde,
an important fragrance precursor, is typically performed in the presence of
homogeneous Lewis acid catalysts (ZnCl2, ZnBr2 salts) (31). Homogeneous
catalyst can be replaced by solid Lewis acid catalyst, such as Ti-Beta achiev-
ing high yields (> 95 %). The excellent performance was attributed to the
presence of isolated, well-dispersed Ti sites in the silica-based zeolite support
(i.e., without any Brønsted acid sites), optimum hydrophobicity/hydropholicity,
and the transition-state shape selectivity imposed by the channel structure of
zeolite Beta (274). In fact, one pot synthesis of campholenic aldehyde from
α-pinene was addressed by Suh et al. (285, 286). The catalyst is required
to have both epoxidation as well as mild Lewis acidic functions and hence
Ti-HMS was used as a catalyst. To suppress side reactions, it is crucial
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to remove water and molecular oxygen from the reaction media and oxi-
dant (t-butyl hydroxyperoxide, TBHP) (286). For instance, in the presence of
water α-pinene is transformed primarily to verbenone (selectivity 51%) and
campholenic aldehyde (selectivity 23%) while in absence of water campholenic
aldehyde is obtained with selectivity of 82% at 350 K and 1:1 molar ratio of
α-pinene to TBHP (285).

3.6.3. Alkoxylation and Hydration

In addition to oxidation and isomerization, alkoxylation and hydration of
terpenes over large-pore zeolite catalysts (H-Beta, H-Y, H-Mordenite) provid-
ing some flavor and fragrance intermediates was reported (273, 287). In the
alkoxylation of limonene and α-pinene, H-Beta was found more active and
selective catalyst than H-Mordenite and H-Y, which was attributed to its
suitable acid sites and pore size and shape (273). Zeolite H-Beta prepared
by fluoride-mediated synthesis (Si/Al = 15–>10 000) exhibited less inter-
nal defects (silanol groups) than base-mediated synthesis (Si/Al = 7.5–40).
A more hydrophobic character of H-Beta zeolite provided higher yields of
dihydromyrcenol from dihydromyrcene over several zeolites Beta with differ-
ent Si/Al ratios. An optimum Si/Al ratio equal to 27 for Beta synthesized in
fluoride media exhibiting the highest yield (59%) of the desired product (at
nearly 100% selectivity) was reported as well (287). Hence, this is an exam-
ple where the zeolite hydrophobicity determines the catalytic performance.
Last but not least, immobilized Grubbs catalysts on mesoporous SBA-15 and
MCM-41 exhibit a high activity and selectivity in metathesis of citronellene
(288).

The potential of terpenes consists particularly of their valorization as raw
materials for fine chemicals syntheses. Several aspects pertaining to molecular
sieves, namely structure, acid sites (type, strength, concentrations) and surface
polarity, are essential for successful application of molecular sieves in these
transformations as high selectivity is of utmost importance in contrast to, e.g.,
triglyceride transformations.

4. MICROPOROUS AND MESOPOROUS MATERIALS IN BIOMASS
UPGRADING

In previous sections of this article it was evidenced that different types of
zeolites and mesoporous materials exhibit interesting catalytic activities and
selectivities in various reaction of biomass upgrading. This part addresses
briefly the main properties of different micro- and mesoporous molecular
sieves, the catalytic behavior of which was already discussed. In addition,
their future potential is provided based on the analysis of their chemical and
structural features.
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Table 4: Structure characteristics of some zeolites relevant to the transformations of
biomass.

Zeolite IZA Code
Channel

dimensionality Channel type
Pore dimensions

(nm)

Beta BEA 3D 12 0.76 x 0.64
12 0.55 x 0.55

L LTL 1D 12 0.71
Mordenite MOR 1D 12 0.70 x 0.67
MCM-22a MWW 3D 10 0.55 x 0.40
SSZ-33 3D 12-12-10 0.64 x 0.70

0.70 x 0.59
0.51 x 0.45

Yb FAU 3D 12 0.74
ZSM-5 MFI 3D 10 0.53 x 0.56

10 0.51 x 0.55
ZSM-11 MEL 3D 10 0.53 x 0.54
ZSM-12 MTW 1D 12 0.55 x 0.59
ZSM-22 TON 1D 10 0.44 x 0.55

aTwo independent channel systems, one possessing large cavities with 12- ring pockets on the
“external” surface with dimensions 0.71 x 0.71 nm.
bCavities in the channel intersection.

Zeolites as crystalline microporous aluminosilicates are the most impor-
tant group of industrial heterogeneous catalysts with applications ranging
from refining and petrochemistry up to environmental catalysis and synthe-
sis of fine chemicals (289). About 200 different structural types of zeolites have
been recognized differing in the size, shape and connectivity of their chan-
nels exhibiting from 8 to 30-rings (290–292). Some structural characteristics of
zeolites relevant to biomass upgrading are given in Table 4. The size of zeolite
channel entrances is critical for application of zeolites in catalysis, particu-
larly in shape-selective one, but still it did not overcome substantially 1 nm.
The tailored control of textural and chemical properties of zeolites remains a
big challenge. To enhance the application potential of zeolites for transforma-
tions of bulky substrates, including biomass, different approaches have been
investigated in recent years (decades). In principle, three procedures were
developed and each of them will be briefly commented now: (a) synthesis of
two-dimensional (2D) zeolites either directly or post-synthesis by transforma-
tion of 3D to 2D structures (118, 293–295); (b) micro-mesoporous materials
(hierarchical systems) prepared by different direct or post-synthesis methods
(101, 296–298); and (c) purely mesoporous materials (144, 299–303). Each of
these synthetic approaches provides porous materials with enhanced diffusion
properties differing in acidic character, however, no shape-selective behavior
can be expected.

Zeolites as crystalline microporous materials exhibit various pore
architectures starting from 8-rings up to recently identified 30-ring channels.
Schemes of the most frequently used zeolites for transformations of biomass
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Figure 15: Schemes of the structures of zeolites ZSM-5, Beta, Mordenite, and Y (color figure
available online).

are given in Fig. 15. Particularly, with increasing pore size, these are less and
less spherical and can be elliptical or with even more complicated shapes (290).
This makes the evaluation of the accessibility of acid sites much more com-
plex, especially for large organic substrates. Generally, the activity of zeolites
increases with increasing size of the pores and their dimensionality, although
some exceptions have also been described (298).

Most of reactions described in this contribution are acid catalyzed reac-
tions. The acidic features of zeolites stem from the presence of three-valent
aluminum atoms (generally, three-valent heteroatoms, e.g., Fe, Ga, B) in the
aluminosilicate frameworks. When the negative charge of the framework is
compensated by protons, Brønsted acid sites are formed. Depending on the
structure and chemical composition (variation of Si/Al or replacement of Al
by B, Fe, Ga), the strength of acid sites can be adjusted for a particular cat-
alytic reaction. Si/Al ratio can be changed from low values (Si/Al equal to
1 is the limiting value due to the Lowenstein rule) up to infinity (Si/Al = ∞).
Decreasing concentration of aluminum in the framework results in a lower
amount of acid sites, as well as in a higher hydrophobicity of the zeolite.
By optimizing concentration of acid sites and hydrophobicity of the zeolite,
tuning of catalytic properties can be performed. In addition to Brønsted sites
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(protons located in bridging Si-OH-Al groups), Lewis acid sites can be also
present being associated with another coordination of aluminum or extra-
framework aluminum species (304, 305). The concentrations of individual
Brønsted and Lewis acid sites depend on the structural type of zeolite, syn-
thesis conditions and post-synthesis treatment. Particularly, at temperatures
above 500◦C, dehydroxylation proceeds easily leading to the formation of Lewis
acid sites.

While zeolites impose sterical restrictions on bulky organic molecules due
to the size of their channel openings, catalysts exhibiting zeolite properties
can be applied as well if the reaction can proceed on the external surfaces
of zeolite crystals. This can be achieved by decreasing crystal size of zeolites
leading to nanocrystals or with zeolites having high aspect ratio obtained
by direct synthesis (e.g., MCM-22) (306). As the most striking feature of
zeolite synthesis, it was observed that although zeolites are generally crys-
talline materials with three-dimensional (3D) ordering of their structures,
some zeolites are synthesized via layered precursors (159, 307–309). The
precursor is either further transformed into 3D zeolites via post-synthesis
treatment or to delaminated, pillared or stabilized forms (160). The synthe-
sis of zeolite lamellar precursors opens new possibilities to tailor the textural
features of zeolites in a broad range. As a further step in designing new zeolite
materials in contrast to accidental findings of 2D zeolitic precursors is the
synthesis of 2D (lamellar, single-nanosheet) ZSM-5 zeolites using designed
structure-directing agents by Ryoo and coworkers (294, 295, 310, 311). This
approach represents a real breakthrough in the synthesis of lamellar (single
nano-layers) providing a high application potential for catalysis and transfor-
mation or formation of bulky organic molecules. When forming layered zeolites
with fully (delaminated materials) or partly separated (pillared) layers, these
materials can exhibit micro-meso porosity (hierarchic systems, e.g., MCM-36
(307)) or just mesoporosity (compact zeolitic layers without any micropores,
e.g., ITQ-6 with ferrierite layers (312)). For application in catalysis, both
microporous and particularly mesoporous systems can be applied depending
on the size/shape of reactant molecules. For transformation of bulky com-
pounds, active sites located on the external surface or, in other words, on
the zeolitic layers are responsible for their catalytic activities. There are few
examples showing higher resistance to coke formation when compared with
conventional zeolites (311). The acid sites are again of Brønsted and Lewis
type as in conventional zeolites. In addition, external surface of zeolite layers
is rich in silanol groups. They are usually almost neutral but can contribute
to adsorption of reactants of products if not to the reaction. Recently, it was
shown for the first time that zeolite UTL can be transformed from 3D structure
to 2D layer system by treatment in water/acid conditions with preservation of
the structure of UTL layers (Fig. 16; (161)). synthesis opens new opportunities
for the future synthesis of wide variety of 2D zeolites having different acidic
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Biomass Transformations Using Molecular Sieves 53

Figure 16: Scheme of post-synthesis transformation of 3D structure of zeolite UTL to 2D systems
including stabilized (IPC-2) and pillared (IPC-1PI) materials (color figure available online).

properties. It is evident that zeolitic layers will not work as traditional shape
selective catalysts but their primary application will be in bulky chemicals
synthesis/transformation.

Another approach to overcome the limitations imposed by small channel
entrances of zeolites with preservation of their chemical properties is based on
direct or post-synthesis treatments resulting in the formation of mesopores.
Zeolites combining micropores with mesopores are usually called hierarchic
materials. Two particular methods were developed: (a) direct synthesis with a
secondary template (inducing mesoporosity) (313, 314) and (b) post-synthesis
treatment leading to a partial destruction of the crystals by selective removal
of some building units (280, 315). The first procedure uses, e.g., carbon black
particles as “secondary templates” in the synthesis mixture together with a
template for the synthesis of zeolite. As a result, the individual particles are
partly or completely covered by the zeolitic structure as evidenced by 3D TEM
images. Calcination removes the template and carbon particles opening both
micropores and mesopores inside the crystals and enlarging the external sur-
face. Mesopores are accidentally distributed throughout individual crystals
depending on the homogeneity of the reaction mixture. The second approach
stems from the fact that silicate materials dissolve under basic conditions.
Under optimized conditions (pH, temperature, concentration, time), a part of
silicate framework is dissolved forming mesopores. This is general procedure
as documented by a number of zeolite structural types investigated up-to-date,
including zeolites ZSM-5, ZSM-12, mordenite, Beta, SSZ-35, ZSM-22, etc.; for
complete list of zeolites, see (316). There is a clear distinction between the
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role of micro- and mesopores in catalytic reactions. Each porosity level in
the hierarchical structure exhibits complementary task: while the micropores
hold catalytically active sites, the access to the pores is facilitated mesopores.
Addition of mesopores to the zeolite crystals also has other important effects:
(a) due to a decrease in the diffusion pathways in the micropores, shape
selectivity is usually diminished (298); or (b) much larger external surface is
formed, which can lead to a high activity for reactions of bulky substrates or
leading to bulky products not penetrating into/being formed in the micropore
system of zeolites (317). In a similar way to 2D zeolites, acid sites in hierarchic
zeolites are located both in the micropores as well as on the external sur-
face, substantially enlarged by the presence of mesopores (surface roughness).
In such a case, acid sites in micropores are catalytically active for trans-
formations of small reactants with enhanced transport through mesopores,
or acid sites on the external surface catalyze reaction of bulky substrates.
It should be noted that both Brønsted and Lewis acid sites are involved in these
reactions.

Finally, catalytic behavior of mesoporous molecular sieves is discussed as
well. In contrast to conventional, 2D or hierarchic zeolites, mesoporous molec-
ular sieves are of amorphous character exhibiting predominantly only Lewis
acid sites. This makes them usually less active, particularly for those reactions
requiring Brønsted acid sites (303). The first mesoporous molecular sieves
were synthesized after 1990 like MCM-41 and MCM-48 (299, 318) as sili-
cates or aluminosilicates, shortly followed by mesoporous aluminas (144) and
other chemical compositions and structures (319–321). Recently, significant
advances have been achieved in the synthesis of mesoporous molecular sieves,
particularly related to the enlargement of the pore diameters. Group of Ryoo
described the facile synthesis route to the MCM-48-like ordered mesoporous
silicas with pores ranging from 4–12 nm by controlling the amounts of butanol
and silica source in the synthesis mixture (322). In addition, Cao with cowork-
ers (323) succeeded in enlargement of the pores of SBA-15 from 10 to 26 nm by
optimizing of solubilization of swelling agents in micellar solution. Such large
pore sizes enable the diffusion of bulky substrates, even some bio-related com-
pounds to the inner surface of mesoporous molecular sieves. For the catalytic
purposes, mesoporous catalysts with a narrow pore size distribution and highly
acidic accessible surface (preferentially of Brønsted type) are highly demand-
ing. Synthetic approaches including recrystallization of amorphous pore walls
(324) or using nanozeolitic particles as building blocks being organized into
mesoporous structure with an interesting potential for catalytic applications
(101, 325, 326) were proposed but optimization of their properties is still
needed.

There is no doubt about a high practical potential and economic viability
of most of molecular sieves briefly discussed here. Their main advantages for
catalytic applications in biomass transformations are:
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• high thermal and hydrothermal stability of zeolites and their related
analogs, being higher than those of mesoporous molecular sieves;

• increased accessibility of active sites in mesoporous, two-dimensional, and
hierarchic zeolites than over conventional 3D zeolites;

• tailored acidity of Brønsted and Lewis acid sites in zeolites, 2D, and hierar-
chical systems, while mainly Lewis acid sites are available in mesoporous
catalysts.

Although not discussed in detail, all these catalysts are easily regenerated
usually without a significant loss in their activity.

Some more general conclusions about the applicability of molecular sieves
(all types discussed in this section) can be drawn when considering the
most important characteristics of these materials with regard to the trans-
formations of different biomass-derived raw materials. Location, type, and
accessibility of active sites are of critical importance for molecular sieves to
operate as active catalysts. There is a clear limitation as for the channel
entrances to the zeolite systems. Thus, only molecules with kinetic diameters
smaller than entrance windows (reactant shape-selectivity) can be trans-
formed. Thus, the reactant shape selectivity can be used advantageously when
transforming primary (cracking) products of biomass upgrading by selective
deoxygenation/dehydration of sugars or phenolics, aromatization of sugars
or triglycerides, and condensation/aromatization of short aldehydes, ketones,
and acids present typically in bio-oils. In addition, glycerol and terpenes
have an easy access to internal channel structure of zeolites. Glycerol can
be converted by dehydration or aromatization relying on the product shape
selectivity in the latter case. Terpenes can undergo isomerization, epoxidation,
and dehydrogenation inside zeolite channels and transition-shape and product
selectivity might improve overall transformation selectivity.

As soon as more bulky molecules need to be upgraded, mesoporous molec-
ular sieves or two-dimensional zeolites are primary candidates. While pore
dimensions of mesoporous catalysts can again be theoretically a limiting factor,
particularly in the case of lignocellulosic biomass and its main constituents,
the accessibility of active sites on “flat” surfaces of two-dimensional zeolites
should be advantageous. Of course, when treating bulky molecules, reacting
part of the molecule needs to access intimately the active site. Thus, con-
finement effect in the structure of mesoporous molecular sieves might play
a significant role. Thus, for reactions like triglycerides deoxygenation or crack-
ing or oligosaccharides dehydration or cracking, mesoporous molecular sieves
or two-dimensional zeolites should be preferred. Having said this, one has
to consider also the local arrangement of these catalysts. While active sites
in two-dimensional zeolites will be mostly located on the external surface
(or close to it, e.g., in cups of MCM-22 zeolite), mesoporous catalysts like
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SBA-15 exhibit substantial “surface roughness.” In such case, the accessibil-
ity for bulky molecules can be hindered as well and not due to slow diffusion
in the mesopores. In contrast, the walls of MCM-41 do not exhibit “sur-
face roughness” and could be favorable for reactions of substrates smaller
than 4–5 nm. On the other hand, the “surface roughness” could be benefi-
cial for stabilizing supported metal (or other active) clusters that provide, e.g.,
hydrogenation/dehydrogenation functionality.

The type of acidity can also be important for the course of the reaction.
While Brønsted sites are highly advantageous for most of acid catalyzed reac-
tions, Lewis sites are very efficient for particular reactions requiring electron
donor-acceptor interaction. The type of acidity together with the concentra-
tion and strength of the acid sites influences significantly or even determines
the characted of guest-host interaction (i.e., reactant-zeolite/molecular sieve
interaction). Brønsted sites and their concentration and strength are essential
not only for cracking reactions. With repect to biomass-derived feedstocks they
play a vital role especially in dehydration reactions (e.g., glycerol to acrolein
conversion or glucose to aromatics). Depending on the type of the desired
product, a short contact time, i.e., short diffusion path length (e.g., in case
of acrolein formation), or bifunctional catalysts, i.e., metal clusters accompa-
nying the Brønsted sites (e.g., to improve catalyst stability by suppressing
carbonaceous deposits formation) may be necessary to improve the catalytic
performance. Lewis acid sites introduced typically by incorporation of Ti or Sn
are key to successful oxidation as demonstrated by the example of terpenes
epoxidation and glucose oxidation or to isomerization of sugar solutions in
aqueous phase. The power of tunability of acidic properties can be evidenced
by the example of transformation of trioses into alkyl lactates where concerted
action of Brønsted sites (dehydration) and Lewis sites (alkylation) is crucial.

5. CONCLUSIONS AND OUTLOOK

Biomass-derived feedstocks will inevitably find a prominent place among
resources for the chemical industry as they are the only renewable source
of carbon on the Earth. The current prognoses suggest that a significant
part of our predicted consumption of energy resources can be derived from
biomass sustainably. Owing to the scattered nature and diversity of biomass
raw materials, energy, and raw material efficient processes will be necessary
to maximize the potential of the new raw material basis for sustainable devel-
opment of the chemical industry. Learning from the previous experience, one
has to recognize the indispensable role of heterogeneous catalysis in maximiz-
ing the material and energy utilization of petroleum. As a consequence, we
still have time ahead of us when we can use this very convenient, but finite,
energy resource and develop processes for utilization of novel energy resources,
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such as biomass. In a similar way, we can expect that heterogeneous catalysts,
and particularly those based on molecular sieves, will play a dominant role in
efficient biomass transformation.

Molecular sieves are a very broad class of catalytically active materi-
als. Owing to their unique nature they can be “shaped” in many different
ways to catalyze a multitude of desired/desirable biomass transformations
with the maximum thermodynamically feasible efficiency. Among the many
exclusive features of micro- and mesoporous materials, two stand out, namely
pore architecture (including pore dimensions, pore connectivity, and inter-
nal and external specific surface area) and acidity/basicity (more preciously
strength, density, and location of the sites, and type of the sites: acidic/basic,
Lewis/Brønsted). In addition to the wide variability of materials obtainable
by direct synthesis, the as-synthesized materials can be modified by differ-
ent post-synthetic treatments modifying their primary properties as well as
adding new functionalities.

The main challenge, typical for any catalytic process development, is
matching the catalyst properties with those of feedstocks and products so that
the maximum energy and material efficiency are achieved. Biomass transfor-
mations include conversion of a broad range of chemical species of varying
sizes; the common feature of most of these being a high content of chem-
ically bound oxygen. Obviously, the accessibility of the active sites by the
reactants is essential and modern methodologies enhancing the molecular
transport to and from active sites are employed. Apart from the widely used
post-synthetic modifications leading to mesoporosity in microporous molecu-
lar sieves, mesoporous materials have been developed as well. Nonetheless,
the concentration and strength of the active (acidic) sites in these materials
is generally low limiting their applicability. Consequently, the attention can
be expected to turn more-and-more to the recently discovered 2D zeolites that
could bring a breakthrough as they combine easy accessibility of active sites
while allowing for adjusting their concentration and strength over a rather
wide span.

Microporosity will, nonetheless, remain a key parameter for many appli-
cations relying on shape selectivity. In biomass transformations, particularly
product and transition-state shape selectivity preventing formation of coke
precursors inside the pore system leading to rapid deactivation/blockage of
active sites are of a high importance due to the instability of many reaction
intermediates in biomass reactions. In a nutshell, the tunable pore size and
architecture of micro- and mesoporous materials offers wide range of possibil-
ities for conversion of various biomass-derived feedstocks. It can be concluded,
based on the examples discussed above, that the rational design of these
catalysts, controlling molecular traffic as well as limiting undesired trans-
formations and catalyst deactivations, form a corner stone of robust catalysts
development.
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Physico-chemical properties of molecular sieves predetermine the guest-
host (i.e., reactant-zeolite) interactions and are hence crucial for application of
molecular sieves as catalysts. Acidity (Brønsted or Lewis) plays a vital role in
many transformations of biomass-derived feedstocks and it can be designed for
specific applications. Not only the type of acid sites, but also their strength and
concentration can be varied by selection of: (a) the zeolite type (structure); (b)
zeolite chemical composition (typically Si/Al ratio); (c) synthesis and activation
(calcination) procedure; and (d) post-synthesis treatments and modifications.
This versatility and adjustability of molecular sieves properties makes them
strong candidates for successful transformation of various biomass-derived
feedstocks despite the many challenges lying ahead. In brief, the physico-
chemical character of molecular sieves can be designed to provide properties
that are essential for particular chemical reaction to take place: catalysts con-
taining solely Brønsted or Lewis acid sites with different density of these sites
can be prepared. Their strength can be varied as well, but it is more challeng-
ing as it depends on the structure of the material as well. Moreover, synthesis
or post-synthetic modifications allow modifying molecular sieves to contain
basic cations and metallic (hydrogenation/dehydrogenation) sites and to have
different hydrophobic/hydrophilic character.
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64 D. Kubička et al.

[95] Stefanidis, S.; Nitsos, C.; Kalogiannis, K.; Iliopoulou, E.; Lappas, A.;
Triantafyllidis, K. Catalytic Upgrading of Lignocellulosic Biomass Pyrolysis
Vapours: Effect of Hydrothermal Pre-Treatment of Biomass. Catal. Today 2011,
167(1), 37–45

[96] Adam, J.; Antonakou, E.; Lappas, A.; Stöcker, M.; Nilsen, M.; Bouzga, A.; Hustad,
J.; Oye, G. In situ Catalytic Upgrading of Biomass Derived Fast Pyrolysis Vapours
in a Fixed Bed Reactor using Mesoporous Materials. Micropor. Mesopor. Mat.
2006, 96(1–3), 93–101.

[97] Antonakou, E.; Lappas, A.; Nilsen, M.; Bouzga, A.; Stöcker, M. Evaluation of
Various Types of Al-MCM-41 Materials as Catalysts in Biomass Pyrolysis for the
Production of Bio-Fuels and Chemicals. Fuel 2006, 85(14–15), 2202–2212.

[98] Iliopoulou, E.; Antonakou, E.V.; Karakoulia, S.; Vasalos, I.; Lappas, A.;
Triantafyllidis, K. Catalytic Conversion of Biomass Pyrolysis Products by
Mesoporous Materials: Effect of Steam Stability and Acidity of Al-MCM-
41 Catalysts. Chem. Eng. J. 2007, 134, 51–57.
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72 D. Kubička et al.

of Glycerol and Glycerol-Water Mixtures Through Formation of Cyclic Acetals. J.
Catal. 2010, 271(2), 351–357.

[228] Ferreira, P.; Fonseca, I.; Ramos, A.; Vital, J.; Castanheiro, J. Esterification of
Glycerol with Acetic Acid over Dodecamolybdophosphoric Acid Encaged in USY
Zeolite. Catal. Commun. 2009, 10(5), 481–484.
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Keywords:

a  b  s  t  r  a  c  t

New  technologies  ensuring  the  production  of valuable  products  from  renewable  raw materials  would
greatly  benefit  our  society  by satisfying  the  ever-growing  needs  while  reducing  environmentally  harm
ful  waste  and  emissions.  The  present  paper  reviews  the  possibilities  of  microporous  and  mesoporou
materials  as catalysts  in conversion  of  biomass-derived  raw  materials.  Proven  industrial  application
from  the  refining  and  petrochemical  sector  are  used  as the  basis  for discussing  the  potential  of  new
renewable-raw-materials-based  processes.  The  examples  of  different  studies  on the  applicability  of zeo
Zeolites
Molecular sieves
Biomass
Triglycerides
Sugars
Cracking
Isomerization

lites  as catalysts  in  processes  requiring  splitting  or formation  of carbon–carbon  bond,  isomerization,
deoxygenation  (including  dehydration),  etc.  are  given.  The  perspectives  of  the application  of  zeolites
for  the  valorization  of  biomass  are  evaluated  and  several  challenges  are  generalized,  aiming  at  a  better
understanding  of  the  relationship  between  physical  and  chemical  properties  of microporous  materials
and  their  behavior  in the  transformation  of  biomass-derived  feedstocks.
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1. Introduction

Zeolites possess an array of unique properties that turned

enhancing significantly the raw material efficiency and increasing
dramatically the environmental acceptability of these large-scale
industrial processes.
them into a crucial class of industrial adsorbents and heteroge-
neous catalysts [1,2]. Apart from their widespread use in various
adsorption and separation applications, such as desiccants [3], air
separation [4] or separation of iso-paraffins from n-paraffins [5],
they revolutionized the refining and petrochemical industry by
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ART - 03
The  industrial success of zeolites has inspired intensive inves
tigations leading to discovery of new structures and to bette
understanding of their functionalities and the relations between
synthesis and zeolite properties [6–8], on the one hand, and

between zeolite properties and their catalytic performance, on
the other hand. As a result, more than 200 structures have been
described up to date and new synthesis strategies have been
demonstrated, including 2D zeolites, hierarchical zeolites to name
a few [9–12], expanding the zeolite base to an unprecedented

1/13

dx.doi.org/10.1016/j.cattod.2014.07.043
dx.doi.org/10.1016/j.cattod.2014.07.043
http://www.sciencedirect.com/science/journal/09205861
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
http://www.elsevier.com/locate/cattod
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cattod.2014.07.043&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cattod.2014.07.043&domain=pdf
mailto:david.kubicka@vuanch.cz
mailto:david.kubicka@vuanch.cz
dx.doi.org/10.1016/j.cattod.2014.07.043
dx.doi.org/10.1016/j.cattod.2014.07.043


alysis 

ma
ind
tur

cra
ve
to 

un
It w
tri
Ea
for
zeo
for
im
ces

sil
dio
bio
its
ch
res
in 

tio
can
tio
int
it 

sie
ag

len
an
ma
de
the
cu
wi
ple
zeo
ies
the
rou
to 

rea
res
or 

ific
Fin
ize
for
ind

2. 

fic
the
in 

aci
so 

the

ica

[A
ato
to 

12
ing
arc
str
tur
ge
us
tal
(po
the
sp
low
the
po
ze
an

ria
sel
ba
ins
no
an
for
lea
ica
for
be
rel
the
sh

wh
ze
ca
pr
fun
lite
int
ca
red
fun
Ob
the
hig
ca
Si/
als
rat
alu
in 

str
en
tra
the
Br
the
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gnitude [13,14]. Despite the enormous effort, the number of
ustrially applied zeolites remains limited to a handful of struc-
es [15,16].
The  first milestone, i.e. development of the fluid catalytic
cking (FCC) process relying on the use of zeolites to con-

rt extensively the atmospheric crude oil distillation residue
automotive fuel components, contributed to and at that time
imaginable growth in transport that continues to current days.

as followed by severe negative impact of the expanding indus-
al activities on the environment and thus life quality on the
rth. The increased public awareness resulted in strong demand

 environmentally friendly processes, the second milestone, and
lites made it possible by replacing homogeneous catalysts used

 alkylation reactions and increasing the raw material efficiency,
proving the product quality and facilitating separation pro-
ses.
In the recent years, the issue of the vast dependence on fos-

 resources including their sustainability and the related carbon
xide emissions has become the focal concern of our time. As
mass is the only renewable source of carbon (apart from CO2),

 sustainable utilization is crucial for addressing the current
allenge of replacing to the maximum possible extent the fossil
ources used by the chemical industry by renewable ones. While
the energy sector and to a limited extent also in the transporta-
n sector renewable electricity sources, e.g. solar or wind energy,

 be employed, most of the chemical industry and transporta-
n fuels production have to rely on biomass utilization. Taking
o account the historical developments in petroleum processing,
can be anticipated that zeolites, or more generally molecular
ves, have the potential to play “the game-changing role” once
ain [17].
The  goal of this paper is to identify the opportunities and chal-
ges for application of zeolites in transformation of biomass

d biomass-derived feedstocks. Due to the vast possibilities and
ny review papers as well as a high number of particular studies

voted to biomass transformations, we have decided to approach
 topic from a yet different perspective. The paper will dis-

ss at first briefly the key properties of zeolites that made their
despread use possible and connect them to particular exam-
s of industrial processes. Once the link between properties of
lites and industrial processes is established, relevant case stud-

 will be described/analyzed focusing on the analogy between
 petrochemical processes and possible biomass transformation
tes. The case studies will reflect the applicability of zeolites

processes requiring carbon–carbon bond splitting, formation or
rrangement, i.e. cracking, alkylation or skeletal isomerization,
pectively, as well as to processes relying on functionalization
defunctionalization that include, for instance, oxidation, ester-
ation or deoxygenation (including dehydration), respectively.
ally, the particular opportunities and challenges will be general-
d to provide a broader perspective of the application of zeolites

 valorization of biomass and its possible impact on the chemical
ustry.

Key properties of zeolites and molecular sieves

The vast variety of synthesis routes and post-synthesis modi-
ations applicable to zeolites and molecular sieves, in general, is

 key to creation of catalytic materials with an enormous variety
their properties encompassing structural, textural, chemical and

do-basic properties. The possibility to tune up zeolite properties
that they match the needs of the chemical transformations is at

 heart of their industrial success.
Zeolites can be described as microporous crystalline aluminosil-
tes. The zeolite structure consists of interconnected SiO4 and

of 

Be
po
or 
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lO4]− tetrahedra (the central atom of a tetrahedron is called a T-
m). The immense number of the tetrahedra connections leading

formation of (i) pores having different dimensions (e.g. 8-, 10- or
-ring channels, i.e. having 8, 10 or 12 T-atoms in the ring defin-

 the pore), (ii) intersecting pores and thus 1D, 2D or 3D pore
hitecture and (iii) cavities is the origin of the wide variety of
uctures (>200) known today. The synthesis of a particular struc-
e is determined by the specific synthesis conditions (synthesis

l composition, pH, temperature, etc.) and, in some cases, the
e of structure directing agents. The stability of the zeolite crys-
line structures limits the size (diameter) of the zeolite channels
res) to less than 1 nm (14-ring channels). As a consequence of
ir ordered microporous structure, zeolites have relatively large

ecific surface areas, typically in the range 300–800 m2/g. It fol-
s that they can accommodate large number of molecules on
ir surface provided these molecules can penetrate the zeolite

rous structure. Moreover, the basic structural characteristics of
olites provide them with two  salient features—shape selectivity
d acidity—that widely determine their practical application.
The  commeasurable size of the zeolite channels and raw mate-
ls, reaction intermediates and/or products is the origin of shape
ectivity of zeolites. There are commonly distinguished three
sic scenarios—(i) smaller reactants can reach the active sites
ide zeolites pores and be transformed while the larger ones can-
t (reactant shape selectivity), (ii) smaller products can be formed
d diffuse out of the pores while the larger ones are either not
med or diffuse very slowly and are converted before they can
ve the pores (product shape selectivity) and (iii) due to the ster-
l restrictions inside zeolite pores some transition states can be
med while others cannot and thus only the former products can

 produced (transition-state shape selectivity). The size of biomass
ated feedstocks will often be of the same order of magnitude as

 size of zeolite channels and thus it has to be anticipated that
ape selectivity and diffusion will play an important role.
The  difference in valence of the T atoms—silicon is tetravalent
ile aluminum only trivalent—introduces a negative charge to the

olite framework that needs to be compensated by a cation. The
tion is exchangeable, i.e. this is the origin of the ion-exchange
operties of zeolites that makes it possible to introduce various

ctionalities to the framework. Alkali metals provide the zeo-
 with basic properties, while their replacement with protons
roduces Brønsted acidity to zeolites. Moreover, the ion exchange

n be used to introduce metal cations (e.g. Cu or Pt) that after
uction will afford a bifunctional catalyst possessing an acidic
ction (the proton) and a hydrogenation component (the metal).
viously, the acido-basic character of zeolites is closely related to
ir chemical composition, i.e. the more framework Al atoms the
her concentration of Brønsted acid sites. Traditionally, zeolites

n be depending on their structure synthesized in a wide range of
Al ratios, i.e. in a wide range of concentration of acid sites. It has
o to be noted that not all aluminum atoms are typically incorpo-
ed in the zeolite structures and the so-called extra-framework
minum (EFAL) species are present that introduce Lewis acidity

zeolites.
Unlike mineral acids that have well-defined uniform acidity, the
ength of the acid sites in zeolites is determined by the local
vironment in zeolites, i.e. on the type of T atom, its concen-
tion, local geometry (e.g. Si O T angle) and the distribution of

 T atom in the framework [18,19]. For instance, the strength of
ønsted acid sites is the highest when the next nearest T atoms to

 Al T-atom are Si atoms [20]. The presence of EFAL in the vicinity

Brønsted acid sites also affects the strength of these sites [21].
sides the adjustment of Si/Al ratio during the synthesis, various
st-synthesis treatments, particularly dealumination by steaming
acid leaching, are often used to either adjust the Si/Al ratio out-
e the range attainable by direct synthesis or to remove EFAL to
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improve the accessibility of active sites in the pores [22–26]. More-
over, dealumination or desilication treatments are also applied to
create mesoporosity in zeolite crystal and thus enhance mass trans-
fer [27–29]. The acidity can be also varied by using another T-atom
instead of Al. Consequently, catalysts (i) having reduced acid sites
strengths (e.g. boro- or gallosilicates, silicoaluminophosphates), (ii)
containing exclusively Lewis acid sites (e.g. stannosilicates) or (iii)
being neutral/non-acidic (silicates or germano- and titanosilicates)
can be synthesized [30–33].

The accessibility of active (acid) sites is due to the rather
bulky nature of many biomass-derived feedstocks, such as tri-
glycerides, disaccharides, etc., together with their relatively high
reactivity in comparison with petroleum-derived feedstocks, a
key challenge for biomass transformations. Thus, new strategies
are being intensively sought. Among them two are of particular
interest—hierarchical (micro/mesoporous) materials and delami-
nated (2D) zeolites [34–39]. In both cases, the strategy relies on
maintaining the acid sites of the original zeolite, however in the
former case the zeolite structure is incorporated in a mesoporous
one decreasing thus the diffusion lengths in the zeolite while in the
latter case the external surface containing the acid sites is maxi-
mized maximizing thus the accessibility of the active sites.

A  specific characteristic of zeolites important for biomass-
related conversions is the hydrophobicity/hydrophilicity of zeolite
surface that may  affect some of the biomass transformation routes
due to inhibition/competing adsorption effects [40–42].

The  zeolite properties, as listed here, can be affected strongly by
the reaction media. Apart from coking, the effect of steam or hot
liquid water on zeolites and their properties is a key factor which
has to be taken into account when considering biomass transforma-
tions as these can take place in aqueous media. The interaction of
zeolite catalysts with hot aqueous medium occurs also in different
refining and petrochemical processes, such as oxidative regen-
eration of zeolites where catalysts are exposed to water vapors
formed as a result of the burning of carbonaceous deposits. In the
presence of steam, a ratio between intra-framework (InAl) and
extra-framework (ExAl) Al atoms, i.e. between Brønsted and Lewis
acid sites can change [43]. In its turn, the presence of ExAl species
leads to improved hydrothermal stability of zeolite, increased Lewis
acidity and thus changes in catalytic activity, etc. Examples of
petrochemical processes with water as one of the reaction prod-
ucts include methanol-to-olefins, methanol-to-gasoline as wel
as the upgrading of products obtained during Fischer–Tropsch
synthesis. The hydrothermal stability of zeolites is of particular
importance when changing from fossil feedstocks (with zero-to-
low water content) to non-petroleum, biomass-derived feedstocks
(with low-to-medium-to-high water content). However, in con-
trast to the considerable number of publications on hydrotherma
stability in the presence of steam, the number of studies deal-
ing with the behavior of zeolites in hot liquid water is limited
[43–46].

Ravenelle et al. [43] studied the stability of zeolites in hot liquid
water and found that ZSM-5 was stable up to 200 ◦C independent
of its Si/Al ratio, whereas various zeolite Y samples were degraded
to a level that depended on their Si/Al ratio. It was stated that
the degradation of Y zeolites by condensed water mostly occurs
through hydrolysis of Si O Si bonds rather than dealumination
which is the dominant degradation pathway under steaming condi-
tions. Hydrolysis leads to the formation of an amorphous material
and this process tends to increase with increasing Si/Al ratio, thus
being the opposite of the stability of zeolites against steaming. Lutz

et al. [45] investigated the treatment of various zeolites with liq-
uid water up to T = 240 ◦C and showed that MFI  and MOR  materials
were relatively stable under such treatment, while FAU and BEA
underwent strong decomposition. These examples prove the exist-
ence of a problem in maintaining the properties of zeolites in hot
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aqueous medium which should be considered when developing
new processes using water-rich feedstocks.

A way to solve this problem was  proposed by Resasco et al
[46] who  were using hydrophobic zeolites as catalysts for reac-
tions in hot aqueous media. The hydrophobic barrier necessary to
prevent the contact of the zeolite with the liquid water was formed
by silylation of the zeolite with organosilanes. The hydrophobicity
increased without significantly reducing the density of acid sites. As
a  result, while at 200 ◦C the crystalline structure of an untreated HY
zeolite collapses after a few hours of contact with aqueous medium
the functionalized hydrophobic zeolites kept their structure practi-
cally unaltered. Another approach to improving the hydrothermal
stability of zeolites has been proposed in [44]. In this work, the layer
which protects zeolite against water under hydrothermal condi-
tions was generated by ‘alkaline’ or ‘acid’ alumination with sodium
aluminosilicate or hydroxo-oxo-aluminum cations, correspond-
ingly. The formed surface layer blocked the terminal OH groups and
the energy-rich Si O Si bonds on the crystal surface, where the
water molecules attack the zeolite framework. It may  be assumed
that the development of new processes based on the use of water-
rich feedstocks, including those derived from biomass, would give
additional impulse to studies aiming to improve hydrothermal sta-
bility of zeolite catalysts.

The  in-situ change of the zeolite properties, e.g. due to aqueous
media, has to be taken into account when determining and inter-
preting the physicochemical properties of zeolites. For instance
Lewis acid sites can be formed due to dehydration of Brønsted
acid sites. Consequently, the ratio between those two  types of acid
sites may  be different under working catalyst conditions from that
determined by FTIR of adsorbed pyridine which is preceded by
high-temperature pretreatment (favoring surface dehydration).

3. Case studies

It  is obvious that zeolites and molecular sieves, in general, offer
an array of useful properties that can be adjusted to particular needs
of a wide range of chemical reactions. The tunable acidic properties
together with controllable porosity (including shape selectivity)
made zeolites the catalyst of choice for carbon–carbon bond
rearrangements. The key applications are catalytic cracking and
hydrocracking that allow reducing the molecular weight of heavy
petroleum fractions and thus increasing their application range and
value. As the key biomass constituents are high-molecular-weight
materials, such as vegetable oils or disaccharides, or polymers
i.e. cellulose, hemicelluloses and lignin, the primary objective for
their valorization is the reduction of their molecular mass. By
analogy, catalytic cracking or hydrocracking are the industrially
mature technologies to be applied and their possibilities in biomass
upgrading will be explored below for catalytic cracking and hydro-
cracking of triglycerides and catalytic pyrolysis of biomass.

Another class of important carbon–carbon bonds rearrange-
ments are isomerization reactions, such as n-alkanes to iso-alkanes
isomerization to improve, depending on the feedstock, octane
number or cold-flow properties of automotive fuels, or isomeri-
zation of xylenes to deviate from thermodynamic equilibrium and
maximize the yield of the most valuable p-xylene. In both cases
shape selectivity of zeolites plays an important role as it permits
targeted formation of the desired products while avoiding forma-
tion of the undesired ones, e.g. due to cracking. Apart from the
pore-size constraint leading to shape selectivity, fine tuning of
acid sites distribution and strength is paramount to minimize the

undesirable isomerization on the external surface and excessive
cracking. From biomass perspective, isomerization is the key to val-
orizing n-alkane-rich fractions from triglycerides deoxygenation as
well as to facilitating sugar transformations yielding either fructose
from glucose or rare sugars as it will be shown here.
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Finally, zeolites can be used also for formation of carbon–carbon
nds, typically by alkylation of aromatics. This approach could

 used for the transformations of aromatics and phenols obtain-
le from lignin conversion. As the application of these principles
biomass-derived aromatics is rather straightforward, we shall
us on other type of carbon–carbon forming reactions, namely
densations that are together with acylation reactions being

reasingly investigated and even industrially used in the syn-
sis of fine chemicals [47]. These reactions involve often the use

oxygenated (polar) compounds and are thus very valuable for
monstrating the effect of other characteristics of zeolites, such
hydrophilic/hydrophobic properties, that are highly pertinent
biomass related transformations. Nonetheless, the acido-basic
d textural properties will continue to be of prime importance
ich will be demonstrated on the example of aldol condensation
t represents both a petrochemical synthesis (of fine chemicals)
well as transformation of bio-based raw materials to, e.g. fuel

ponents.
In addition to carbon–carbon bond rearrangements, zeolites

 important catalysts for functionalization/defunctionalization
raw materials that include oxidation and deoxygenation reac-
ns, in particular. Titanosilicates are very important industrial
idation catalysts affording epoxides. Evidently, structural prop-
ies and the incorporation of titanium are the key aspects. With
pect to biomass, olefinic raw materials, such as triglycerides or

 corresponding acids and terpenes, are the relevant feedstocks.
art from these, a specific class of zeolite-based catalysts contain-

 exclusively Lewis acid sites will be included here as they have
own an interesting potential in conversion of sugars and lactic
d (methyl lactate).
In  the following text, the selected case studies are described in

tail demonstrating the potential of zeolites/molecular sieves in
h particular area.

.  Catalytic cracking

Fluid  catalytic cracking (FCC) is the largest catalytic process and
s the reason for zeolite Y being the most produced and consumed
lite in catalytic applications worldwide accounting for 95% of

 tonnage of zeolite catalysts [48]. The catalyst used in FCC has
olved in a very complex catalyst in which ultra-stabilized zeolite

USY) plays an essential role though it makes up only between

 and 40% of the final catalyst. The remainder consists of the cat-
tically active matrix (composed of amorphous aluminosilicate
d binder) and an array of additives aimed, e.g. at boosting gaso-
e octane number (using ZSM-5 zeolite) or trapping NOx and SOx

a b
de
lim
Th
riz

. 1. A simplified scheme of the main reaction paths in transformation of triglycerides into
 hydrodecarboxylation, (4) decarbonylation, (5) cracking/catalytic cracking [17]. Reprinte
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issions during continuous catalyst regeneration [5]. The main
e of the matrix is to pre-crack bulky feedstock molecules into
ermediates that can reach the highly active acid sites located
the pores of zeolite USY, the key active component of the FCC
talyst.
Acid sites density and strength are the key properties of USY

olite used in FCC catalysts as they determine the products yields
d quality, e.g. gasoline octane number, as well as coke formation.
th parameters depend on the Si/Al ratio. The maximum cracking
tivity was  reported for Si/Al ratio in the range 5–8 at which all
mework Al atoms are isolated [49]. In addition to acidic prop-
ies, the textural properties play an important role. Apart from

 molecular sieving effect of the matrix as well as USY and ZSM-5
t governs the product distribution and makes possible its adjust-
nt, e.g. between gasoline and propylene, the USY mesoporosity

d the presence of extra-framework aluminum (EFAL) species
ginating from the dealumination process were shown to affect

 cracking performance significantly [50]. Moreover, dealumina-
n by steaming provides the catalyst with sufficient hydrothermal
bility that is crucial for its regenerability.
The bulky nature of many biomass feedstocks makes the use
cracking catalysts attractive for molecular weight reduction. In
dition to carbon–carbon bond cracking which is almost exclu-
e reaction in petroleum feedstock cracking, the splitting of

rbon–oxygen bonds plays an important role in upgrading of
mass feedstocks. Since carbon–oxygen bonds are weaker than

rbon–carbon bonds, a lower strength and density of acid sites
ould be sufficient to achieve desired conversion of biomass feed-
cks, i.e. to avoid over-cracking and the related excess formation
gaseous products. It also follows that the hierarchical porous
ucture of FCC catalysts can be advantageous as it will allow con-
lling the molecular traffic. This is particularly valid for cracking
triglycerides, while in the case of lignocellulosic biomass crack-
, catalytic cracking has to be preceded by thermal degradation of

 polymers, i.e. lignin, cellulose and hemicelluloses, as the poly-
rs cannot reach the catalyst active sites. It has been proposed to

mbine the thermal and catalytic steps and the process is called
talytic pyrolysis.
Catalytic cracking of triglycerides as an alternative process to
ir direct deoxygenation has the advantage of being accom-

shed in the absence of hydrogen. On the other hand, it results in

road spectrum of products ranging from gases to carbonaceous
posits and the yield of the desired products is thus significantly
ited in comparison to hydrogen-consuming deoxygenation [51].

e different alternatives of triglycerides upgrading are summa-
ed in Fig. 1 [17]. An extensive review on the possibilities of the

 biofuels via catalytic processes: (1) transesterification, (2) hydrodeoxygenation,
d by permission of Taylor & Francis LLC (http://www.tandfonline.com).
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transformation of biomass-derived feedstocks using conventiona
refinery processes, including the FCC process, has been reported by
Huber and Corma [52].

It  was shown that structural and textural properties of acidic
zeolites affected their activity and selectivity in alkane cracking
[53,54]. Recent studies show that the same characteristics also
introduce a significant impact on the behavior of zeolites in the
deoxygenation of triglycerides and carboxylic acids. Zeolites of dif-
ferent structural types, mesoporous materials and their composites
were used as objects of these studies [55–58]. Main products of
catalytic cracking of vegetable oils are hydrocarbon gases gaso-
line fraction (mostly aromatics) and diesel, and the ratio between
them depends on the physicochemical characteristics of applied
materials.

However, the studies using the industrial equilibrium FCC cat-
alysts are the most interesting ones from the application point of
view. It has been demonstrated that addition of triglycerides (veg-
etable oils or animal fats) into vacuum gas oil (VGO) shifts the
product distribution towards lighter products, i.e. gaseous prod-
ucts (typically C3 and C4 fraction) and gasoline [59–62]. Oxygen
was released in the form of water and to a minor extent also CO
and CO2. Only traces of oxygenates were detected in the liquid
products [60,61]. It was established that the naturally occurring
contaminant of triglycerides, such as calcium and phosphorus, have
a pronounced negative impact on the catalyst activity [60].

Apart  from the commercial FCC catalysts, neat zeolites have
been investigated extensively for catalytic cracking of triglyceri-
des to provide fundamental insights into the role of acidity and
structural properties as well as the impact of feedstock structure
For instance, Černý  et al. have reported that over USY catalyst
under MAT  conditions (MAT = micro-activity test standardized for
FCC catalysts evaluation), both the degree of unsaturation and the
nature of the carbon–oxygen bond are essential for the final product
distribution [63]. Most interestingly, fatty alcohols afforded bet-
ter yields of the valuable iso-alkanes in the gasoline product than
fatty acids and triglycerides. Moreover, triglycerides yielded more
condensation products which was attributed to their thermal pre-
cracking and the increased degree of unsaturation of the feedstock
resulted in enhanced formation of aromatics [63].

In  an attempt to understand the effect of zeolite structure
a comparison of catalytic properties of MFI, BEA and FAU was
performed in the conversion of canola oil [58]. Hence, zeolite
samples with similar SiO2/Al2O3 ratios were consciously chosen
to give a clearer indication of the effect of the zeolite structure
and the density of acid sites on the cracking products. For gaseous
hydrocarbons, the structural type of zeolite determined not only
the yield of gaseous products, which decreased in the following
order: BEA > FAU > MFI, but also the composition of obtained
hydrocarbons. MFI, the zeolite with 10-ring pores, produced the
most C3 molecules, while BEA with 12-ring pores produced the
most C4, and FAU, also with 12-ring pore mouths but including
large cages, produced the most C5 [58]. The yield of organic
liquid product decreased in the following order: MFI > BEA > FAU
Cracking of canola oil over 10-membered ring MFI produced
predominantly gasoline which mostly consisted of aromatics [58]
Between the two  12-membered ring zeolites BEA produced slightly
more aromatics than FAU at the studied reaction temperatures
The influence of SiO2/Al2O3 ratio on the behavior of catalysts was
also studied for BEA zeolite. The increase of SiO2/Al2O3 from 25
to 300 increased the yield of gasoline range products but did not
result in the growth of aromatics yield giving maximal value at

SiO2/Al2O3 = 50 [58]. Differences in the yield and composition
of the liquid products the authors explained by shape selective
processes which proceeded inside zeolitic pore structure. The
structural type of zeolites also affects the formation of coke in
the catalysts. Upon completion of the reaction, MFI  showed a

ART - 03
sis Today 243 (2015) 10–22

significantly  lower coke amount in catalyst than the 12-ring
materials BEA and FAU due to the difference in the pore size. The
difference in the coke amount in 12-ring zeolites, BEA and FAU, the
authors explained by the presence of the FAU supercages with a
free diameter about 25% larger than the free diameter of the pores
This cage allowed more room for condensation and polymeriza-
tion which results in even more coke. The same condensation and
polymerization mechanism to coke formation was also consistent
with lower coke yields on materials with higher SiO2/Al2O3 ratios
which were observed on both BEA and FAU materials.

Similar results were obtained by other authors when studying
the conversion of ginger oil over MFI, BEA and FAU [64]. MFI  zeolites
consistently produced the highest gasoline fraction yields, while
FAU catalysts generally performed poorly in gasoline yield. On the
other hand, FAU and BEA catalysts produced more coke than MFI
what was  attributed to the possibility for multiple molecules to
condensate inside porous space of zeolites. Moreover, coke forma-
tion was facilitated by supercages present in FAU structure; in these
supercages, molecules larger than the pore mouth can form and
thus remain trapped in the cage. Hence zeolites that favor coke for-
mation are less suitable as liquid yields are targeted. Zeolites with
low SiO2/Al2O3 ratios and having pore structures which reduce
interactions of multiple molecules were favored. FAU, widely used
in fluid catalytic cracking processes, gave poor yields of liquids from
ginger oil and was basically unsuitable for this process. MFI  gave
the highest liquid yield but also produced the highest yield of ben-
zene which is undesirable for gasoline. However, if aromatics for
renewable petrochemicals would be the goal, MFI  appears the clear
choice. Finally, high SiO2/Al2O3 BEA was a good choice for high
liquid yields for fuels where benzene is undesired.

Further improvement in the properties of catalysts for cracking
of plant oils is possible if using composite materials. Twaiq et al. [65]
reported cracking reactions of palm oil over a composite material
containing zeolite ZSM-5 and mesoporous molecular sieve which
was prepared by coating ZSM-5 crystals with a layer of mesoporous
molecular sieve. The catalytic performance of the prepared sam-
ples in the palm oil conversion was  compared with those obtained
from pure HZSM-5 and MCM-41 materials. Palm oil conversion of
80–100 wt%  and yield of gasoline fraction of 38–47 wt% (mostly
aromatics) were obtained from the composite catalysts which was
superior in comparison with HZSM-5 and MCM-41. Similarly, other
composite catalysts, such as BEA-MCM-41 were reported to outper-
form both the zeolite and the mesoporous material [57,65,66].

Biomass  pyrolysis has been proposed as the key conversion
technology for solid biomass upgrading as it allows increasing the
energy density of biomass, for instance from ca. 2 GJ/m3 to ca
25 GJ/m3 in the case of straw pyrolysis [67] and making trans-
port and further processing of biomass more economical than
the alternative technologies of gasification and hydrolysis [68]
Nonetheless, the main targeted product of biomass pyrolysis, i.e
bio-oil, is very difficult to process/upgrade due to its very complex
composition with high content of oxygenates, low stability and
high acidity and water content [69]. As a result, suitable upgrad-
ing technologies are sought. Catalytic pyrolysis has been suggested
as a viable technology as it allows improving the properties of
the bio-oil by increasing its energy value, decreasing its acidity
and improving its stability [69]. Generally two approaches are
considered, catalytic treatment of the vapors originating from ther-
mal  pyrolysis and the use of a catalyst directly in the pyrolysis
process instead of an inert heat carrier [69–71]. The catalysts of
choice for the upgrading are typically zeolites or molecular sieves

[17,69–71] since they possess modifiable acidity and large surface
areas allowing rather efficient dehydration/deoxygenation of the
vapors. Moreover, catalytic pyrolysis with catalysts mixed directly
with finely grinded lignocellulosic biomass has been demonstrated
already at an industrial scale by Kior [69,72]. When looking at the
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cess, it is obvious that it is a modification of the fluidized cat-
tic cracking discussed above. The most widely studied zeolites
lude FAU, i.e. the key component of commercial FCC catalysts,

d MFI  that is used as an additive boosting the production of aro-
tics and light olefins [69,71].
The investigations of the catalytic pyrolysis have been usually

rformed in fluidized or fixed bed setup in the first stage (pyroly-
/thermal cracking stage) followed by catalytic upgrading of the
rolysis vapors in the second stage in a fixed-bed reactor with
ction temperatures in the range 400–550 ◦C [73–78]. The prod-

ts consisted mainly of gaseous products (yielded typically in the
ge 30–50%), whereas the yields of the desired liquid bio-oil were
ited to 5–20% [73–78]. Significant amounts of carbon (20–50%)
m the feed are converted into carbonaceous deposits or char
sing fast deactivation of the catalysts [73–78]. The structure

zeolites, in particular, the pore size and connectivity have been
wn to affect the coking; the use of FAU zeolite resulted in more
nounced catalyst coking in comparison with MFI  zeolite (19
12%) [79]. Similar dependency, i.e. amount of coke decreasing
the order 3D-12 ring zeolites (FAU, BEA) > 1D 12 ring zeolites
OR) > 3D-10 ring zeolites (MFI, FER) has been reported by other
thors [73,74]. Strong Brønsted acidity has been linked with the

erior deoxygenation activity of zeolite with BEA structure [79].
as to be noted that a rigorous comparison of the results of the
alytic pyrolysis experiments is virtually impossible as (i) dif-
ent experimental setups are used (often based on the so-called
cropyrolysis unit designed a GC utility) that are characterized by
ferent heat and mass transport parameters that are of utmost
portance for the pyrolysis course, (ii) different catalysts with a
ited amount of characterization data are used (only some of the

lowing important characteristics, i.e. concentration of acid sites,
ir accessibility, strength and type are reported) not allowing
wing unambiguous conclusions about the relationship between
alyst properties and performance and (iii) the experimental
ditions (e.g. temperature, contact time, biomass particle size,
mass feedstock, etc.) differ over a rather wide range making it
s difficult to interpret the experimental data.
The group of Huber has focused on the investigation of glu-
e and cellobiose (i.e. sugar representing cellulose, the most

undant component of lignocellulosic biomass) as well as other
mass-derived oxygenates (xylitol and furan) under fast pyrol-
s conditions using various zeolites [80–83] in addition to their
dies using lignocellulosic biomass [84,85]. In accordance with
er findings, the catalyst selected for most of their investigations
s MFI  in proton form and modified [82,83]. When reviewing the

rformance of 13 zeolite structures, MFI  was found to afford sig-
cantly more aromatics (35%) than the other zeolites; the second
hest yield of aromatics was 25% over ZSM-11. Both of these zeo-
s have pore openings of 5.5 Å. On the other hand, large pore
lites (pore openings >6 Å, e.g. BEA, FAU) or zeolites with pore

enings <5 Å (e.g. FER) were found to yield <5% aromatics [82].
is clearly evidences the importance of the shape selectivity on
mation aromatics, as the yield of coke was 30 and 45% for MFI
d ZSM-11, while it was >60% for the large pore zeolites [82]. It
s suggested that the coke is formed via furan intermediates (i.e.

hydration products) of oligomeric nature that decompose ulti-
tely to coke [81]. Fast heating rates and high catalyst to feed
ios were thus proposed, in addition to the proper catalyst struc-
e selection, as the key parameters allowing minimizing the coke
mation [80]. These results were, however, achieved using a spe-
l pyroprobe that allows high heating rates (1000 ◦C/s) and with

h catalyst-to-feed ratios (>10) that would be difficult to achieve

a real industrial process.
Recently, Rezai et al. [86] reviewed the production of aromat-

 and olefins by catalytic cracking of biomass-derived oxygenates
ng acidic and metal-modified zeolites as catalysts. They
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ncluded  that the major challenge is to restrict the main compet-
 reaction, i.e. coking, and that the key characteristics of the crack-
 catalysts determining the product distribution include their
dity and structural features (pore size and shape, and crystal size)
]. For further development they recommend to (i) increase con-
t of/retain hydrogen in the hydrocarbon products (by supplying

drogen donors/promote decarboxylation over dehydration), (ii)
ntrol the accessibility of zeolite pores (by controlling the size
d shape of the pores), (iii) optimize catalyst acidity, i.e. the type,
ncentration and strength of acid sites and (iv) fundamental inves-
ation of the relationship between acidity and pore structure [86].

. Hydrocracking/hydroisomerization

Conventional hydrocracking and hydroisomerization catalysts
resent bifunctional systems in which metal component is
ponsible for hydrogenation/dehydrogenation stages and acidic

mponent carries out the isomerization of intermediate carbe-
m cations and their cracking producing fragments with lower
lecular weight. Hydrotreatment catalysts with the only metal

mponent, such as sulfided CoMo, NiMo, NiW on alumina or Pd/C,
ccessfully participate in the deoxygenation of triglycerides by

 reactions which include hydrogenation, decarboxylation and
carbonylation [51]. The main reaction pathways are depicted in
. 1. As the result of these reactions, the formation of diesel hydro-
bon fraction which consists primarily of n-C15 to n-C18 alkanes
es place. However, these mono-functional catalysts are inactive
the following isomerization of n-alkanes due to the absence of
rong) acid sites. Obviously, the addition of acidic component into
alytic material with hydrogenating properties should result in

 further transformation of n-alkanes obtained, thereby chang-
 the composition of the reaction products. This would be a
ect parallel with the commercial dewaxing via hydroisomeriza-
n of n-alkanes to isoalkanes that relies on the use of bifunctional
alysts, such as Pt/ZSM-22, Pt/ZSM-23 or Pt/SAPO-11, allow-

 isomerization restricted to mono- and di-branched products
–90]. However, to date the amount of work aimed for one-step

droconversion of plant oils in the presence of bifunctional zeolite
alyst is rather limited.
In  an attempt to develop a bifunctional catalyst, the influence
adding BEA zeolite (0–30%) to conventional NiMo/�-Al2O3 was
died for hydroprocessing of mixtures of sunflower oil and a
aight run gas oil [91]. The increasing content of zeolite in the
alyst resulted in enhanced conversion of the feed. The authors

ggested that this result confirmed the role of the zeolite in
 conversion of the oil molecules. However, C17–C18 n-alkanes
re the main reaction products of oil hydroconversion, which
icates that the catalyst cannot be denoted as a bifunctional

e. The absence of hydrocarbons with lower molecular weight
d C17–C18 isoalkanes in reaction products was attributed to a
t hydrogenation of the intermediate olefins [91]. Consequently,

 olefins could not reach the acid sites, either due to the dis-
lance between the two functions or rather due to too large
tance between the metallic and acidic sites, as balance between
th functions and their proximity are the key parameters of
unctional catalysts [92–95].
The effect of different active sites and supports on the properties

NiMo/�-Al2O3, Pt/H-Y and Pt/HZSM-5 in the hydroconversion of
eseed oil was  investigated in [96]. Both zeolite catalysts showed
h activity in the conversion of the feedstock under the selected
ction conditions. The hydrotreating of rapeseed oil on Pt/H-ZSM-

roduced a higher yield of gasoline (C5–C12 fraction) than diesel
3–C22 fraction). The higher production of cracked products with

 10-ring zeolite suggested that the acid sites of Pt/H-ZSM-5
 stronger than those of Pt/H-Y. The milder acidity of the Pt-

 catalyst led to a larger production of green diesel than green
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gasoline. Nevertheless, compared with the yield of diesel obtained
over NiMo/Al2O3 the yield of green diesel over Pt/zeolite catalysts
was low. The acid sites of zeolites favored the production of iso-
paraffins, which are desirable for the diesel to have a low pour point
indicating the bifunctional character of the catalysts.

Hierarchical mesoporous zeolites were studied in the hydro-
conversion of triglycerides and free fatty acids obtained from algae
and Jatropha seeds to produce jet fuel (kerosene) range hydro-
carbons [97]. Based on the screening of various mesoporous and
microporous supports, it was concluded that a mesoporous molec-
ular sieve support is necessary to obtain high and stable activity
along with high yield of isomerized product. Besides, with the right
balance of acid sites and hydrogenation–dehydrogenation sites
it might be possible to improve the yield as well as the isom-
erization selectivity. When converting triglycerides, a specially
prepared catalyst with Ni–W phase loaded on acidic ZSM-5 sup-
port with hierarchical structure and intra-crystalline mesoporosity
yielded 40–45% C9–C15 hydrocarbons and high isomerization
selectivity (iso/n-alkanes = 2–6). Further, when using a hierarchi-
cal mesoporous ZSM-5 with higher acidity, larger surface area
but lower zeolitic crystallinity, the jet range hydrocarbons yield
reached 54% with moderately high isomerization selectivity (iso/n-
alkanes = 2.6). The authors attributed the high yield and selectivity
to the desired balance between the hydrogenation and cracking
functionalities of the catalyst [97].

It is generally accepted that hydroconversion of long-chain n-
alkanes over bifunctional catalysts proceeds with high selectivity
towards isomerization route if a microporous material possessing
specific structural characteristics, namely a one-dimensional pore
system with pore size of 0.5–0.6 nm is used as acidic component
[98–100]. Examples of such microporous systems include ZSM-22
and ZSM-23 zeolites as well as substituted microporous alu-
minophosphates, especially SAPO-11. The latter material exhibits a
high efficiency for the isomerization of n-paraffins (waxes) at high
conversion with little cracking [98,101]. By using Pt/SAPO-11 the
Blechner Center has developed a novel process which produces
high-quality green diesel fuel from vegetable and animal oil in one
stage [102–105]. The authors of this process claimed that, after
150 h of TOS, i.e. under pseudo-steady-state operation, the cata-
lyst ensured not only feed hydrodeoxygenation and isomerization
of n-alkanes but also produced naphthenes and aromatics in par-
allel with the other reactions. As a result, a superior renewable
diesel called Isodiesel was produced from animal and vegetable oils
in a one-stage process. The total duration of the catalytic exper-
iment was 650 h, during which a reaction product characterized
by cetane index of >65, oxidation stability of 0.3 mg/100 mL,  cloud
point of −6 ◦C and high-frequency reciprocating rig (HFRR) lubricity
of <300 lm was produced [105].

A one-step hydrotreatment of vegetable oil combining deoxy-
genation and isomerization to directly produce low cloud point
high-quality diesel was also reported by Wang et al. [106]. In this
study SAPO-11 and ZSM-22 were used as acidic carriers for the
preparation of bifunctional Pt-containing catalysts. Over these cat-
alysts, 100% conversion of soybean oil was obtained with tota
selectivity to alkanes of 100% while selectivity to isomeric com-
pounds was 63%.

The  properties of Pt/SAPO-11 catalysts in the hydroconversion
of plant oils to isomeric alkanes depend not only on the nature
of applied metal and the structural characteristics of microporous
component. Chen et al. showed [107] the influence of Si/Al ratio
in SAPO-11 and Pt loading on the behavior of Pt/SAPO-11 in the

hydroconversion of Jatropha oil. The growth of Si content in SAPO-
11 resulted in the increase of the number of medium acidic sites,
what, in turn, enhanced the isomerization activity of the catalysts.
Over catalyst with the optimal Si content (Si/Al = 0.4), the complete
conversion of triglycerides was achieved with different Pt loadings,
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and  the highest ratio of iso-C15–18/n-C15–18 was nearly 22 when
using 3 wt% Pt/SAPO-11. It was  also shown that deoxygenation
isomerization and cracking reactions were strongly dependent on
Pt loading; when the Pt loading was  increased, the isomerization
and cracking activities of Pt/SAPO-11 catalyst were enhanced sig-
nificantly.

Bifunctional catalysts with the composition other than Pt/SAPO-
11 can be used for the selective production of iso-alkanes from
triglycerides. Hydroconversion of sunflower oil over Pd/SAPO-
31 revealed prospects of this catalytic system for the one-stage
hydroconversion of vegetable oil to produce hydrocarbon-based
biodiesel with improved low-temperature properties [108]. At
optimal reaction conditions and the initial time of the pro-
cess (TOS = 2 h), triglycerides conversion was  100% and the
i-(C17 + C18)/n-(C17 + C18) ratio exceeded 10. As the duration of
the experiment increased, the activity of the catalyst gradually
decreased what was manifested in a decline in the content of iso-
meric reaction products. The comparison of the physicochemical
properties of fresh and used catalysts showed that the degrada-
tion of the catalytic properties of Pd/SAPO-31 could be generally
attributed to a decrease in Pd dispersion. The authors suggested that
low Pd dispersion not only decreased the activity of the bifunctional
catalyst in hydrocarbons isomerization, but might also result in
incomplete conversion of intermediate oxygenated products which
blocked acidic sites of SAPO-31. Indeed, it was shown that the
increase of Pt content in Pt/SAPO-31 substantially increased the
duration of the stable activity of the catalyst in hydroconversion of
sunflower oil simultaneously keeping high selectivity to n-alkanes
isomerization [109].

Unlike  isomerization of hydrocarbons that necessitates the
use of bifunctional catalyst, such as metal-modified zeolites dis-
cussed above, isomerization of sugars can be accomplished by
the use of acidic catalysts alone. As glucose is the most abun-
dant monosaccharide, its efficient utilization/valorization is of
paramount importance. A key route to value-added products is
the dehydration of glucose to 5-hydroxymethyl furfural (HMF)
that serves as a platform chemical for many applications, e.g. lev-
ulinic acid, dihydroxymethylfuran, dimethylfuran, etc. [110]. A
basic scheme of these transformations is shown in Fig. 2. Sim-
ilarly, xylose obtainable from hemicelluloses can be dehydrated
to furfural, another platform molecule. It has been demonstrated
that conversion of fructose to HMF  is significantly more facile than
that of glucose [111,112]. Hence, glucose to fructose isomerization
is essential for efficient glucose transformation to HMF. Various
zeolites have been shown to be active as isomerization catalysts
[111,113]. It was  shown that water has an inhibiting effect on the
isomerization reaction over zeolites, and methanol was  recom-
mended as the most suitable solvent due to the easiest formation
of alkylfructoside (in comparison with other alcohols) that allowed
for the highest yields of fructose after fructoside hydrolysis [113]
Both zeolite structure and acidity were seen to have an impact on
glucose conversion. Due to limited pore dimensions, MFI  zeolites
yielded only small amounts of fructose (<10%) regardless their Si/Al
ratio. Similarly, MOR  afforded also limited yields of fructose and no
fructoside. On the other hand, FAU and BEA structures yielded sig-
nificant amounts of fructose and methylfructoside that approached
the equilibrium value of 55% [113]. It was clearly seen that high con-
centration of acid sites was beneficial as with the increasing Si/Al
ratio the yields of fructose and methylfructoside decreased [113]
The isomerization results also indicated that the optimum ratio
between Brønsted and Lewis acid sites (ca. 2) was crucial for obtain-

ing near-equilibrium fructose yields due to efficient hydrolysis of
the methylfructoside intermediate [113,114].

In addition to zeolites, Sn-BEA was demonstrated to be an
effective isomerization catalyst during conversion of hexoses
and pentoses to lactic acid [115,116]. At 100 ◦C, equilibrium
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. 2. An overview of the transformation pathways for upgrading of sugar-based feed

tribution among aldoses and ketoses was achieved for various
ars including glucose and xylose. It can thus be inferred that

-BEA could be the catalyst of choice to produce rare sugars, e.g.
ose or xylulose from xylose, for special applications [115,116].

.  Fine chemicals synthesis—condensation reactions

The condensation reactions are important reactions in synthetic
anic chemistry for the lengthening the backbone of resulting
lecules. Generally such kind of the reactions may  occur in acidic
basic medium, and catalytic functions of acid and base have

en well established [117]. Catalysts such as sodium hydroxide
sulfuric acid in the liquid phase are used commonly in industry
8], but these processes introduce a lot of disadvantages, i.e.
rosion of equipment, safety and environmental problems,

plex separation scheme, etc. Therefore, the solid acid and basic
terogeneous catalysts as potential catalysts for condensation of
ferent organic molecules have attracted attention during past
cades [119,120]. Zeolites have been demonstrated to be suitable
alysts for many pharmaceutical, such as synthesis of Ibuprofen
Naproxen [47,121–123] and fine chemical applications, such as
rious fragrances and flavors [47,124]. Among these, the synthe-

 of acetanisole and acetoveratrole have been commercialized
ng BEA and FAU zeolites, respectively [125,126]. In addition to

ventional zeolites, including BEA, FAU, MOR  and MFI  used in
bon–carbon-bond forming reactions, Ti-BEA and Sn-BEA have

en demonstrated to be efficient isomerization (e.g. alpha-pinene
merization) and oxidation (Baeyer-Villiger oxidation using

is acid catalysts), respectively [127–129]. The potential of

of 

ca
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s, including isomerization, dehydration and retro-aldol condensation reactions.

se catalysts in biomass transformations will be discussed in the
xt case study.
Biomass-derived feedstocks, particularly those originating from

llulose and hemicelluloses, consist typically of C5 and C6
lecules with carbonyl and hydroxyl groups. Their reactivity can

 used for their further valorization in condensation reactions. In
t, should the goal be the production of automotive fuel compo-
nts, an increase of the molecular mass through carbon–carbon
nd formation is necessary. Considering the chemical structure
the biomass-related feedstocks, aldol condensation could be an
cient reaction pathway to increase the molecular mass effi-
ntly. Aldol condensation, among other types of similar reactions,

oceeds as a cross-condensation between two molecules of differ-
t aldehydes or ketones, or as self-condensation between two  of

 same aldehyde or ketone molecules having �-hydrogen atoms
7,130,131]. The acid-catalyzed C C bond formation occurs via

 initial keto–enol tautomerization of alkanal (or alkanone) to
m the conjugate enol. The sequential nucleophilic attack of the
ha carbon in enol to the protonated carbonyl group of alkanal

 alkanone) creates an inter-molecular C C bond, thus lengthen-
 the carbon backbone and forming a beta-hydroxy alkanal (or
anone), also known as an aldol. The base-catalyzed C C bond
mation involves the formation of a resonance-stabilized eno-
e and its sequential nucleophilic attack to the carbonyl group

an alkanal or alkanone to evolve the aldol. Both acid- and base-
talyzed reactions share a common sequential dehydration step
t transforms the beta-hydroxyl alkanal (or alkanone) to an alke-

l or alkenone, respectively, to complete a catalytic turnover. Since
 acid–base properties of zeolites can be tailored in a relatively
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18 D. Kubička, O. Kikhtyanin /

broad range, they can be considered as promising catalytic systems
for this reaction because they have fixed and stable structural char-
acteristics, high surface area and can possess either acidic or basic
active sites.

Most  studies on aldol condensation over zeolites deal with cata-
lysts possessing basic properties. Aldol condensation over zeolites
in cationic forms and treated with alkali metals for generation of
basic properties have been known for several decades. In 1970s and
1980s, Isakov et al. [132,133] studied properties of various solid cat-
alysts for the vapor-phase aldolization of different compounds. In
these studies, the catalytic activity of alkali metal zeolite followed
the order of CsNaY > NaY > LiNa > MgO  > Al2O3. Other examples of
the use of zeolites in aldol condensation include: vapor-phase
reaction of formaldehyde with methyl propionate using X, Y and
ZSM-5 treated with NaOH, KOH, CsCl and NaN3 [134], the aldo
condensation of n-butanal to 2-ethyl-2-hexenal over Y zeolites
with Li, Na and Cs cations [135], acetaldehyde self-condensation
over type X zeolites [136], the aldol condensation of propanal to
2-methylpentenal in the presence of alkali ion-exchanged zeo-
lites and comparing them with other basic materials [137], the
condensation reaction of propionic acid and formaldehyde over
ion-exchanged X zeolites, with and without occluded cesium [138]
All these studies revealed a similar trend: the activity of cationic
forms of zeolites in aldolization increased in accordance with the
trend of catalyst basic strength, so that cesium-containing zeolites
exhibited the best catalytic properties. Thus, the results obtained
using alkali ion-exchanged zeolites as catalysts for the aldol con-
densation of propanal to 2-methylpentenal [137] indicated the
dependence of catalytic properties of the samples on the type
of alkali metal ion exchanged into zeolite cage. The conversions
obtained followed the order Cs–X > Rb–X > K–X > Na–X which was
in agreement with the order of basicity for these solids. Never-
theless, in comparison with conventional basic catalysts, such as
hydrotalcites, alkali-containing zeolites possessed poor activity
The conversion of propanal varied from 22 to 42% with 92–94%
selectivity of 2-methylpentenal using various alkali ion exchanged
zeolites, while under the same reaction conditions activated hydro-
talcite showed the maximum conversion (97%) of propanal with
99% selectivity of 2-methylpentenal. This difference in the proper-
ties was explained that alkali ion-exchanged zeolites are weaker
basic materials in comparison with hydrotalcites.

The catalytic behavior of X zeolite exchanged with cesium and
impregnated with cesium species was studied using the aldol con-
densation reaction between glyceraldehyde acetonide and acetone
producing the corresponding �,�-unsaturated carbonyl compound
[130]. These catalysts were active for the studied reaction. The
activity of X zeolite exchanged and impregnated with cesium
species was close to that for Mg–Al hydrotalcite. However, these
catalysts differed in selectivity (a lower selectivity to diacetone
alcohol was observed over the zeolite), which was explained by
differences in the strength of basic sites.

Acidic zeolites were also studied as catalysts for aldol conden-
sation. Conversion of acetophenone, cyclohexanone and acetone
over various acidic zeolites H-Y, H-USY, H-beta and H-MCM-22
was studied in [139]. The catalytic properties of zeolites depended
on the structural properties as well as on the strength and con-
centration of acid sites. Thus, in acetophenone condensation the
activity of MWW  and BEA zeolites showed the following trend:
aluminosilicate > gallosilicate > ferrisilicate. On the other hand, the
yield of reaction products depended on the concentration of acid
sites accessible to reactant molecules. Dumitriu et al. [140] stud-

ied the properties of ZSM-5 samples with different Si/Al ratio,
as well as Ga-, Fe- and B-substituted MFI  samples in the aldol
condensation of acetaldehyde and formaldehyde. Both the con-
version and the product selectivity were substantially influenced
by the Si/M3+ ratio and the nature of substituting element. In the
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aldol  condensation of acetaldehyde and formaldehyde, the activ-
ity of the samples decreased in the order: B > Fe > Ga > Al-ZSM-5
which was attributed to the concentration of accessible Brønsted
sites of medium strength. However, in terms of the selectivity for
cross-aldol condensation the activity of the zeolite was related to
the presence of strong acid sites, i.e. following the reverse order:
Al > Ga > Fe > B-ZSM-5.

Many  studies have been devoted to the investigation of the
effect of properties of zeolites as catalysts for acetone self-
condensation [130,141–145]. This reaction attracts an attention for
study since acetone is readily available product on chemical market
First of all, it is a secondary product in propylene oxide production
and in phenol synthesis from cumene [146]. Also, the develop-
ment of technologies for the production of commodity chemicals
energy, and materials from renewable bio-based feedstocks pro-
vides additional sources of acetone supply. It can be produced from
abundantly available biomass, such as agricultural wastes, by ABE
(acetone–butanol–ethanol) fermentation [147]. Besides, acetone
can be produced by the catalytic steam reforming of bio-ethanol
[148], biomass pyrolysis [149,150] and the transformation of differ-
ent biomass wastes, such as sewage sludge, fermentation residues
and livestock manure [151–153].

Similar to other aldol condensation reactions, acetone self-
condensation proceeds over both acidic and basic zeolites
[141,142,154,155]. It is postulated [141] that the aldol conden-
sation of acetone over bases leads to diacetone alcohol that
dehydrates to mesityl oxide. Further, aldol condensation of mesityl
oxide with another acetone molecule gives trimeric compounds
which result in the formation of isophorone and mesitylene. When
acidic catalysts are used for acetone aldolization, diacetone alcohol
is also produced but it decomposes into isobutene and acetic acid
Aromatic and aliphatic compounds are formed from isobutene
oligomerization. According to these considerations, it was found
that lower silica-to-alumina ratios in FAU zeolites favored the basic
route of the reaction, i.e. increased mesityl oxide formation and
decreased isobutene formation. The increase in cesium content
led to the mesityl oxide hydrogenation to methylisobutylketone
suggesting that hydrogenation activity was related to the nature
of the cation.

Tago  et al. [143] studied the effect of crystal size on cat-
alytic activity and stability of acidic ZSM-5 samples in acetone
self-condensation. As compared with the macro-sized zeolite, the
nano-sized zeolite exhibited a high activity over a long lifetime
However, because the nano-sized zeolite possesses a large external
surface area, undesirable reactions forming aromatics from the pro-
duced light olefins occurred on the acid sites located at the external
surface or in its vicinity. After passivation of the external surface
of nano-sized ZSM-5 with different silanes, the catalyst exhibited
high olefins and low aromatics yields even at high acetone conver-
sion.

The acidity of the zeolites, which affected the catalytic activ-
ity as well as the isobutylene selectivity, could be also controlled
using the ion-exchanged treatment [142]. Ion exchange of H-BEA
zeolite with different alkali metals decreased the acidity of the cat-
alysts in the order: H-BEA > Na-BEA > K-BEA > Rb-BEA > Cs-BEA, and
the order of their catalytic activity in acetone conversion was  the
same. Though H-BEA zeolite showed a high acetone conversion
at the initial reaction time, the activity of the catalyst drastically
decreased due to coke formation. In contrast, the alkali metal ion-
exchanged BEA zeolites exhibited high isobutylene selectivity and
decreased coke formation at high acetone conversion conditions

Similar results were obtained also in other studies [144,156] when
studying the properties of BEA zeolites exchanged with mono-
and divalent cations in acetone conversion. It was  shown that ion-
exchange decreased Brønsted acidity and increased Lewis acidity.
As a consequence, metal-exchanged zeolites showed decreased
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ivity in aldol condensation but increased selectivity to isobuty-
e.
Moreover, structural properties of zeolites can change their
ectivity to the reaction products. Regardless of the crystalline
mework acetone self-condensation over zeolites resulted in the
mation of diacetone alcohol, mesityl oxide and phorone as reac-
n products, since their molecular dimensions are comparable
th the dimensions of the zeolitic channels [145]. However, unlike

 medium pore MFI  zeolite, the large pore BEA, FAU and micro-
soporous silica–aluminas afforded isophorone as the final prod-

t that was absent over MFI  due to sterical reasons.
The successful use of zeolites in the aldol condensation of var-
s aldehydes and ketones indicates that these materials can

 also used as catalysts for the production of valuable prod-
ts from other biomass-derived sources. Furanic compounds
rfural or hydroxymethylfurfural) can be obtained by acid hydrol-
s of monomeric products, generally sugars, produced from
micellulose- and cellulose-rich feedstocks, and serve as platform
emicals in many applications [17,157–161]. Among them, aldol

densation of furanic compounds with acetone is intensively
died, because it permits obtaining various valuable products,

 example, those which can be used for producing of hydrocar-
n fractions to be used in fuel blending. A basic reaction scheme
the aldol condensation of furfural with acetone is given in Fig. 3.
is reaction is usually carried out in the presence of basic cata-
ts, for example hydrotalcites [162–164]. So far, only few studies

pared the properties of acidic and basic zeolites in this reaction.
e comparison of the properties of solid base catalysts MgO–ZrO2,
Y and nitrided zeolite Y (Nit-NaY) prepared by treating zeo-
s with ammonia in aldol condensations of furaldehydes with
tone and propanal was performed in [165]. Nit-NaY exhibited
alytic activity for aldol condensation comparable to MgO–ZrO2
d much higher than that of NaY, pointing thus to the increased
se strength of Nit-NaY due to replacing the bridging oxygen with
 lower electronegativity nitrogen. However, the used procedure
 obtaining this material resulted in a partial loss of crystallinity of

 FAU-type crystal structure, and the Nit-NaY sample was found
be unstable under the reaction conditions due to leaching of the
mework nitrogen resulting in the loss of catalytic activity.

of 

pr
are
bo

ART - 03
e

ion pathways in conversion of acetone and furfural.

Recently [166,167] acidic zeolites of different structural types
re shown to possess appreciable activity in aldol condensation
furfural with acetone and resulted in a formation of prod-

ts of aldehyde–ketone interaction, which are usually obtained
en performing this reaction over basic catalysts. However, it
s shown that zeolites catalysts additionally promote the dimer-
tion of the classical condensation products (Fig. 3). This can

 considered as a distinguishing feature of the aldol condensa-
n over solid acid catalysts. A comparison of results obtained

 zeolites of different structural types showed that their cat-
tic behavior was mainly influenced by their both structural and
tural properties. Wide-pore three-dimensional BEA and FAU

olites afforded higher furfural conversion in comparison with
dium-pore MFI  and with wide-pore mono-dimensional MOR
6]. Furthermore, the formation of the above-mentioned dimer
s the highest over FAU, in which the presence of large cages
ide zeolite structure promoted the formation of this bulky com-
und. In the course of the reaction, the activity of all acidic zeolites
creased quickly due to coke formation inside the zeolite pores,
t the activity was  fully restored after calcination in air leading to
ke removal. Nevertheless, the crystalline framework also affected

 coke formation in zeolites. The comparison of the properties of
eral MWW  samples in aldol condensation of furfural and ace-
e [167] showed that the deactivation MCM-36 catalysts, i.e. a

lared (2D) material, was more severe than that of MCM-22 and
M-49 having conventional 3D structure. It was  attributed to the
ction taking place in supercages, which are present in MCM-22

d MCM-49 but absent in MCM-36, as the acidic sites located in
se supercages are protected by 10-ring channels from severe

king [167].

.  Partial de-functionalization of sugars—platform chemicals by
hydration
Petroleum-derived fractions exhibit only very limited extent
functionalization, typically by sulfur that is removed in the

ocess of fuel production, whereas biomass-derived feedstocks
 almost exclusively functionalized by hydroxyl, carbonyl or car-

xyl groups. Consequently, there are no direct examples from the
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petrochemical industry for de-functionalization of biomass-
derived feedstocks. A parallel can be found perhaps in the
deoxygenation process that is focused on removing any oxygen
from the raw materials and turning them into hydrocarbons. As
suggested above, any effective and efficient biomass valorization
necessitates the transformation of the basic building blocks
i.e. sugars and phenols, into so-called platform chemicals that
can become the cornerstones of future chemical industry. Their
potential arises from their versatile transformation pathways
leading to products having high added value. Sugars obtained by
hydrolysis of cellulose and hemicelluloses can be turned either to
furanic compounds, furfural and 5-hydroxymethylfurfural (HMF)
through dehydration [160,161] or to lactic acid and its esters
via dehydration and retro-aldol condensation [160,168]. Fig. 2
summarizes the main transformation routes.

As discussed above, isomerization of glucose to fructose pre-
cedes its dehydration to HMF. The experimental data indicate that
conversion of glucose to HMF  is not simply proportional to the con-
centration of acid sites in BEA zeolites. It has been suggested that
the nature of acid sites is crucial. BEA catalysts with predominating
Brønsted acidity afford lower conversion of glucose and higher for-
mation of by-products than BEA with predominating Lewis acidity
(prepared by steaming) [111]. It can be inferred that Lewis acidity is
responsible for the isomerization step while Brønsted acidity deter-
mines the dehydration activity of the catalyst [111]. Isomerization
of glucose was found to be the rate-limiting step. The key to maxi-
mizing the HMF  yield is the proper balance between isomerization
and dehydration activity, i.e. between Lewis and Brønsted acidity
allowing fast fructose dehydration before the undesired side reac-
tions of fructose over Lewis acid sites can take place [111]. The
optimization between the number and the strength of acid sites
was suggested already by Moreau et al.in 1996 [112]. Using a series
of MOR, the optimum Si/Al was reported to be around 10–11. The
initial reaction rate of fructose dehydration decreased by more 25%
both in case there were more acid sites, but weaker ones (Si/Al ca
7) and in case there were less acid sites but stronger ones (Si/A
ca. 15–18) [112]. The authors also found that high HMF  selectivity
is the consequence of limited pore size of MOR  that prevents side
reactions. An increased extent of the side reactions was  observed as
the mesopores volume of the MOR  catalysts increased [112]. Sim-
ilar dependencies were reported also for dehydration of xylose to
furfural [169].

The  authors focusing on dehydration of sugars to esters of lev-
ulinic acid [170] have reported shape selective behavior of zeolites
catalysts as well. Due to size constraints, ethyl levulinate was not
formed over MFI  and MOR  catalysts, whereas it could be obtained
although in low concentration over 3D large pore zeolites, FAU and
BEA. However, a sulfonated mesoporous catalyst (SO3H-SBA-15)
yielded ethyl levulinate as the main reaction product [170]. The dis-
advantage of this catalytic system was its low isomerization activity
due to the low strength of the acid sites. As a result, ethyl levulinate
was obtained only from fructose and, to a smaller extent, sucrose
(a disaccharide consisting of fructose and glucose). On the other
hand, glucose and cellobiose (a disaccharide consisting of two  glu-
cose molecules) yielded exclusively an etherification product, ethy
glucopyranoside [170].

Lactic  acid is an important intermediate with a vast applica-
tion potential [168,171]. Among other routes, it can be obtained by
transformation of trioses and hexoses sugars over heterogeneous
acidic catalysts, such as zeolites and related materials. A screening
of zeolite catalysts (FAU, BEA, MOR, MFI) having different structura

and acidic characteristics revealed that selectivity to lactic acid in
conversion of triose sugars decreased with the increasing Si/Al ratio
and increasing Brønsted acidity character [114,172]. It could be
concluded that Lewis acidity is essential for highly selective trans-
formation of trioses to lactic acid or lactates as is the choice of
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solvent;  while water promoted degradation and side reactions in
methanol the yields of methyl lactate exceeded 90% [114,172]. This
was further confirmed by investigated different catalysts with BEA
structure prepared by isomorphous substitution (Al, Si, Ti, Zr, Sn-
BEA) [173]. Sn-BEA was  superior to all the other catalysts indicating
not only that solely Lewis acidity is needed for converting trioses to
lactates, but also that strong Lewis acid sites are important [173]
On the other hand, Brønsted acid sites were shown to be responsi-
ble for the formation of acetals. Further substantiation of the role
of different type of acid sites was obtained from different steaming
of Al-BEA and Al-FAU zeolites that led to different distribution of
Al (framework vs. extra-framework Al). It was suggested that only
strong Brønsted acid sites afforded while weak Brønsted acid sites
yielded together with Lewis acid sites alkyl lactates [172,173].

Obviously, the transformation pathways grow even more com-
plex when hexoses are used instead of trioses. The essential
challenge is the extent of side reactions leading to very low car-
bon balances of the experiments (in the range of 50–70%) [115]
In general, the absence of acid sites (Si-BEA) affords only partial
dehydration, whereas Brønsted acidity promotes dehydration and
formation of HMF  and levulinic acid [116]. On the other hand, Lewis
acidity (Sn-,Ti-, Zr-BEA) facilitates the retro-aldol condensation
resulting in the formation of lactate, vinylglycolate and glycolalde-
hyde dimethyl acetal as the main identified products [115].

4.  Conclusions and outlook

The  present review highlights the existence of numerous analo-
gies between the behavior of zeolites and other microporous
materials in the processes of oil refining, petrochemistry and fine
organic synthesis, on the one hand, and in the transformation
of biomass and biomass-derived feedstocks, on the other hand
The influence of structural, textural and acid–base characteristics
of zeolites on their activity and selectivity in the processing of
renewable chemicals provides a broad possibility for studies and
opportunities for new catalytic applications. Nonetheless, signifi-
cant focused research effort is still needed to understand the role of
the key parameters of microporous and mesoporous materials for
the obtaining valuable products from renewable raw materials and
address the main challenges that so far prevent industrial applica-
tions of these catalysts in biomass upgrading processes. Among the
main challenges, the following ones need to be mentioned:

1.  Reactions in aqueous phase. Many processes dealing with biomass
upgrading  and its transformation to platform chemicals proceed
in  water-containing medium, be it water used as solvent or
water  as one of the products. Therefore, it is of utmost impor-
tance  to study catalytic properties of zeolites in the conversion
of  biomass-derived organic molecules not only in “ideal”, i.e
water-free  conditions, but also in the presence of water, i.e. using
relevant  biomass-derived feedstocks.

2.  Deactivation of catalysts. Many reactions of organic molecules
result  in zeolites gradually losing their activity due to the accu-
mulation  of non-desorbed compounds (coke) in their porous
space.  The examples of the present review show that the severe
deactivation is observed in the case of the transformation of
renewables.  Therefore, the long-term stability of microporous
catalysts in the reactions needs to be addressed, including stud-
ies  on limiting the extent of coking reactions as well as on
re-using  the catalysts and restoring of their catalytic properties
3. Access of reactants to active sites and diffusion of reaction products.
Bulky  molecules with complex structure and high molecular
weight are of increased value. Therefore, the issues related to
both  the improved access of reagent molecules to active sites and
easy  removal of reaction products from catalyst surfaces are very
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relevant. In this regard, the study of the properties of nano-sized
or  hierarchical materials, 2D zeolite-like materials, the influence
of  increased mesoporosity, etc., is one of the keys to unlocking
the  potential of micro- and mesoporous catalysts.

Intensification of studies in these (and other) fields can be
pected in the next years leading to applications of microporous
terials as catalysts for the obtaining valuable products from
mass-derived feedstocks. Obviously, that the unique properties
zeolites and related materials that have already found applica-
n in oil refining and petrochemistry, will be also in demand in
w renewable-based technologies.
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J.  Am.  Chem. Soc. 133 (2011) 6130–6133.
1]  M. Opasenko, W.  O’Neil Parker Jr., M.  Shamzhy, E. Montanari, M. Bellettato,
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11.1 lntroduction 

Production of hydrocarbon fuels relies on the upgrading of various feedstocks 
with the aim to remove heteroatoms - such as sulfur, nitrogen, and oxygen - and 
to modify their molecular structure to improve their fuel properties. In tra
ditional (petroleum-based) refineries, hydrodesulfurization (HDS) is the key 
upgrading operation that ensures environmental acceptability of the fuels due to 
(i) elimination of SOx emissions and (ii) protection of catalysts in the exhaust gas 
converters allowing efficient abatement of pollutants including unburned hydro
carbons, carbon monoxide, and NOx. While deoxygenation is not a concern 
when upgrading petroleum distillate fractions, it is of the utmost importance in 
the upgrading of biomass-derived feedstocks, which typically contain at least 
10 wt% of organically bound oxygen. However, deoxygenation is not driven 
by environmental concerns; rather, it aims at improving the thermochemical 
stability of fuels and increasing their energy content. 

Recent efforts aimed at minimizing the impacts of fossil fuels in the 
environment - mainly due to the increase in atmospheric CO2 concentration 
resulting from fossil fuel combustion - have encouraged worldwide research of 
biofuels, i.e. renewable (biomass-derived) transportation fuels. Biofuels are gen
erally classified into three generations: the first generation relies on food crops 
and includes bioethanol from sugar and starch plants as well as biodiesel derived 
from edible vegetable oils; the second generation is produced from lignocellu
losic feedstocks as well as from nonedible oils and waste oils and fats; and the 
third generation is based on aquatic biomass (e.g. algae). The current shift toward 
the second- and the third-generation biofuels, as mandated by the proposed 
RED li directive [I], for instance, enhances the importance of deoxygenation as a 
robust, versatile technology capable of dealing with a wide variety of feedstocks. 

Chemical Catalvsts for Biomass UrnradinfJ', First Edition. Edited bv Mark Crocker and Eduardo Santillan-limenez. 
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Main deoxygenation reactions of triglycerides 

Hydrodeoxygenation 

Decarbonylation 

Decarboxylation 

lmportant side reactions during deoxygenation 

Methanation 

Methanation 

Water-gas shift 

Figure 11 .1 Main deoxygenation reactions and important parallel reactions. 

Oeoxygenation encompasses four main different types of chemical reactions 
that take place under reducing conditions - namely, hydrodeoxygenation (HOO), 
dehydration, decarbonylation (OCN), and decarboxylation (DCX) - ultimately 
resulting in three main oxygen-containing products, i.e. water, carbon monoxide, 
and carbon dioxide (Figure 11.1). In addition, other products (such as alcohols) 
originating from demethoxylation or hydrogenolysis reactions involving ethers 
and esters, respectively, could be considered as deoxygenation products as 
well. This makes the deoxygenation chemistry more complex than that of 
HOS and hydrodenitrification (HON), which under reducing conditions yield 
hydrogensulfide and ammonia, respectively, as the only heteroatom-containing 
by-products. Obviously, the rich chemistry of deoxygenation has its origins in 
the complex composition of biomass; however, even relatively simple oxygenates, 
such as triglycerides (TGs), can undergo a wide range of deoxygenation reactions 
depending on the catalyst and reaction conditions employed. 

Although deoxygenation can be applied to any feedstock containing oxygenates 
and much attention is currently focused on the deoxygenation of bio-oils - i.e. 
organic liquids produced by fast pyrolysis of particularly lignocellulosic 
biomass - the deoxygenation of lipids and lipid-derived feedstocks (mainly 
comprising TGs and free fatty acids fFFAs]) has already been implemented at 
industrial scale and is currently the prevailing application of deoxygenation 
processes. This is a consequence of (i) their well-defined and constant structure 
and composition and (ii) the possibility to convert the lipids rather easily into 
hydrocarbon mixtures with superior fuel properties. Therefore, the focus of this 
chapter will be on the chemistry of deoxygenation and on deoxygenation catalysts 
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using TGs and other lipid-based feedstocks as a model system. Additional details 
can be found in several reviews published in the last decade f2-10]. 

11.2 Feedstocks 

TG s, which are esters of three fatty acid molecules and a glycerol molecule, are the 
main constituents of vegetable oils and animal fats together with minor amounts 
of other components such as phospholipids and tocopherols. The fatty acid moi
eties present in the most abundantly produced vegetable oils, i.e. palm, soybean, 
rapeseed (canola), and sunflower oil, are typically between 14 and 22 carbon 
atoms (C16 and C18 being the most prevalent ones) in length. Similarly, C16 and 
C18 fatty acid chains are the most abundant in the TGs making up animal fats, 
such as beef tallow, park lard, and chicken fat [11]. The global annual produc
tion of vegetable oils and animal fats has more than doubled in the last 20 years 
and is currently nearly 200MMt [12]. The production of animal fats is estimated 
to be about 14% of the total oil and fat production [11], i.e. ca. 30 Mt. Recently, 
algal oils have attracted enormous attention due to their remarkable potential, 
which stems from their superior annual productivity per unit area in compari
son with vegetable oils (>50 t/ha for algal oil [13] vs. 3.5-5 t/ha for palm oil [ 14] 
and <1 t/ha for other vegetable oils [14]) and the prospect of using nonagricul
tural land. Other TG feedstocks include used or waste cooking oils and nonedible 
vegetable oils, such as Jatropha oil. Side-streams from vegetable oil or wood pro
cessing (e.g. crude tall oils), which contain significant concentrations of FF As, can 
be used as feedstocks to produce fuels as well. 

TGs mainly consist of either unsaturated fatty acid moieties (in the case of oils) 
or saturated fatty acid moieties (in the case of fats), which affects their stabil
ity during deoxygenation in the presence of hydrogen as cyclization reactions 
may occur [15] as well as the overall hydrogen consumption. The overall chain 
length of the fatty acid moieties (C14-C22) is particularly suitable to produce 
diesel and/or kerosene fuels that consist of hydrocarbons comprising between 
10 and 20 carbon atoms. 

The suitable carbon- carbon chain lengths together with their relatively uni
form reactivity, absence of water, easy storage and handling, and straightforward 
production by physical and/or chemical extraction are the salient advantages 
of TGs over other biomass-derived raw materials, such as bio-oils. Direct 
conversion of TGs via transesterification has been used to produce fatty acids 
methyl esters (FAMEs) or biodiesel, mainly because of the ability of the latter 
to be mixed with (or replace) hydrocarbon fuels f16]. This simple technology 
allows the processing of highly purified nonacidic feedstocks í 16] to afford 
first-generation biofuels, waste streams being much more difficult to upgrade 
through biodiesel production. In contrast, deoxygenation technologies can 
deal not only with waste TG-based feedstocks but also with feeds with high 
concentrations (or made exclusively) of FFAs, i.e. virtually any lipid-based 
feedstock can be upgraded by deoxygenation to hydrocarbon fuels. Moreover, 
sustainability data (in terms of the overall greenhouse gas emissions savings) 
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demonstrate that deoxygenation is a more favorable conversion pathway from 
an environmental standpoint than transesterification [17). 

Finally, the quality of the final biofuel has to be considered as well. Biodiesel can 
certainly serve as a biofuel, but it has to either be blended with diesel (current EU 
limit is maximum 7 vol%) to be used as mixed biodiesel- diesel fuel in unmodified 
vehicles or be used in engines purposely designed or modified to employ neat 
(100%) biodiesel. Indeed, these fuels usually require adaptations to be made to 
engine systems. Moreover, due to the oxygen content and unsaturation of most 
alkyl chains within FAMEs, the chemical, thermal, and oxidative stability as well 
as the energy coritent are lower for biodiesel than for diesel fuel [6]. In contrast, 
hydrocarbons obtained via deoxygenation of TG s are fully compatible with diesel 
fuel and diesel fuel-based infrastructure and even superior to petroleum-derived 
diesel as their combustion produces less harmful emissions (dueto the absence 
of aromatics and sulfur). 

11.3 Chemistry 

Although the structure of TGs is fairly simple, depending on the deoxygena
tion reaction conditions and the catalyst employed, they are susceptible to a sur
prisingly wide variety of conversion pathways. The rudimentary differentiation 
of deoxygenation routes is based on their primary oxygen-containing product 
lacking an alkyl chain, i.e. inorganic oxygenates. There are three such products: 
water, carbon monoxide, and carbon dioxide. When carbon oxides are formed, 
the resulting hydrocarbons have one carbon atom less than the original fatty acid 
moieties. Since natural oils and fats exclusively contain fatty acid moieties with 
even carbon number, the resulting hydrocarbons are characterized by an odd car
bon number. Depending on the nature of the carbon oxide, the process is called 
DCN, yielding CO, or DCX, producing C02 (Figure 11.1). On the other hand, the 
formation of water is not accompanied by a carbon atom loss from the original 
fatty acid moiety, and thus, the hydrocarbons formed have an even number of 
carbons. HDO and dehydration are the possible reactions affording water, dehy
dration applying only to the alcohols produced via the stepwise HDO of esters 
and acids. It should be noted that under hydrotreating conditions, the hydrogena
tion of carbon oxides may also take place, yielding additional water and methane 
(Figure 11.1). This intertwined nature of conversion pathways makes the exact 
evaluation of the underlying chemistry challenging. Also, the formation of water 
and carbon oxides may inhibit the catalyst performance, e.g. CO is well known as 
a potent catalyst poison. Finally, the reaction pathway followed has an important 
effect on the overall hydrogen consumption. 

A doser look at the conversion of TG s under hydrotreating conditions reveals 
that their transformation to hydrocarbons consists of several consecutive and 
parallel reactions. The most facile reaction in the presence ofhydrogen is the sat
uration of the double bonds. Most studies show that the key intermediate in the 
deoxygenation of TGs are fatty acids that can be formed either via hydrogenoly
sis or hydrolysis. This justifies the use of fatty acids as model compounds, albeit 
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the reactivity of the acids has been shown to be lower than that of esters [18). 
Considering the absence of water in the feedstocks as well as the mild acidity 
(if any) of the catalysts employed, hydrogenolysis rather than hydrolysis repre
sents the main reaction through which TGs are converted to fatty acids along the 
pathway toward hydrocarbons. In principle, the carbon-oxygen bond in esters 
can be cleaved either in the alpha or beta position with respect to the carboxylic 
group. Nevertheless, cleavage in the alpha position is not very common, albeit 
it does take place under rather harsh conditions (> 15 MPa) over bimetallic for
mulations such as CuCr, ZnCr, or CuZn. In fact, the industrial production of a 
wide range of alcohols, such as fatty acid alcohols or hexanediol, relies on the use 
of the Adkins catalyst (CuCr) [19). However, these catalysts are not very active 
(if at all) in deoxygenation. Thus, hydrogenolysis in the beta position ultimately 
yielding three fatty acid molecules and propane precedes the actual deoxygena-
tion, as oxygen is not released from the organic molecules during hydrogenolysis. 
Plausible intermediates of this pathway, including propylstearate and propanediol 
distearate, have been identified among the reaction products at low conversions 
[20-22). Since diglycerides have also been observed [10, 23, 24), hydrolysis may 
also take place to some extent. 

Subsequently, actual deoxygenation proceeds either via DCX, DCN, or 
HDO, the reaction(s) followed depending both on the catalyst and the reaction 
conditions applied. DCX/DCN was shown to be favored over group 10 metals 
(Ni, Pt, Pd), while molybdenum or tungsten-based catalysts (Mo2C, MoS2, 

sulfided NiMo, CoMo, NiW) predominantly promote HDO [25]. Although 
sulfided catalysts can be generally regarded as selective toward the HDO 
pathway [25], the selectivity patterns over sulfides are rather complex, NiS 
being selective to DCX/DCN [20] and sulfided NiW allowing the tuning of the 
HDO/(DCX + DCN) products ratio by adjusting reaction conditions (partic
ularly hydrogen pressure and, to a lesser extent, reaction temperature) [26]. 
Indeed, when decreasing the hydrogen pressure from 7 MPa to just 0.7 MPa, the 
HDO/(DCX + DCN) ratio dropped from ca. 3 to about 0.3 over a sulfided NiW 
catalyst at 280°C [26]. As mentioned earlier, FFAs are typical intermediates 
of both reaction pathways that are often accompanied by alcohols and fatty 
acid esters f 6, 25]. Aldehydes, which constitute other likely intermediates, 
were observed scarcely [25], plausibly because aldehydes and ketones are 
the most reactive oxygenates under deoxygenation conditions in general and 
hydrotreating conditions in particular [27]. 

Frequently, two or more of the aforementioned pathways may occur simulta
neously, which makes the elucidation of the complete transformation scheme 
complex and challenging (see Figure 11.2). In general, DCX is favored by lower 
pressure and higher reaction temperature, while HDO is operative at lower 
reaction temperatures and higher hydrogen pressures. The DCN pathway was 
shown to be effective when a suitable enol-keto tautomerization equilibrium is 
established under the reaction conditions. While DCX produces simply carbon 
dioxide and a hydrocarbon, there are several oxygenated intermediates along 
the HDO pathway. These include an aldehyde, i.e. the first partial hydrogena
tion/deoxygenation product that is successively reduced to an alcohol, which 
in turn represents the second partial hydrogenation/deoxygenation product. 
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The formation of these organic products is accompanied by formation of water. 
Finally, the alcohol is dehydrated/hydrodeoxygenated to produce a hydrocarbon 
and an additional water molecule. In addition, the fatty alcohol can also react 
with a fatty acid to yield a fatty ester and water. Strictly speaking, this esterifi
cation can also be considered a deoxygenation reaction. Under specific reaction 
condition, fatty esters can be produced in yields exceeding 30 wt% [29]. 

Ultimately, liquid phase hydrocarbons can be obtained from TGs in 81-85 wt% 
yield, depending on whether the selective DCX (affording the lower yield value) 
or the HDO pathway is operative. The other final products include propane 
(5 wt%) and either CO2 (15 wt%) or water (12 wt%). It should be noted that 
all yield calculations are based on the complete conversion of tristearin to 
hydrocarbons, propane, and the primary deoxygenation product while also 
assuming that CO2 is not hydrogenated. Consequently, hydrogen consumption 
ranges from 1 to 3 wt%, which is in the same order of magnitude as hydrogen 
consumption in hydrocracking and approximately an order of magnitude 
higher than hydrogen consumption in conventional hydrotreating. This shows 
that HDO is a hydrogen-intensive process; however, it also implies that by a 
proper choice of catalyst and/ or reaction conditions, significant savings can be 
achieved. In particular, close attention has to be paid to controlling the successive 
hydrogenation of the primary CO2 or CO to methane. Hence, two main selective 
deoxygenation alternatives have been widely studied: deoxygenation in the 
presence of H2 and deoxygenation in the absence of H2 [25]. 

In addition, deoxygenation can also be achieved via cracking, often using 
zeolites as catalysts. The topic has attracted great attention as hydrogen is not 
needed. However, this route is highly unselective and produces a wide range 
of hydrocarbons and shorter oxygenates [6, 25], while the catalysts, typically 
zeolites, have to be frequently reactivated by burning off the coke deposits. 
Moreover, the wide molecular weight range of the hydrocarbon products, many 
of which fall outside of the targeted kerosene/diesel fuel range, is undesired. 
Therefore, this transformation path is outside of the scope of this chapter. Due 
to the very close relationship between the catalyst nature and the observed 
product distribution, specific details of deoxygenation reaction pathways will 
be presented in the succeeding text as part of a discussion of different catalytic 
systems. 

FFAs, fatty acid esters, and specific TGs are generally used as model com
pounds to represent vegetable oils in deoxygenation studies. Based on an 
extensive literature review, Gosselink et al. [25] have concluded that while 
all of them are suitable model compounds for deoxygenation in the presence 
of hydrogen, FFAs and fatty acid esters are inappropriate model systems for 
deoxygenation in absence of hydrogen. Furthermore, in order to suppress 
undesired side reactions (e.g. cracking and coking), the use of hydrogen during 
deoxygenation has been deemed necessary [25]. 

11.4 Technologies 

The industrial application of a process dedicated to the transformation of TGs 
into superior quality kerosene and diesel fuel components has been pioneered 
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by the Finnish refining company Neste Oyj. The process is known as NEXBTL, 
and there are currently four installations, two at the refinery in Porvoo, Finland 
(210 kt/yr each); one in Rotterdam, The Netherlands (1000 kt/yr); and one in 
Singapore (1000 kt/yr). The first unit was built in Porvoo in 2007 and the last one 
(to date) in Rotterdam in 2011. Nowadays, a diesel fuel produced solely by the 
NEXBTL technology is marketed in Finland as "Neste MY Renewable Diesel." 
An alternative process, called Ecofining™, was developed by ENI in collaboration 
with Honeywell-UOP. Since 2013, three commercial units have been installed, 
one in Norco, USA (500 kt/yr currently being expanded to 900 kt/yr); one in 
Venice, Italy (375 kt/yr with a second unit in progress); and one in Paramount, 
USA (125 kt/yr with focus on green jet fuel) f30]. The Finnish company UPM 
started producing a renewable diesel, called BioVerno, from crude tall oil in 
its biorefinery in Lapeenranta, Finland (ca. 100 kt/yr) in 2015 [31]. Finally, the 
refining company Tota! announced in 2015 the construction of the first industrial 
version of the VeganTM process developed by Axens with a renewable diesel 
production capacity of 500 kt/yr, start-up being expected in 2018 [32]. There are 
also other potential producers of renewable diesel, such as the Canadian SBI 
Bioenergy Inc., which has signed an agreement with Shell [33], or the Finnish 
Stl Nordic Oy, which announced it intends to start renewable diesel production 
by 2020 f34]. These industrial developments over the past decade demonstrate 
not only the potential of renewable diesel technologies but also their technical 
and economic viability. 

Apart from the UPM hydrotreatment process that uses exclusively crude tall 
oil, other technologies rely on the use of a variety of TG-containing feedstocks 
that allows for more flexibility. N otably, there is a cle ar strategy on the part of all 
producers to reduce the carbon footprint of their renewable diesel technologies 
by relying mostly on waste-based feedstocks, such as waste cooking oils, residua! 
oils, waste fats, etc. For instance, the feeds for the NEXBTL technology consisted 
of >60% wastes and residues as far back as 2014. Obviously, feed pretreatment 
and quality control play a crucial role. As the general scheme of industrial deoxy
genation technologies is rather similar, the concept will be demonstrated here 
using the NEXBTL process as an example. After removing the undesired impuri
ties, such as phosphorus as well as alkali and alkaline earth metals, the feedstock 
enters the hydrotreating reactor where deoxygenation takes place at 300-350 ° C 
and 5 MPa of hydrogen pressure over a sulfided catalyst [35]. The liquid hydrocar
bon product stream from the hydrotreating reactor then enters the second-stage 
reactor where hydroisomerization takes place at 300- 350 °C and 4 MPa ofhydro
gen pressure to convert the n-alkanes formed in the deoxygenation stage into 
íso-alkanes with better fuel properties. Specifically, the cold flow properties are 
considerably improved. Also, by adjusting the reaction conditions in the sec
ond stage, mild hydrocracking instead of selective hydroisomerization may take 
place, thus producing renewable kerosene. Recently, Neste announced that it has 
started to commercially produce bio-propane, i.e. the by-product of TG deoxy
genation, at its facility in Rotterdam, The Netherlands (40 kt/yr) [36]. 

In addition, aiming at reducing investment costs, coprocessing TG-based feed
stocks with petroleum feeds in existing hydrotreating units has gained significant 
attention. A commercial technology, called H-B1O, was developed by Petrobras 
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over a decade ago. However, despite having been industrially tested at six refiner-
ies, it appears not to be currently employed and FAMEs biodiesel is used as the 
biocomponent in diesel blends [37]. Another coprocessing technology using tall 
oil as the renewable feed has been installed in the Preem Gothenburg refinery 
using a catalytic system developed by Haldor-Topsoe [38]. Further plans to pro-
duce renewable diesel from crude tall oil have also been announced recently by 
SunPine in Pitea, Sweden [39] . 

11.5 Catalysts 

The most promising deoxygenation catalysts can be classified into three groups, 
namely, (i) transition metals, such as Co, Ni, and Pt-group metals; (ii) sulfi.des 
of transition metals, mostly nickel and cobalt-promoted molybdenum sulfides; 
and (iii) transition metal carbides and phosphides, mainly of Ni, Mo, and W. The 
following sections will discuss the most salient features as well as the respective 
advantages and disadvantages of these catalysts. First, the sulfided catalysts 
currently at the heart of commercial technologies will be discussed, after which 
the two main challengers to these formulations - i.e. metallic catalysts and 
carbide/phosphide-based catalysts - will be addressed. 

The crucial aspects of all catalysts include, besides their activity, their selectivity 
and the stability of their performance as a function of time on stream (TOS). In 
deoxygenation, the selectivity to undesired (typically cracking) products, is very 
low when using the three groups of catalysts mentioned earlier as they typically 
use nonacidic supports, such as alurnina. Hence, the key selectivity issue is the rel
ative extent of HDO and DCX /DCN reactions, which determines both the yield 
of organic liquids and, at the same time, the extent of hydrogen consumption. 
Theoretically, the lower the extent of HDO, the lower the hydrogen consump
tion. As mentioned earlier, this assumes that the subsequent hydrogenation of 
any CO or CO2 evolved does not take place. The stability of the catalysts (which 
dictates the stability of their performance) is a critical parameter for their indus
trial viability. So far, sulfided (HDS) catalysts are used industrially even though 
the feedstocks are mostly sulfur-free. Consequently, in order to prevent their fast 
deactivation, an external source of sulfur has to be added, which is one of the key 
driving forces for the development of sulfur-free catalysts. Catalyst stability is 
also dosely related to the quality of the feedstock, as some of the natural compo
nents of oils and fats have a detrimental impact on the activity of deoxygenation 
formulations. Thus, all of these issues will be addressed in the following text as 
part of the discussion of different deoxygenation catalysts. 

11.5.1 Sulfided Catalysts 

Sulfided (HDS) catalysts are the most widespread hydrogenation (hydrotreat
ing) catalysts in the petroleum upgrading arena. They consist mostly of 
alumina-supported MoS2 promoted either with NiS or CoS, albeit catalysts with 
both promoters are also used in some applications. Alternatively, NiS-promoted 
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WS2 is also used, though mostly for hydrocracking applications. Considering the 
similarity of desulfurization and deoxygenation, it is not surprising that sulfided 
hydrotreating catalysts have attracted considerable attention as catalysts for the 
deoxygenation of TGs and have already been used in commercial processes [38]. 

From a reaction pathway point of view, the HDS catalysts appear to be nonspe
cific, i.e. they catalyze DCX, DCN, and HDO reactions, although HDO is often 
the prevailing reaction f 18, 40]. However, it has been reported that HDO was 
practically the only pathway observed when using MoS2 without any promot
ers, whereas DCX/DCN was the exclusive reaction pathway when NiS or CoS 
were employed [20]. This may indicate that the different phases in HDS cata
lysts favor different reaction pathways. It should also be noted that the activity 
of both MoS2 and NiS catalysts was 3.5 and 22 times lower, respectively, than 
that of a NiMoS catalyst at 260-280 °C and 3.5 MPa [20], which is indicative of a 
synergy effect analogous to that reported in HDS. The absence of fatty alcohols 
and aldehydes in the products obtained over NiS indicated that DCX rather than 
DCN (via keto-enol tautomerization) was the preferred reaction path. Fatty esters 
were reported to be important intermediates over both NiMoS and MoS2 cata
lysts with selectivities of 20-30% being observed at TG conversions of 30-90% 
[20]. A comparison between promoted (with Ni or Co as promoters) and unpro
moted (Mo only) sulfided catalysts was performed by Brillouet et al. [41] using 
decanoic acid as a model compound. In line with previous reports, both Ni and 
Co were found to promote DCN and inhibit HDO [41]. It was suggested that an 
increase in the basicity of sulfur anions neighboring Co or Ni present in the sul
fided promoted phase may be responsible for the enhancement ofDCN [41] . The 
work of Brillouet et al. also showed that acids adsorb strongly on the surface, thus 
inhibiting the deoxygenation of other compounds [41]. The strong adsorption of 
acids may also explain their lower reactivity relative to esters during deoxygena
tion [18]. 

Experimental studies using unsupported sulfides (MoS2, Ni3S2, and Ni
promoted MoS2) as catalysts for the deoxygenation of ethyl decanoate in the 
gas phase (250 °C, 1.5 MPa) accompanied by density functional theory (DFT) 
calculations have confirmed the concurrence of HDO and DCX/DCN over 
promoted MoS2, with MoS2 and Ni3S2 favoring HDO and DCX/DCN, respec
tively [42]. In fact, the presence of the Ni3S2 phase in the promoted MoS2 was 
deemed to be responsible for the DCX/DCN [42]. DFT calculations revealed the 
dehydrogenation pathway of aldehyde to all<enoyl and/or ketene intermediate 
to be favored on the Ni3S2 surface relative to MoS2 surfaces f 42]. The latter has 
been further supported by a recent study of Wagenhofer et al., who suggested 
that HDO takes place via an aldehyde intermediate on MoS2 (whose strongly 
bound electron-poor sulfur did not allow a-hydrogen abstraction) and DCN 
occurs via the ketene intermediate on Ni-MoS2 (whose Iabile electron-rich 
sulfur favors a-hydrogen abstraction and ketene formation) [43]. 

In contrast to many studies on supported and unsupported promoted MoS
2 

catalysts [20, 42] (and references therein), Zhang et al. reported the conversion 
of waste cooking oil over an unsupported Co Mo S catalyst (300/375 ° C, 9 MPa) 
where DCX/DCN - not HDO - was the main reaction (C18/C17 = 0.6 vs. 1.5- 2.5) 
[44]. The authors suggested that for supported catalysts, the Lewis acidity of the 
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supports may affect selectivity [44]. This contradicts another study focused on 
unsupported NiMoS [42], although differences in the reaction setup (batch liq-
uid phase vs. flow gas phase) and conditions (375 °C, 9 MPa vs. 250 °c, 1.5 MPa) 
employed may account for the discrepancy. 

As reported by Kubička [26], the preferred deoxygenation pathway could 
be completely altered just by varying reaction conditions; indeed, while HDO 
was the main path over a NiWS catalyst at 310 °C and 7 MPa (C18/C17 = ca. 3), 
DCX prevailed at 280 °C and 0.7 MPa (C18/C17 = ca. 0.3} [26]. Furthermore, 
the presence or absence of H2S was shown to affect the distribution of deoxy
genation products dramatically, DCX reactions being enhanced significantly 
when dimethyl disulfide (DMDS) was added to the TG feed (to generate H2S 
and protect the catalyst from desulfurization and the associated loss of activity) 
[45]. Tellingly, during the deoxygenation of rapeseed oil over a CoMoS catalyst 
at 310 °C and 3.5 MPa, the C18/C17 ratio decreased from ca. 3.5- 4.0 when 
no DMDS was co-fed to about 1.0- 1.5 when DMDS was co-fed, which was 
attributed to the increased catalyst acidity in presence of H2S [45]. Finally, the 
support was also found to influence both the activity and selectivity of supported 
sulfided catalysts [29]. The use of an inert support (e.g. SiO2) for the NiMoS 
active phase resulted in DCX dominating over HDO, whereas HDO was the 
main reaction pathway when other supports (such as Al2O3 or TiO2 } were 
employed [29]. This was particularly pronounced in the case of NiMoS/TiO2, 

with C18/C17 exceeding the value of 10 [29]. Apart from the active NiMoS cluster 
size decreasing based on the support nature in the order TiO2 > Al2O3 > SiO2, 

differences in the structure of this phase were also ascertained. Specifically, the 
population of octahedral Ni species in the oxide form of the catalyst (i.e. the 
precursor before the final activation via sulfidation) was significantly higher 
in the silica-supported catalyst than in the other two formulations [29]. Chen 
et al. also found a relationship between the acidity of the support and the 
preferred deoxygenation pathway on a supported NiMoS active phase. Due to 
a higher acidity, NiMoO4 - and MoO3 sulfided phases dominated on SAPO-11 
and DCX/DCN was the preferred deoxygenation route, while Mo4+ polymeric 
octahedral sulfided phases prevailed on Al2O3 and HDO was the favored 
deoxygenation pathway [46]. 
Kubička and Horáček have clearly demonstrated the loss of activity of a sul

fided NiMo catalyst during rapeseed oil deoxygenation when H2S was absent in 
the reactor [45], the yield of hydrocarbons dropping 30% over 144hours TOS 
without added DMDS (as a source of H2S) and only 5% over 250 hours when 
DMDS was constantly added. Moreover, the authors showed catalyst deactivation 
to be partly reversible, as the deoxygenation performance of the catalyst could 
be revived after introducing a feed containing DMDS for a short period. How
ever, further cycles with and without DMDS clearly indicated that some of the 
changes to the catalyst caused in the absence of H2S (DMDS) are permanent, so 
a minimum level of H2S has to be maintained to ensure stable long-term catalyst 
performance [45]. 

The inhibition effects of water, hydrogen sulfide, and ammonia, i.e. plausible 
catalyst poisons present during deoxygenation, were studied for various oxy
genates by Laurent and Delmon [47). Even high concentrations of water were 
reported to have only a very minor inhibiting effect on the conversion of an 
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ester and a ketone [47] . Hydrogensulfide was found to promote conversion of 
carboxylic esters, while it suppressed the activity of NiMoS in the conversion of 
ketonic groups [47]. On the other hand, ammonia inhibited strongly the conver
sion of carboxylic esters, but <lid not affect the hydrogenation of ketonic groups 
f47]. Although only minor inhibition of deoxygenation reactions by water was 
observed f47], water was shown to deteriorate significantly the overall catalyst 
activity, which dropped to one-third of the initial level [48]. This was attributed 
mainly to partial oxidation of NiS to NiO by water and to a lesser extent to 
recrystallization of y-alumina to hydrated boehmite resulting in a decrease in 
surface area [48] . The adverse effect of water was also observed by Wang et al. 
[49], who reported the formation of a MoO3 phase during deoxygenation in the 
absence of a sulfiding agent due to the desulfidation of the catalyst resulting from 
the exchange of oxygen (from oxygenates) with the sulfur in the catalyst active 
phase. 

Apart from coke deposition - which is a natural cause of deactivation in all 
transformations of carbon-containing feedstocks - and the aforementioned cat
alyst desulfidation and partial oxidation, trace elements inherently present in TG 
feedstocks (such as P, Na, K, Mg, Ca) can cause severe catalyst deactivation [45]. 
These elements are associated with phospholipids and deposit on the catalyst sur
face in the form of phosphates, causing pore blockage and deactivation f45]. The 
most severe deactivation effect is observed for waste-TG streams with an excess 
of P (relative to metals), which result in the formation of phosphoric acid (instead 
of phosphates) and in rapid oligomerization followed by coking [45]. Hence, these 
trace elements must be removed before the TG feedstocks can be deoxygenated. 

Due to their robustness and praven reliability in HDS, sulfided catalysts are 
currently used commercially to deoxygenate lipid-based feedstocks into hydro
carbon fuels. However, it is necessary to introduce a source of sulfur into the pro
cess to keep the catalyst in its active form. Moreover, better selectivíty control in 
terms ofHDO vs. DCX/DCN - which necessitates more fundamental knowledge 
on catalyst structure-actívity relationships - and mínimized CO„ hydrogenatíon 
to improve the overal! hydrogen economy are key challenges to be tackled. 

11.5.2 Metallic Catalysts 

Supported metal catalysts, including transition metals (such as Ni or Co) and 
noble metals (such as Pt, Pd, or Ru) are effective in the hydrogenation of a wide 
variety of functionalitíes including double and triple bonds as well as carbonyl 
groups. Moreover, the aforementioned metals have also been shown to be active 
in DCX, which makes them of interest for the upgrading of TGs or fatty acids. 
Two key lines of research have been followed - deoxygenation under H2-rich 
atmospheres [28, 50, 51] and deoxygenation in H2-poor conditions (or even in 
absence of H2 ) [10, 50, 52, 53]. From the reaction stoichiometry point of view, 
DCX of saturated fatty acids does not consume any hydrogen to yield saturated 
hydrocarbons, whereas conversion of a saturated TG would require 3 mol of H2 

to produce saturated hydrocarbons (see Figure 11.1). Thus, many efforts have 
focused on leveraging this fact. Kubičková et al. [SOJ upgraded stearic acid and 
ethyl stearate using 5 wt% Pd/C at 300-360 °Cunder He, H2, and 5 vol% H2 in Ar 
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to obtain n-heptadecane along with some heptadecenes. This suggest that both 
DCX and DCN are operative under the reaction conditions. The highest turnover 
frequency (TOF) was obtained when using 5 vol% H2 in Ar f 50]. In addition to C

17 
olefins, C17 aromatics were also observed in the absence of hydrogen [50], indi
cating that H2 was important to prevent dehydrogenation reactions and, hence, 
protect the catalyst from deactivation. The formation of unsaturated products 
was higher when ethyl stearate was used [50] as could be expected from stoichio
metric considerations, ethylene and ethane also being detected in the gaseous 
products. 

Snare et al. [53], screened various supported-metal catalysts for activity in 
the deoxygenation of stearic acid under He, carbon-supported formulations 
significantly outperforming their alumina-supported analogues [53]. High 
conversion was also achieved on Ru/MgO, which yielded selectively a C

35 
symmetrical ketone, i.e. a ketonization product of stearic acid, likely due to the 
basic character of the MgO support although other carriers have also shown 
high selectivity toward this product at low conversions. On the other hand, 
the HDO activity of all catalysts was negligible. Due to the inert atmosphere, 
formation of oligomerization products was pronounced over most catalysts 
but particularly over Ni-containing formulations (>20% selectivity), which also 
exhibited substantial cracking activity (ca. 20% selectivity) [53]. The various 
reaction pathways proposed are summarized in Figure 11.3. 

Crocker and coworkers tested carbon-supported Ni, Pt, and Pd catalysts for 
activity in the conversion of TGs at 350 °C under a N2 atmosphere [52]. These 
authors confirmed that oxygen was eliminated as CO and CO2 [52]. It was 
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explained that an initial p-elimination step was followed by the DCX of the 
released fatty acid, C-C bonds scission affording either a C17 hydrocarbon (if 
scission occurred between the ester carbonyl carbon and the a carbon of the 
hydrocarbon chain) or a C15 hydrocarbon and ethylene (if scission took place 
between the p and y carbon atoms) [52]. Increasing the degree of unsaturation 
of the lipids led to increased cracking, especially over the Ni catalyst [52]. 
Carbon-supported Pt and Pd were less active both in deoxygenation and in 
cracking than Ni/C f 52). Further investigation of Ni-based catalysts showed that 
a Ni-Al layered double hydroxide (LDH) catalyst was particularly suited for 
regeneration as the regenerated catalyst outperformed the fresh formulation, 
which was attributed to the formation of strong basic sites during regenerative 
calcination. Also, hydrogen was convincingly shown to curb the deposition 
of carbonaceous species on the catalyst surface [54). Moreover, promotion of 
20 wt% Ni/ Al2 O3 with 5 wt% Cu resulted in suppressed cracking activity, the 
formation of diesel-like hydrocarbons being significant especially when upgrad
ing yellow grease [55]. Besides Cu, the use of Sn as promoter was also shown 
to improve the selectivity of Ni/alumina catalysts to diesel-like hydrocarbons 
during the conversion of tristearin at 350 °C [56]. 

Zhao and coworkers studied the transformation of palmitic acid over various 
Ni-containing catalysts in a batch reactor operated at 260 °C and 12 bar both in 
the presence and absence of H2 [57]. They found that reducible supports with oxy
gen vacancies - such as ZrO2 - adsorbed palmitic acid via the carboxylic group. 
This resulted in oxygen elimination and the formation of a ketene, which is hydro
genated to hexadecanal on Ni sites (in the presence of H2) or reacts with another 
adsorbed palmitate to yield a symmetrical ketone (in the absence of H2) [57]. In 
parallel, palmitic acid is also reduced directly to hexadecanal that is then decar
bonylated, both of these reactions occurring on Ni sites [57]. Ni/ZrO2 exhibited 
a higher rate of deoxygenation of palmitic acid than Ni/SiO2 and Ni/ Al2 0 3 dueto 
the active contribution of the support to the deoxygenation reaction [57]. Simi
larly, the rate is further enhanced over zeolite-supported Ni as the dehydration of 
hexadecanol (which is in equilibrium with hexadecanal) is faster than the other 
reaction pathways [57]. Consequently, hexadecane is the main reaction product, 
which is not the case for Ni on supports that do not possess significant Brnnsted 
acidity f 57]. This pathway was corroborated by modifying ZrO2 with Si 0 2 , which 
led to the introduction of Brnnsted acid sites - accompanied also by a significant 
surface area increase (from 72 to 193 m2 /g) - and accelerated the deoxygena
tion of stearic acid by HDO rather than DCN [58]. Likewise, high deoxygenation 
activity was achieved over Ni supported on hierarchical nanosized MFI exhibit
ing both excellent Ni dispersion and large number of accessible acid sites [59]. 

Ni and Co supported on Al- and Si-SBA-15 having large specific surface area 
(and mild acidity in the case of Al-SBA-15) have also been tested for activity in 
the deoxygenation of methyl esters in a flow reactor at 300-340 °c and 3 MPa 
H2 [51]. In line with the results from Lercher and coworkers [58], Ni/Si-SBA-15 
showed lower activity than Ni/Al-SBA-15 and a negligible selectivity to HDO, 
whereas HDO was the main reaction pathway over Ni/Al-SBA-15 (about 60% 
of C17 + C18 hydrocarbons at 300 °C) [51]. Interestingly, Si-SBA-15-supported 
Co was more active than Ni and showed significant selectivity to HDO (about 
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20% of C17 + C18 hydrocarbons at 300 °C), which increased to 70-80% over 
Co/ Al-SBA-15 [ 51]. Both Al-SBA-15-supported catalysts exhibited low cracking 
activity, high yields of diesel-range hydrocarbons (>90wt%) being obtained 
during the whole six hour TOS period investigated [51]. At 340 °C, the initial 
yield of desired isomers exceeded 25 wt%, albeit it dropped to about 10 wt% 
after six hours TOS [51]. Surprisingly, Co/ Al-SBA-15 yielded more isomers than 
Ni/ Al-SBA-15 at 300 °C. Nonetheless, the yield decreased rapidly from 15 to 
6wt%, still twice the yield obtained over Ni/Al-SBA-15 that remained constant 
at about 3 wt% [51]. 

The isomerization activity of deoxygenation catalysts is of high interest as 
it would allow converting TGs directly into the most desired diesel-range fuel 
components, i.e. iso-alkanes. Commercially, this is achieved in a two-stage setup, 
with the n-alkanes stemming from the deoxygenation oflipids being upgraded in 
a second reactor over a commercial isomerization/mild hydrocracking catalyst. 
In addition to mesoporous supports such as Al-SBA-15, attention has been 
mainly directed at SAPO materials, such as SAPO-11 and SAPO-31, which 
exhibit mild acidity thus limiting excessive cracking [60-63]. Kikhtyanin et al. 
[ 60] have shown that sunflower oil could be converted exclusively to hydrocar
bons in the diesel fuel range over Pd/SAPO-31 at 320-350 °C and 2 MPa H2 

with a high initial selectivity to C17 and C18 iso-alkanes (iso-/n-alkanes > 10). 
This ratio, however, dropped dramatically within 24 hours TOS to virtually zero 
indicating severe deactivation, which was attributed to a drop in Pd dispersion 
(from 50% to 11 %) [60]. Full soybean oil conversion and a high isomerization 
selectivity (iso-alkanes representing 60-85% of all produced alkanes) was also 
observed over Pt/SAPO-11 and Pt/ZSM-22 at 357 °C, 4MPa H2 and three hours 
TOS [63]. While SAPO-11 favored isomerization (<4% selectivity to liquid 
cracking products), ZSM-22 promoted cracking reactions (50-60% selectivity 
to liquid cracking products) (63]. Unfortunately, the stability of the catalysts was 
not reported in this contribution. In the deoxygenation of palm oil, a good liquid 
product yield - ca. 60% (the theoretical maximum being 80-85%) - and good 
isomerization selectivity (ca. 50%) were obtained in a 35 hour TOS experiment 
using 7wt% Ni/SAPO-11 at 360 °C and 4MPa H2 (61]. 

When metallic catalysts are employed, it is obvious that the product selectiv
ity can be fine-tuned by the choice of (i) the active metal, (ii) the support, and 
(iii) the reaction conditions in general and the gas atmosphere in particular, all 
of which determine the preferred reaction pathway. However, the choice of sup
port has uniquely important consequences. Indeed, partially reducible supports 
may enhance DCN/DCX pathways, while non-reducible supports with Br0nsted 
acid sites (e.g. molecular sieves) may on the one hand shift the preferred path
way toward HDO and on the other hand promote both desirable isomerization 
and undesirable cracking reactions. The Iong-term TOS stability of these catalysts 
remains a challenge to be addressed. 

11.5.3 Metal Carbide, Nitride, and Phosphide Catalysts 

Metal carbides, nitrides, and phosphides are an emerging class of robust 
hydrogenation catalysts that offer several advantages over the other types of 
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deoxygenation catalysts. Most importantly, they are much more affordable than 
noble metal catalysts and do not require the sulfur-containing additives that are 
essential when sulfided catalysts are employed. As with supported-metal cata
lysts, deoxygenation over carbide-, nitride-, and phosphide-based formulations 
has been investigated under both hydrogen-rich and hydrogen-poor conditions. 

Molybdenum carbide supported on alumina was investigated as a catalyst in 
the deoxygenation of sunflower oil (633 K, 5 MPa) by Sousa et al. [64]. Conver
sion of TG s into alkan es was described as a two-step process consisting of thermal 
cracking of TGs yielding FFAs followed by hydrogenation of the double bonds 
and of the carboxylic group of the FFAs [64]. Both CO and CO2 were absent 
among the reaction products indicating that DCX and/or DCN reactions <lid 
not take place and that HDO was the exclusive deoxygenation reaction path
way [64]. Nonetheless, the occurrence of DCX and/or DCN reactions cannot 
be completely excluded as methane - which could be formed by COx hydro
genation (including that of the COx formed through the thermal cracking of the 
FFAs) - was found in the reaction products [64]. The Mo2C/Al2O3 catalyst was 
found to provide a more s tahle performance in terms of both activity and product 
distribution than sulfided formulations [64] . Moreover, the activity of molybde
num carbide was claimed to be higher than that of molybdenum sulfide [64], 
which also operates via HDO [20]. 

Therefore, supported Mo2C catalyst offer several advantages, including (i) low 
to negligible formation of CO and CO2 , (ii) stable operation without the necessity 
to supply a source of sulfur (as is the case for sulfided catalysts), and (iii) direct 
HDO of FFAs, which obviates the need to convert acids into esters prior to their 
deoxygenation [64] . 

Unsupported and active charcoal-supported Mo2C were some of the first cat
alysts tested for activity in the deoxygenation of vegetable oils and related model 
compounds (e.g. stearic acid, methyl stearate) over carbides at 280-300 °C and 
1-2 MPa hydrogen pressure [65]. HDO products such as n-octadecane were the 
predominant products obtained over supported Mo2 C with yields around 90% 
and 75% when esters and stearic acid were used, respectively. At the same time, 
DCX/DCN products were formed in ca. 4% yield from esters and ca. 13% yield 
from stearic acid [65]. The performance of the unsupported Mo2C was inferior 
to that of the supported Mo2C [65]. The activated charcoal-supported Mo2C 
favored the HDO of esters, aldehydes, and alcohols, whereas Pd nanoparticles 
supported on BaSO4 favored the DCN pathway producing hydrocarbons with 
one carbon atom less than in the original lipid f 65]. This was also observed for 
the deoxygenation ofhexadecanol [65], which could be explained by invoking the 
equilibrium between the al co hol and the aldehyde [25]. In the case of stearic acid, 
the HDO pathway was favored by both catalytic systems. Thus, it was suggested 
that aldehydes and olefins (rather than carboxylic acids) were the intermediates 
in the conversion of esters [65]. In contrast to methyl stearate and methyl palmi
tate, full conversion was not reached when deoxygenating vegetable oils under 
the same reaction conditions (conversions being 85-95%) [65]. 

The performance of tungsten and molybdenum carbide supported on carbon 
nanofibers (CNFs) in the deoxygenation of oleic acid was studied at 350°C and 
5MPa H2 pressure by Hollak et al. [66]. These authors found Mo2C/CNF to 
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be more active and stable than W 2C/CNF. Mo2 C/CNF was highly selective to 
n-octadecane, steric acid being the main reaction intermediate. On the other 
hand, W2C/CNF produced olefins in significant yields (up to 50% before being 
hydrogenated) [66]. This was explained by higher hydrogenation rates being 
achieved over Mo2C/CNF, which was also suggested to be the reason behind 
the superior stability of Mo2C/CNF in terms of catalytic activity f 66]. HDO was 
found to be the main reaction pathway over both catalysts, DCX products being 
produced in 7% and 15% molar yield at complete deoxygenation over Mo2C and 
W 2C, respectively [66]. This difference was attributed to the higher sensitivity of 
W2C/CNF toward oxidation [66]. 

It was also established that the particle size of the supported carbides (Mo2 C, 
W2C) is a decisive factor determining their deoxygenation activity and stabil
ity [67]. It was shown that larger carbide particles were more resistant against 
full oxidation to crystalline metal oxides, thus providing a more stable catalytic 
phase [67]. At the same time, the TOF over Mo2C/CNF increased by an order 
of magnitude when the carbide particle size was increased from 2 to 10 nm [67]. 
The increase in particle size also resulted in a change in the preferred reaction 
pathway. Indeed, while the n-octadecane produced by HDO was practically the 
sole hydrocarbon product over 2 nm Mo2C/CNF, almost equal amounts of C17 

and C18 hydrocarbons were formed over 10 nm Mo2C/CNF at 300 °C and 3 MPa 
H2 [67]. At the same time, the formation of the C36 esterification product was 
greatly diminished. The main oxygenated intermediates included octadecanol 
and octadecanal and the formation of C17 hydrocarbons was assigned to the DCN 
of the aldehyde [ 67]. 

The experiments with octadecanol and octadecanal clearly demonstrated that 
under a N2 atmosphere octadecanal was selectively converted to unsaturated 
C17 hydrocarbons over Mo2C/CNF, whereas stearic acid <lid not react at all [67]. 
Octadecanol yielded both C17 and C18 hydrocarbons (with preference to C18 over 
2 nm Mo2C and to C17 over 10 nm Mo2C) indicating that the dehydrogenation 
of the alcohol to the aldehyde was followed by DCN [67]. In contrast, W 2C/CNF 
invariably yielded C18 hydrocarbons in very large excess likely dueto the oxophilic 
nature of tungsten carbide, the WOx domains formed on the surface ofW2C/CNF 
catalyzing alcohol dehydration [67]. 

Mo2C supported on different carbon supports - such as reduced graphene 
oxide (RGO), glassy spherical carbon, activated carbon, and mesoporous carbon 
was studied by Kim et al. [68]. When using Mo2C/RGO nanocomposites pre
pared by the supercritical alcohol route, 30-60% higher hydrocarbon yields were 
obtained in the HDO of oleic acid at 350 °C, 4.5 MPa H2 and 2 h- 1 liquid hourly 
space velocity (LHSV) [68] . The higher efficiency of the RGO-supported Mo2C 
was attributed to a uniform distribution of Mo2C particles and the large pore 
size of the support allowing the efficient transport of reactants to the active sites 
[ 68]. A decrease in soybean oil conversion of 13% was observed over Mo2C/RGO 
during six hours on stream, which was significantly less than the 42% drop in con
version observed over a commercial CoMoS/ Al20 3 catalyst f 68] . Nevertheless, it 
seems that the authors <lid not add any sulfur to the feed, which would have a 
detrimental effect on the performance of the CoMoS/ Al2 0 3 catalyst. 
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Theoretical DFT studies of the preferred reaction pathways have been per
formed using short chain (e.g. propionic, butyric) acids as model compounds 
f69, 70). The orthorhombic Mo2 C (100) has a surface terrninated in either Mo 
or C. The Mo-terminated surface was shown to favor the HDO path as a result of 
the low barrier for oxygenates, while the C-terminated surface was preferable for 
the DCX of propanoic acid dueto low barrier for O-H scission [69). Butyric acid 
deoxygenation over an hexagonal Mo2C (101) surface was reported to proceed 
through the dissociative adsorption of the acid followed by the hydrogenation 
of the adsorbed acyl to adsorbed butanal [70]. The direct decomposition of acyl 
to produce propane, CO, and water was found to be less energetically favorable 
and hence not competitive [70). Butanal was then hydrogenated to butanol via 
butoxyl - which was the preferred adsorbed species - followed by butanol disso
ciation to butyl and hydroxyl species and final hydrogenation of these species to 
form butane and water [70]. However, it should be noted that neither the struc
ture nor the chain length of the model compounds employed provide a realistic 
representation of TGs, and steric effects might affect the predicted outcomes. 

A NiMo carbide and nitride supported over ZSM-5, i.e. an addic sup port, were 
also used in the deoxygenation of soybean oil at 360-450°C and 4.5 MPa by 
Wang et al. [71]. At 450 °C and a LHSV of 1.5 h-1

, full conversion of the soy
bean oil was achieved, but differences in the gas phase products were noticed. 
The nitride exhibited higher selectivity to CO, CO2, and CH4 than the carbide 
catalyst, indicating not only a higher DCX/DCN activity but also a higher metha
nation activity [71]. Nonetheless, significant amounts of carboxylic acids were 
observed in the product mixtures recovered after three and eight days on stream 
at 360 and 450 ° C, respectively, indicating severe deactivation of the NiMo nitride 
catalyst [71]. The latter was explained invoking strong adsorption of water. In gen
eral, the NiMo carbide was found to be more selective to higher hydrocarbons. 
Based on a comparison between a Mo-carbide/ZSM-5 catalyst (10wt% loading) 
and a 3 NiMo-carbide/ZSM-5 formulation (the same metal loading and Ni/Mo 
ratio = 0.5, 1, and 1.5), the lack of Ni was claimed to be responsible for insuf
ficient hydrogen activation and for the high extent of polymerization reactions 
eventually leading to reactor plugging [71]. In addition, the yield of organic liq
uid products decreased as the Ni/Mo ratio increased [71), plausibly due to the 
hydrogenolytic activity of Ni. 

Nguyen et al. [72] reported that - in contrast to 5 wt% Ni/H-Y and 5 wt% 
Ni/SiO2 - an unsupported Mo2N/MoO2 catalyst (nitride/oxide ratio = 1.2) 
showed noteworthy resistance to deactivation during the deoxygenation of 
crude Chlorella algal oil at 300 °C and 3 MPa H2• However, the conversion over 
the nitride catalyst was only 14% after six hours of reaction, compared with the 
35 and 12% values reached over Ni/H-Y and Ni/SiO2, respectively [72]. In line 
with the findings of Wang et al. [71], only low yields ( <10%) of hydrocarbons 
were obtained and fatty acids represented the maín reactíon products [72]. 

In addition to carbides and nitrides [25, 64-68, 71-73], transition metal phos
phides have recently gained signíficant attention as deoxygenation catalysts [74-
81]. Peroni et al. convincingly showed that HDO was the key reaction pathway 
during the upgrading of palmitic acid over WP, while DCN of the intermediate 
aldehyde was a significant reaction route over Ni2P and MoP catalysts at 4MPa 
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u~H,O 

Figure 11.4 Deoxygenation of palmitic acid over different phosphides. Source: Reprinted with 
permission from Peroni et al. 2017 (77). Copyright 2017, American Chemical Society. 

and 180-300 °C [77] as depicted in Figure 11.4. Furthermore, the dehydration of 
the intermediate alcohol was correlated with the Lewis acidity of the phosphide 
catalysts and only Ni2P catalyzed the dehydration to the ketene followed by the 
DCN of the latter [77]. However, weak Brnnsted acid sites were not strong enough 
to dehydrate the intermediate alcohol [77]. The activation energies of palmitic 
acid deoxygenation spanned from 57 kJ/mol for MoP to 129 kJ/mol for WP [77]. 
The a cti vity could be increased by addition of citric acid, which limited the growth 
of oxide precursors during the synthesis step and of phosphide crystals during 
calcination. However, citric acid addition also resulted in partial coverage of the 
metal surface by residua! carbon [77]. 

Despite the obvious advantage offered by WP in terms of the highest retention 
of renewable carbon in the liquid deoxygenation products, Ni2P catalysts have 
attracted most attention. Indeed, conversion of both fatty acids and their methyl 
esters has been extensively studied over zeolite- and mesoporous molecular 
sieve-supported Ni2P [74, 75, 79, 80], as well as over carbon- and silica-supported 
Ni2P [76, 78, 81]. 

Ni2P supported on addic H-ZSM-22 [75] was compared with unsupported 
Ni12P5 and unmodified H-ZSM-22 (Si/Al= 70) in the solvent-free deoxygenation 
of palmitic acid at ambient pressure at 310- 360 °C under a flow of 5% H2 in Ar. 
Full conversion was reached over all catalysts besides the unsupported NixP, 
while the yield of liquid hydrocarbons increased with the increasing supported 
NixP phase content from 14% to 46% for 5wt% Ni..,P/H-ZSM-22 and 60wt% 
Ni..,P/H-ZSM-22, respectively [75]. These yields are, however, significantly lower 
than the theoretical maximum of 83% (assuming only DCX/DCN take place). 
This is a consequence of gaseous products formation due to cracking reactions 
[75]. Nonetheless, as the Ni..,P loading increased, less cracking was observed 
due to the corresponding decrease in catalyst Lewis acidity [75]. The Ni12P5 
phosphide phase was suggested to be the most active in DCN and DCX reactions 
( the optimum crystal size being 20- 24 nm), while the acid sites of the support 
were active in isomerization and cracking reactions [75]. Albeit pentadecane 
was reported to be the main deoxygenation product over Ni..,P/H-ZSM-22 [75], 
over Ni..,P/MCM-41 both n-hexadecane (a HDO product) and n-pentadecane 
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(a DCX/DCN product) were observed during the deoxygenation of methyl 
palmitate at 3 MPa of H2 pressure and 290-350 °C [74]. However, this could 
be attributed to the difference in reaction pressure (0.1 MPa, 5% H2 in Ar vs. 
3 MPa H2). Indeed, an increase in H2 pressure has been reported to enhance 
HDO selectivity at the expense of DCX/DCN selectivity, the C18/(C18 + Cn} 
ratio increasing from 0.2 to 0.6 upon increasing the pressure from 0.3 to 4 MPa 
over 15% NixP/SBA-15 at 250 °C [79]. In contrast, the aforementioned ratio did 
not depend on H2 pressure, and DCX/DCN was the preferred route over 15% 
Ni/SBA-15, which afforded deoxygenation product mixtures comprising >95% 
DCX/DCN products [79]. 

Interestingly, during the deoxygenation of methyl palmitate, the selectivity to 
HDO and DCX/DCN was found to be a function of NixP loading on MCM-41, 
the nC16/nC15 ratio decreasing from 60/35 to 35/60 when the NixP loading was 
increased from 5 to 20 wt% (7 4]. At the same time, irrespective of the phosphide 
loading, all catalysts exhibited virtually the same TOF (0.43-0.44 s-1

) [74], which 
suggests that the same sites are active in both HDO and DCX/DCN reactions 
and/or that the intrinsic activity of different sites is very similar. In addition, at 
short contact times (3.3 minutes) and low conversions, DCX/DCN prevailed 
significantly (n-C15/n-C16 ca. 6), while at longer contact times (20 minutes), 
the excess of the DCX/DCN products was only 1.4 [74]. In addition to the 
hydrogenolysis of the methyl ester yielding an acid and methane, direct 
formation of aldehyde and methanol was proposed as well [74]. 

By varying the Ni/P ratio in the range 1.25-3.33, it was established that 
increasing the concentration of P resulted in a decrease in the conversion of 
methyl palmitate (from 95% to 60% at 290 °C) and lower selectivity to HDO 
(74]. Similarly, a significantly lower activity was reported for SBA-15-supported 
Ni3P than for NixP/SBA-15 with Ni/P = 0.5-2 during the deoxygenation of 
methyl oleate at 3 MPa and 250- 340 °C [80]. The phosphorus-deficient phase 
(Ni

3
P) also showed higher selectivity to DCX/DCN than to HDO being thus 

more similar to Ni/SBA-15 than to other NixP/SBA-15 catalysts [80]. The best 
performance, in terms of conversion and selectivity to HDO products, was 
provided by catalysts rich in Ni2 P and Ni12P5 phases, whereas an excess of P 
(Ni/P = O.S) had a detrimental effect on the catalyst activity dueto the formation 
of large NixP crystallites (80]. 

No cracking activity was reported over Ni2P/SBA-15 (all Si-SBA-15) [79] 
and over NixP/MCM-41 (Al content not reported) [74], which might be due 
to the absence of acid sites in the supports. A comparison with Ni/SBA-15 
demonstrates that the cracking/hydrocracking activity of supported NixP is 
negligible, which allows for high renewable carbon retention in the liquid 
products, whereas supported Ni (even on a neutral support) promotes cracking 
significantly, particularly at higher reactíon temperatures (79]. This is corrobo
rated by the long-term testing of Ni2P (25 wt%) supported on SiO2 and HYunder 
hydrocracking conditions (370 °C, 3 MPa) (81]. Indeed, the liquid hydrocarbon 
yields reached 78-82% over both catalysts, but virtually no cracking took 
place over Ni2 P/SiO2 (gasoline fraction <1%), while as much as 20wt% of light 
hydrocarbon (HC) liquids (boiling below 150 °C) were produced over Ni2P/HY 
[81]. However, the extent of the cracking reactions decreased with increasing 
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TOS from the initial 20wt% (20hours TOS) to about 5wt% (150hours TOS), 
while the soybean oil was completely deoxygenated (81]. The decline in the 
hydrocracking activity was attributed to the adverse effect of the water generated 
during deoxygenation on catalyst acidity, specifically through the conversion of 
Lewis acid sites (hydroxylaluminum ions) into neutral Al(OHh, which blocks 
the access of reagents to Br0nsted acid sites [81]. 

Silica-supported Ni2P catalysts having a crystallite size in the range 3-12 nm 
were prepared using different SiO2 supports including SBA-15 and MCM-41 
and tested for activity in the deoxygenation of methyl laureate at 2 MPa H2 and 
200-340 °C (82]. The TOF was found to be directly proportional to the Ni2P 
crystallite size, increasing from 0.064 to 0.151 s-1 for a crystallite size of 3 and 
12 nm, respectively (82] . The lower TOF values over the smaller Ni2P crystallites 
were attributed to a stronger interaction between Ni and P in these crystallites 
[82]. In contrast to the results reported for NixP/SBA-15 catalysts, DCX/DCN 
was always preferred over HDO reactions with (DCX + DCN)/HDO in the range 
2-4 (82], likely due to the lower H2 pressure affecting the HDO/(DCX + DCN) 
ratio (79] and the higher temperature promoting DCX/DCN at the expense of 
HDO reactions (82]. Based on previous reports [79], an HDO/(DCX + DCN) 
ratio equal to unity would be expected in the deoxygenation of methyl oleate 
at 250 °C, so a ratio of about 2 at 300 °C (82] seems to be in line with these 
results. In contrast with previous work demonstrating that Lewis rather than 
Br0nsted acidity affects the deoxygenation selectivity [77], Br0nsted acidity orig
inating from a P surplus has been linked to changes in selectivity [82]. Indeed, 
the acid Br0nsted acid sites were associated with both the DCN and the HDO 
pathways (involving alcohol dehydration) (82], these acid sites also being deemed 
responsible for the esterification reaction taking place and resulting in the for
mation of lauryl laureate [82]. Similar observations were also made for sulfided 
catalysts, for which the increased acidity dueto presence of H2S (HS-) promoted 
DCX/DCN at the expense of HDO reactions and the formation of esters through 
the reaction between fatty acids and fatty alcohols f 45]. 

As with metallic catalysts, carbides, nitrides, and phosphides of transition met
als provide some flexibility to adjust the selectivity to HDO and DCX/DCN path
ways, thus allowing some degree of control over hydrogen consumption. They 
can be operated at a similar range of reaction conditions, which makes them 
an attractive alternative to noble metal-based catalysts dueto their lower cost. 
Moreover, in contrast to metallic catalysts that preferentially yield DCX/DCN 
products, HDO can be the rnain reaction pathway over carbides, nitrides, and 
phosphides, which results in a higher retention of renewable carbon in the liquid 
organic products. As with the other catalytic systems discussed, the long-term 
stability of their performance remains a major challenge to be overcome. 

11.6 Conclusions and Outlook 

Several advances in the deoxygenation of lipid-based feedstocks has enabled the 
commercialization of the resulting technology by several companies, and new 
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investments in additional industrial units have been announced. The recent focus 
on more sustainable feedstocks - such as waste lipids or algal oils - increases 
the need not only for improving the robustness of the catalysts but also for a 
meticulous pretreatment of the feedstocks to eliminate catalyst poisons, includ
ing alkali and alkaline earth metals and phosphorus. The availability of (sustain
able) lipid-based feedstock is one of the factors lirniting the widespread use of 
deoxygenation technology, other factors including the selectivity and long-term 
stability of deoxygenation catalysts. 

Significant progress in understanding the underlying chemistry has been 
achieved recently. HDO, DCN, and DCX have been identified as the main 
deoxygenation reactions taking place. The intrinsic selectivity (toward specific 
reaction paths) of different active phases has been revealed along with the 
parameters that affect it, the nature and properties of the support, promoters, 
reaction gas, or reaction conditions having been described. In general, catalysts 
based on molybdenum sulfides and carbides favor HDO, while DCX and DCN 
are the preferred reaction pathways over nickel- and noble metal-based catalysts. 

Although sulfided catalysts necessitate addition of H2S (or a source thereof) to 
maintain their activity, they represent the only deoxygenation catalysts used in 
commercial deoxygenation technologies. This is due to their robustness and the 
vast experience of industry with these catalysts. Nonetheless, from both a techni
cal and an environmental point of view, sulfur-free catalysts are highly desirable. 
Consequently, transition metal catalysts as well as their carbides, nitrides, and 
phosphides have attracted significant attention as promising alternatives. 

The understanding of the intrinsic activity and selectivity of deoxygenation 
catalysts provides an opportunity to fine-tune their selectivity and to control 
hydrogen consumption. However, more effort is needed to develop catalysts with 
a controlled distribution of the desired active sites. Additionally, the stability of 
these active sites has to be further improved so they can be rendered tolerant to 
the oxygen-containing inorganic compounds produced, namely, water, CO, and 
CO2• The use of promoters and of suitable supports with optimized properties 
(particularly textura! and acid- base properties) is a research area with significant 
potential for improvement. 

Finally, in line with the principles of green chemistry, consolidation of the two 
stages currently employed to upgrade lipids - i.e. deoxygenation followed by 
either isomerization or mild hydrocracking to afford high quality diesel fuel and 
kerosene, respectively - into a single-stage process should be attempted. Despite 
some promising results, catalysts in general (and isomerization formulations in 
particular) still suffer from fast deactivation that results in a rapid deterioration 
of their performance. Thus, the bifunctional catalysts needed to address this 
issue must be improved further. 
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a b s t r a c t

Zeolites of different structural types were used as catalysts for aldol condensation of furfural and acetone
in batch reaction conditions at T = 20–100 ◦C and time 0–24 h. To establish a relation between physico-
chemical and catalytic properties of microporous materials, the samples were characterized by SEM,
N2 adsorption, FTIR and TGA. It was found that the acidic solids possessed appreciable activity in the
reaction and resulted in a formation of products of aldehyde–ketone interaction. Nevertheless, furfural
conversion decreased rapidly due to coke formation inside zeolite pores. Simultaneously with a general
route of the reaction observed for basic catalysts, dimerization of the condensation product on acidic sites
occurred. It was supposed that catalytic behavior of zeolites considerably affected by their both structural
and textural properties. Experiments with re-used samples showed that zeolites totally restored their
activity and selectivity after calcination at 530 ◦C.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

In conditions of unpredictable prices for conventional hydrocar-
bon sources, it is of a great importance to develop new technologies
based on non-traditional, renewable energy supplies. At present,
significant research attention is focused on the transformation of
waste biomass into fuels and valuable chemicals [1,2]. The primary
transformation of biomass can proceed by different routes result-
ing in a formation of bio-oil (by liquefaction and/or pyrolysis), sugar
solutions, etc. [1–6]. Acetone, which is obtained as a product of
acetic acid decomposition (ketonization), and furanic compounds
that are afforded by sugars hydrolysis are among the final prod-
ucts of the successive transformation steps involved in conversion
of the starting complex biomass mixtures. Furanic compounds and
acetone, being aldehydes and a ketone by chemical origin, may fur-
ther react with each other via aldol condensation in the presence
of the corresponding catalyst [7–9]. In this respect, aldol conden-
sation seems to be a useful tool to increase a length of carbon chain
and to produce heavier reaction products from comparatively light
initial reagents. The aldol condensation step is of particular impor-
tance in upgrading of bio-oils since these light molecules would
be otherwise converted into low-value gaseous products during
bio-oil deoxygenation that is necessary to improve its stability and
enhance its fuel properties [10].

∗ Corresponding author. Tel.: +420 476163735.
E-mail address: david.kubicka@vuanch.cz (D. Kubička).

Aldol condensation of aldehydes and ketones is a well-known
reaction of organic synthesis and it proceeds in the presence of
catalysts with either basic or acidic properties. Most often basic
catalysts are used for this reaction because they possess high
activity in conversion of reagents and high selectivity toward
the desired reaction products (Scheme 1). Sodium hydroxide is
a recognized catalyst for aldol condensation, which permits to
carry out the reaction even at room temperature [8]. Neverthe-
less, high corrosivity of this compound and the increasing demands
for environmental friendliness of new technologies result in a
necessity of using heterogeneous catalytic systems with similar
basic properties. Catalysts derived from hydrotalcite-like (HTC)
materials as well as other mixed oxide systems were found to
be good heterogeneous catalysts with basic properties, which
were successively employed as catalysts for aldol condensation
[11–14]. It is known that re-hydrated HTC materials allow car-
rying out aldol condensation between furfural and acetone with
high furfural conversion already at 50–60 ◦C [13]. Nevertheless, a
number of published works dealing with the properties of HTC
materials indicate significant disadvantages of these materials;
in particular high sensitivity to the ambient CO2 and problems
with re-using the HTC-based catalysts in successive catalytic
runs [11,15,16].

Solid catalysts with acidic properties are used seldom as
catalysts for aldol condensation in comparison with basic het-
erogeneous catalysts. Zeolites, being materials with pronounced
and controllable acidic properties, seem to be suitable mate-
rials for this purpose. Indeed, it is known that acidic zeolites

0920-5861/$ – see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.cattod.2013.10.059
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Scheme 1. Aldol condensation between furfural and acetone over acidic or basic catalysts.

of different structural types can catalyze condensation of vari-
ous aldehydes and ketones [17–19]. However, the examples of
using zeolites as catalysts for aldol condensation are still few.
Therefore, further investigation to gain deeper understanding of
the suitability of these microporous materials as catalysts for
reactions of different biomass-derived aldehydes and ketones
are required to promote the development of efficient biomass
transformation routes into fuel components and valuable chemi-
cals.

The present work aims at understanding of the relationship
between the properties of zeolites of different structural type and
their catalytic performance in aldol condensation of furfural and
acetone. Both activity and selectivity of these materials are corre-
lated with their physico-chemical properties.

2. Experimental

2.1. Supply and preparation of catalysts

Zeolite samples for the study (NH4-ZSM-5(23), NH4-ZSM-
5(50), NH4-BEA(25), NH4-BEA(38), NH4-MOR(20), HSDUSY(80),
HSUSY(5)) were provided by Zeolyst International. The numbers
in parentheses designate SiO2/Al2O3 molar ratio of the samples as
given by the manufacturer. The transformation of NH4-form of zeo-
lites to the corresponding H-form was carried out by calcination in
air at 500 ◦C for 4–6 h. The effect of chemical composition of the
samples on their physico-chemical and catalytic properties was
investigated by using materials of the same structural type with
different SiO2/Al2O3 molar ratio.

2.2. Physico-chemical characterization

The shape and size of the zeolite crystals were determined
by scanning electron microscopy (SEM, Jeol, JSM-5500LV). The
textural properties of the samples were determined by nitro-
gen physisorption at 77 K using an ASAP 2020 (Micromeritics)
static volumetric apparatus. In order to attain sufficient accu-
racy in the accumulation of the adsorption data, the ASAP
2020 was equipped with pressure transducers covering the

133 Pa, 1.33 kPa and 133 kPa ranges. The zeolite samples were
outgassed under turbomolecular pump vacuum before start-
ing the adsorption experiments. The zeolite samples were
outgassed at 110 ◦C (heating rate 1 ◦C/min starting from the
ambient temperature) until the residual pressure of 0.5 Pa was
obtained. After further heating at 110 ◦C for 1 h the tempera-
ture was increased until the temperature 300 ◦C (heating rate
1 ◦C/min) was achieved. This temperature was maintained for
6 h.

Acidic properties of zeolites were examined by IR spectroscopy
of adsorbed pyridine on Nicolet 6700 spectrometer equipped
with MCT detector. Pyridine adsorption proceeded at 150 ◦C for
20 min at partial pressure 3 Torr, followed by 20 min evacuation
at 150 ◦C. The concentrations of Brønsted and Lewis acid sites
were calculated from integral intensities of the individual bands
characteristic of pyridine adsorbed on Brønsted acid sites (BAS,
at 1545 cm−1) and on Lewis acid sites (LAS, at 1455 cm−1) and
molar absorption coefficients of ε(B) = 1.67 ± 0.1 cm �mol−1 and
ε(L) = 2.22 ± 0.1 cm �mol−1, respectively [20]. The spectra were
recorded with a resolution of 4 cm−1 by collection of 128 scans for a
single spectrum. Prior to the adsorption of pyridine, self-supporting
wafers of samples were activated in situ by overnight evacuation
at temperature 450 ◦C.

2.3. Catalysis

Properties of zeolite samples were investigated in aldol con-
densation of furfural and acetone. The catalytic experiments were
carried out in a 100 ml stirred batch reactor (a glass flask reactor
with magnetic stirring for the experiments at 20 and 60 ◦C, Parr
stirred autoclave for the experiments at 100 ◦C). Before the start
of the catalytic runs at 20 and 60 ◦C, 2 g of catalyst was mixed
together with a stirred mixture of 39.5 g acetone and 6.5 g of fur-
fural (acetone/furfural molar ratio 10/1, pre-heated to the desired
reaction temperature, 20 or 60 ◦C) and kept at the reaction tempera-
ture for 2–24 h under intensive stirring. For autoclave experiments,
2 g of catalyst was mixed together with the reaction mixture of
the above composition and loaded into the autoclave. After ini-
tiation of the heating the desired temperature was achieved in
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∼60 min, and the autoclave was kept at T = 100 ◦C for additional
0, 2 or 8 h.

Analysis of the reaction products was performed on an Agilent
7890A GC unit equipped with a flame ionization detector using a
HP-5 capillary column (30 m/0.32 ID/0.25 �m). The obtained prod-
ucts were identified based on the standard reference compounds
as well as additional GC-MS analyses.

3. Results and discussion

3.1. Physico-chemical characterization

The performed XRD analysis confirmed that all the samples were
phase-pure zeolites of the declared structure with a high degree
of crystallinity. Fig. 1 shows SEM images of the zeolite samples. It

Fig. 1. SEM images of zeolites samples. (A) NH4-ZSM-5(23), (B) NH4-ZSM-5(50), (C) NH4-BEA(25), (D) NH4-BEA(38), (E) HSDUSY(80), (F) HSUSY(5), (G) NH4-MOR(20).
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Table 1
Textural properties of zeolite samples.

Sample BET (m2/g) Sext (m2/g) Vmic (cm3/g) Vmeso (cm3/g) Vtot (cm3/g) DBJH (Å)

HZSM-5(23) 378 99 0.126 0.055 0.210 10.9
HZSM-5(50) 398 133 0.118 0.102 0.255 10.0
HBEA(25) 608 222 0.174 0.851 1.017 9.2
HBEA(38) 617 134 0.218 0.036 0.334 –
HSDUSY(80) 840 294 0.246 0.210 0.536 13.6
HSUSY(5) 588 94 0.226 0.166 0.388 7.4
HMOR(20) 471 55 0.190 0.015 0.269 –

BET, surface area (from BET method); Vmic, micropore volume (from t-plot method); Vmeso, mesopore volume (from BJH method); Vint, interparticle space volume; Vtot, total
pore volume at p/p0 = 0.97; D, average pore diameter (from BJH method, for mesoporous samples).

can be seen that the size and shape of the crystals of MFI zeolites
differ between the samples with different Al content (Fig. 1A and B).
NH4-ZSM-5(23) sample is represented by well-defined individual
crystals of 0.5–1 �m. In contrast, the crystals of NH4-ZSM-5(23) do
not possess a certain shape and their size varies from 100 to 300 nm.
The crystals of two samples with BEA structure are also different
(Fig. 1C and D). NH4-BEA(25) consists of very large agglomeration
of small crystals with the size smaller than 100 nm. SEM image
of NH4-BEA(38) indicates the presence of spherical particles in a
wide range of 0.2–1 �m. Crystal morphology of two FAU samples
is similar: they consist of crystals with dimensions of 0.2–1 �m
(Fig. 1E and F). The size of crystals of MOR zeolite lies in the same
wide range of 0.2–1 �m (Fig. 1G).

The adsorption characteristics of zeolites of different structural
types are presented in Table 1. Obviously, BET surface is determined
by a structural type of the zeolite material. This value is the highest
for the three-dimensional wide-pore BEA (608–617 m2/g) and FAU
(588–840 m2/g) materials, while the lowest value is observed for
medium-pore MFI (378–398 m2/g). MOR zeolite, which belongs to
one-dimensional wide-pore microporous systems, takes an inter-
mediate position. Both BEA samples have similar BET surface

values, despite the fact that, according to SEM, their crystal mor-
phology varies significantly. This can be explained by assuming that
the particles of H-BEA(38) zeolite with a visual size of 0.2–1 �m
consist in fact of very small crystals similar to those of H-BEA(25)
zeolite. The differences in the micropore volume of the samples
are similar to those observed for the BET surface: the highest value
Vmic is observed for BEA and FAU zeolites, and the lowest - for MFI.
Besides, the results presented in Table 1 indicate that mesoporosity
of the samples varies to a great extent. For example, the mesopore
volume is in the range 0.055–0.1 cm3/g for MFI samples and in the
range 0.166–0.21 cm3/g for FAU samples. In the case of BEA zeo-
lites the difference in mesoporosity is more pronounced: it reaches
0.85 cm3/g for H-BEA(25), but it is almost absent for H-BEA(38)
(Figs. 2 and 3).

The concentration of strong BAS and LAS present in the samples
was determined by FTIR of adsorbed pyridine (Table 2). Both the
amount of these sites and BAS/LAS ratio depend to a large extent
on the Al content in the samples. For zeolites of the same structural
type an increase in Al content results in an increased concentra-
tion of LAS and, as a result, in a decreased BAS/LAS ratio. For MFI
materials an increase of the SiO2/Al2O3 ratio leads to a decreased
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Fig. 2. Isotherms of zeolite samples. 1 – HZSM-5 (A – HZSM-5(23), B – HZSM-5(50)), 2 – HBEA (A – HBEA(25), B–HBEA(38)), 3 – FAU (A – HSDUSY(80), B – HSUSY (5)), 4 –
HMOR(20).
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Fig. 3. IR spectra in the OH vibration region (1) and spectra after pyridine adsorption (2). (A) HMOR(20), (B) HZSM-5(23), (C) HZSM-5(50), (D) HBEA(25), (E) HBEA(38), (F)
HSDUSY(80), (G) HSUSY (5).

Table 2
Acidic properties of zeolite samples obtained by FTIR method.

Sample CLAS (mmol/g) CBAS (mmol/g) CLAS/CBAS

HZSM-5(23) 0.220 0.353 1.6
HZSM-5(50) 0.049 0.183 3.73
HBEA(25) 0.255 0.138 0.54
HBEA(38) 0.179 0.142 0.79
HSDUSY(80) 0.068 0.104 1.53
HSUSY(5) 0.223 0.127 0.57
HMOR(20) 0.241 0.282 1.17

concentration of BAS, but for BEA and FAU zeolites the same trend
is not obvious.

3.2. Catalysis

3.2.1. The catalytic performance of the zeolites
Table 3 contains the results on furfural conversion over zeo-

lites with different structural types and nature of the compensating
cations (NH4

+ and H+). It can be clearly seen that the properties
of the investigated zeolites substantially influence their activity in
aldol condensation. Regardless of the type of crystal framework, all
the samples in the NH4-form possess very low activity in the reac-
tion. In contrast, the application of zeolites in the H-form results
in a noticeable increase of furfural conversion, especially at high
reaction temperature. The difference in the catalytic performance
between the samples in NH4- and H-forms unambiguously proves
that aldol condensation of furfural and acetone takes place with the
participation of acidic sites of zeolites. A correlation of the catalytic
performance of the zeolite samples with their physico-chemical
characteristics permits to evaluate the key factors determining the
activity of zeolites in aldol condensation of furfural and acetone.

Table 3
Furfural conversion (%) at different reaction temperatures (after 2 h of the reaction).

Sample Reaction temperature (◦C)

20 60 100

NH4-ZSM-5(23) 0 0 0
HZSM-5(23) 0 1.5 6.4
NH4-ZSM-5(50) 0 0 0.7
HZSM-5(50) 0 3.1 9.5
NH4-MOR 0 0 0.7
HMOR(20) 0 1.1 6.8
NH4-BEA(25) 0 0 7.1
HBEA(25) 2.8 19.7 38.5
NH4-BEA(38) 0 0 6.2
HBEA(38) 6.5 22.6 29.0
HSDUSY(80) 1.6 10.4 21.8
HSUSY(5) 0 1.3 12.0

It is evident that crystal structure of zeolites introduces consider-
able influence on their behavior in the reaction. Medium pore MFI
zeolites and wide-pore mono-dimensional MOR zeolite possess
low activity, and furfural conversion over these catalysts does not
exceed 10% even at T = 100 ◦C (Table 3). On the other hand, the activ-
ity of wide-pore zeolites with three-dimensional crystal framework
increases when they are transformed into H-form, and furfural
conversion over BEA zeolites achieves 30% at T = 100 ◦C after 2 h
of the reaction. It can be assumed that in addition to the crystal
structure additional characteristics, for example, textural and acid-
ity properties, influence the catalytic properties of the molecular
sieves. However, taking together FTIR data with catalytic results
it becomes obvious that not only the acidic properties of zeolites
introduce a decisive influence on their catalytic activity in the reac-
tion. A comparison of acidic properties of the two iso-structural
HBEA samples indicates that BAS concentration in these materials is
similar, and LAS concentration is higher for the sample with higher
Al content, namely HBEA(25). At the same time, their activity in
aldol condensation is approximately the same. It leads to the con-
clusion that the reaction between furfural and acetone over zeolites
proceeds with participation of BAS rather than LAS. Nonetheless,
comparison of two FAU samples shows that HSDUSY(80) with
lower BAS and, in particular, LAS, concentrations is more active
in the reaction than HSUSY(5). The same tendency also occurs in
the case of two MFI zeolites: activity of HZSM-5(50) with lower
acidity is higher compared with that of HZSM-5(23). These depen-
dences lead to the conclusion that the acidity of the zeolite is not
the single factor that determines the catalytic performance of the
investigated zeolites in aldol condensation.

Study of textural characteristics of zeolites and their SEM data
show that materials with smaller crystal sizes possess larger values
of BET surface area and external surface area. Obviously, the larger
the external surface, the greater is the amount of pore openings
available for the access of the reactant molecules into the internal
pore system. Indeed, when correlating the activity of the catalysts
with their textural characteristics, it is seen that the materials with
larger BET surface values exhibit higher activity in the reaction.
Summarizing the results, it can be concluded that the activity of
zeolites in aldol condensation of furfural and acetone increases
when wide-pore three-dimensional microporous materials with
small crystal size are used.

Furfural conversion over different zeolites in dependence on
reaction time at T = 60 and 100 ◦C is shown on Fig. 4. It is seen
that furfural conversion increases very fast during the initial
period of the reaction, and after approximately 2 h the catalysts
achieve a quasi-stationary state, i.e. the conversion of furfural
increases only very slightly. Among the wide-pore materials,
BEA zeolites are the most active microporous materials at any

ART - 05 5/9



O. Kikhtyanin et al. / Catalysis Today 227 (2014) 154–162 159

0 4 8 12 16 20 24

0

5

10

15

20

25

30

35

40

F
u

rf
u

ra
l 
C

o
n

v
e

rs
io

n
, 
%

Reaction Time, h

A

0 1 2 3 4 5 6 7 8

0

5

10

15

20

25

30

35

40

45

50

55

F
u

rf
u

ra
l 
C

o
n

v
e

rs
io

n
, 
%

Reaction Time, h

B
Heating

Fig. 4. Conversion of furfural over different zeolites in H-form at 60 ◦C (A) and 100 ◦C (B). (�) HMOR(20), (�) HZSM-5(28), (�) HZSM-5(50), (�) HSUSY(5), (�) HSDUSY(80),
(•) HBEA(25), (�) HBEA(38).

reaction time as compared to FAU zeolites. An evaluation of
the initial and quasi-stationary reaction rates can be performed
using the angles of the slopes of the lines derived from the
kinetic curves in the range 0–2 h and 4–24 h, respectively. The
calculations show that for BEA and FAU zeolites the initial and
quasi-stationary reaction rates differ by more than an order
of magnitude (Wini/Wquasi = tg�0−2/tg�4−24 = 30 − 40), which
indicates severe deactivation.

The composition of the reaction products obtained on zeolites
with different structure types substantially depends on the activity
of the catalysts or more specifically on the level of furfural conver-
sion. For the samples with low activity, i.e. MFI and MOR zeolites,
FAc is as the major reaction product with selectivity ≥95% in the
range of reaction temperatures 20–100 ◦C. The single by-product
in this case is the corresponding alcohol, which is in line with the
consecutive reaction mechanism and proves its fast dehydration to
FAc on acidic sites of zeolites (Scheme 1). The use of the wide-pore
three-dimensional zeolites results in an increased furfural conver-
sion, and, as a result, the composition of the products formed in
aldol condensation also changes. The yield of the reaction products
as a function of furfural conversion observed over HBEA(25) and
HSDUSY(80) catalysts at T = 60 ◦C is plotted in Fig. 5A. FAc is the
major compound formed in the reaction, and its yield increases
linearly as the furfural conversion increases. The corresponding
alcohol is absent among the reaction products due to its total and
fast dehydration at this reaction temperature. Independently on
the furfural conversion, the content of F2Ac, i.e. the subsequent
condensation product (Scheme 1), is very low. This proves that at

given reaction conditions the subsequent condensation of the sec-
ond furfural molecule with FAc hardly occurs. An explanation might
be the low concentration of furfural, or more plausibly, the limited
dimensions of the pores that hinder the formation and diffusion of
the bulky F2Ac product.

Simultaneously, the formation of a heavier reaction product
than F2Ac is observed (Fig. 4). GC–MS analysis of this compound
proves its molecular weight to be 272. The molecular mass cor-
responds to a dimer of FAc and it can thus be assumed that this
compound is a result of dimerization of olefinic FAc molecule on
acid sites of zeolites (Scheme 2). However, at present it remains
still unclear at which double bond the dimerization occurs and
additional experiments will be carried out to clarify this issue. The
content of this dimer (FAc)2 also increases with the growth of the
furfural conversion. Fig. 5 also shows that yield of this dimer com-
pound is larger when using HSDUSY zeolite as a catalyst compared
with HBEA(25). Taking into account the data on textural and acidic
properties of these zeolites (Tables 1 and 2) it may be assumed
that the formation of this dimer readily occurs inside microporous
volume of zeolites, and large cages of FAU structure are the most
suitable for this reaction route. Similar composition of reaction
products and their dependence on furfural conversion are observed
when the reaction temperature is increased to 100 ◦C (Fig. 5B).

The formation of this dimer compound was not yet reported in
literature dealing with aldol condensation on HTC materials and
other basic catalysts. By comparing the composition of the reac-
tion products which is observed on basic materials (double oxides)
and on acidic materials (zeolites) it could be concluded that for
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Fig. 5. Yield of reaction products formed in aldol condensation of furfural and acetone over HBEA(25) (�,•,�) and HSDUSY(80) (�, ©, �) at 60 ◦C (A) and 100 ◦C (B). (�) FAc,
(•) F2Ac, (�) (FAc)2.
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Scheme 2. Formation of dimer product from FAc compound.

both types of catalysts FAc is the primary general product of aldol
condensation which is formed by dehydration of the correspond-
ing alcohol. A further transformation of the formed FAc compound
proceeds by different routes on either basic or acid catalysts. The
consecutive aldol condensation of FAc to F2Ac takes readily place
over HTC, i.e. basic catalysts, while zeolites favor mostly dimeriza-
tion of FAc to (FAc)2 due to the presence of unsaturated bonds in
FAc which can readily interact with Brønsted acid sites.

3.2.2. TGA of the spent catalysts
As shown by the catalytic tests, the activity of zeolites in aldol

condensation of furfural and acetone is high at the beginning of
the reaction but rapidly decreases with the increasing time of the
experiment. The samples recovered from the reactor are black in
color suggesting a big amount of coke deposits in them. The cat-
alysts after reaction were thus abundantly washed with ethanol
to remove any organics from external surface of the zeolite crys-
tals, and the content of the carbonaceous deposits inside micropore
volume was investigated by TGA (Fig. 6).

Two regions of weight loss, low-temperature (LT) and high-
temperature (HT), are clearly found on the curves. Regardless of
the atmosphere in which the experiments have been carried out the
maximum of the LT peak is observed in the range of 57–78 ◦C, which
corresponds to the removal of residual light compounds from the
samples. The weight loss in this region is in the range 3.2–6.5%
(Table 4).

The position and intensity of the DTG peaks located in HT region
depend both on the structural type of the zeolite samples and
on the conditions of the thermal analysis. Heating of the spent
HBEA(25) sample in nitrogen atmosphere results in appearance of a
broad peak with maximum at 400 ◦C and weight loss of 5.3%. If the
experiment is performed in oxidative atmosphere, two HT peaks
are observed: at 380 ◦C with a weight loss of 4.1% and at 459 ◦C
with weight loss of 6.5% (Fig. 6). It may be concluded that peaks
at 380–400 ◦C correspond to desorption of heavy reaction prod-
ucts from the zeolite pores while the latter peak is attributed to
the oxidative destruction of the non-desorbed compounds, which
cannot escape from the internal zeolite volume. Fig. 6 also shows
that DTG profiles are nearly identical for all investigated zeolites
and the findings can be summarized as follows: carbonaceous
deposits formed during aldol condensation of furfural and acetone
are removed from the internal volume of microporous materials
in two stages. At 300–360 ◦C occurs either removal of light reac-
tion products or thermal degradation of heavier substances. At
450–510 ◦C takes place burning of the residual coke compounds
in the oxidative atmosphere.

3.2.3. Catalytic properties of re-used samples
It is known that oxidative treatment does not result in a

total restoration of the catalytic activity of HTC materials in aldol
condensation [13]. This disadvantage substantially reduces the
prospects of these materials as catalysts for practical use. Unlike

Fig. 6. DTG profiles obtained in inert (dotted line) and oxidative (solid line) ambience for HBEA(25) (A), HSDUSY(80) (B) and HZSM-5(23) (C).
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Table 4
Results of TGA for zeolite samples carried out in inert (nitrogen) and oxidative (oxygen) atmospheres.

Sample Conditions of TGA experiments Temperature region (◦C) Maximum value on DTG curve (◦C) Weight loss (%)

HBEA(25) N2 20–200 70 6.5
200–600 400 5.3

O2 20–200 72 6.2
200–600 380; 459 4.1; 6.2

HSDUSY(80) N2 20–200 60; 3.3;
142 0.7

200–600 301 6.4
O2 20–200 57; 140 3.2; 0.5

200–600 318; 510 4.5; 6.7
HZSM-5(23) N2 20–200 78 3.5

200–600 362 8.1
O2 20–200 78 3.6

200–600 338; 477 3.2; 6.7

Table 5
Catalytic properties of the re-used catalysts after washing with ethanol and calcination at 530 ◦C in comparison with the fresh HBEA(25) sample. Treac. = 100 ◦C (except for *,
Treac. = 60 ◦C), time of the reaction – 2 h.

Sample Furfural conversion (%) Selectivity (%)

FAc F2Ac (FAc)2

HBEA(25), 1st run 38.5 79.5 3.7 16.8
HBEA(25), 2nd run (washed with ethanol) 20.2 88.5 4.6 6.9
HBEA(25), 2nd run (calcined at 530 ◦C) 40.2 71.8 3.6 24.6
*HBEA(25), T = 60 ◦C (conversion ca. 20%) 19.8 80.2 0 19.8

HTC, most zeolites are known to be very resistant to oxidative
regeneration up to T = 500–550 ◦C and totally restore their proper-
ties during their re-using as catalysts in different organic reactions.

It is seen from Table 5 that washing of HBEA(25) with an excess
of ethanol does not restore the initial activity of HBEA(25) com-
pletely, and furfural conversion over the washed sample attains
only 20% comparing with 39% for the fresh catalyst. Additionally,
a change in the composition of the reaction products formed on
the washed sample is also observed: the selectivity toward the
first product of aldol condensation, FAc, increases and the selec-
tivity toward dimer product, (FAc)2, correspondingly, decreases.
Provided that the microporous volume of this zeolite after reaction
and washing is still filled with carbonaceous deposits, the mod-
erate decrease in conversion of furfural for the washed sample
proves that aldol condensation of furfural and acetone can pro-
ceed with participation of both internal and external acid sites of
HBEA(25). At the same time, a significant decrease of the selectivity
toward (FAc)2 indicates that this product predominantly is formed
inside micropore volume of HBEA(25) where a close interaction
of two FAc molecules can be ensured. Moreover, a comparison of
the reaction products observed at equal furfural conversion (ca.
20%) for two different samples HBEA(25), i.e. for the coked one at
100 ◦C and washed and for the fresh one at 60 ◦C also reveal that
(FAc)2 is formed independently on the conversion level if the micro-
pores are free from any deposits. After calcination of the coked
zeolite at 530 ◦C both furfural conversion and the composition of
the reaction products attain values observed for the fresh sample
(Table 1).

On the other hand, the selectivity toward F2Ac is higher over
the coked HBEA(25) i.e. over the catalyst that has some of the acid
sites blocked, as compared with the fresh one tested at 60 ◦C at
equal furfural conversion of 20%. The observed difference in selec-
tivity of the catalysts allows concluding that the formation of F2Ac
takes place easily either with the participation of the active sites
located on the external surface of the zeolite crystals or with those
having lower acidic strength. Thus, the optimization of the physico-
chemical characteristics of the zeolite materials, including their
textural and acidic properties, could be a key factor for directing
the interaction between furfural and acetone to the desired reaction
route.

4. Conclusion

The presented results show that the acidic zeolites possess
rather good activity in aldol condensation of furfural and acetone
and their catalytic properties are determined by the structural type,
as well as by their textural and acidic characteristics. The highest
conversion of furfural is observed when using wide pore zeo-
lites with a three-dimensional crystalline framework. The obtained
results suggest that Brønsted acid sites are essential in the trans-
formation. In the presence of a solid acidic catalyst the reaction
between furfural and acetone results in the formation of FAc, which
is also the primary product of the aldol condensation in the pres-
ence of basic catalysts. However, the following transformation of
FAc proceeds by different reaction routes. Unlike basic materials,
the properties of the zeolites contribute to the formation of (FAc)2
compound which is formed via dimerization of the olefinic FAc on
the acid sites. During the reaction, the activity of the investigated
zeolites decreases due to the formation of carbonaceous deposits
inside their micropores. Nevertheless, their catalytic properties
in aldol condensation of furfural and acetone can be completely
restored by calcination at temperatures above 500 ◦C. The objec-
tives for the future investigations should be focused on an increase
of the activity of zeolites in the reaction and on improvement of
their stability by optimization of both physico-chemical properties
of the microporous materials and the reaction conditions.
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Peculiar behavior of MWW materials in aldol
condensation of furfural and acetone
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MWW family of different structural types (MCM-22, MCM-49, MCM-56 and MCM-36) was used as cata-

lysts for aldol condensation of furfural and acetone studied in a batch reactor at 100 °C, autogenous

pressure and a reaction time of 0–4 h. To establish a relation between physico-chemical and catalytic

properties of microporous materials, the samples were characterized by XRD, SEM, N2 adsorption, FTIR

and TGA. It was found that the acidic solids possessed appreciable activity in the reaction and resulted in

the formation of products of aldehyde–ketone interaction. Surprisingly, MCM-22 and MCM-49, i.e. three-

dimensional materials containing internal supercages, exhibited higher activity than two MCM-36 catalysts

with two-dimensional character having larger accessible external surface area due to expansion of the

interlayer space by swelling and pillaring treatments. Moreover, all MWW family catalysts gave higher con-

version than the large-pore zeolite BEA. Nevertheless, furfural conversion decreased rapidly for all the

studied materials due to coke formation. Unexpectedly, the deactivation was found to be more severe for

MCM-36 catalysts than for MCM-22 and MCM-49, which was attributed to the reaction taking place also

in supercages that are protected by 10-ring channels from severe coking. In contrast the cups located on

the external surface were coked rapidly.

1. Introduction

Production of valuable chemicals as well as fuels from renew-
able raw materials is a key technological challenge facing
modern society at the beginning of the 21st century. The devel-
opment of efficient technologies, relying on the use of natural
renewable resources, is an essential step for ensuring social
security and stability and mitigating the increasing environ-
mental threats connected with the extensive use of fossil
fuels.1

Transformation of lignocellulosic and, in particular, waste
biomass into fuels and valuable chemicals is considered to be
one of the most promising directions as it allows avoiding
competition with food and fodder production.1,2 Cellulose-rich
feedstocks can be successively treated to form different mono-
meric products, generally sugars.3–5 These can be further con-
verted by acid hydrolysis to furanic compounds (furfural or
hydroxymethylfurfural) that can serve as platform chemicals in
many applications.6–8 Among them, aldol condensation has
great potential as it allows increasing the carbon atom chain
length beyond six carbon atoms, which is the limit for sugars.

Furanic compounds thus can be valorized by aldol conden-
sation with acetone in the presence of suitable heterogeneous
catalysts like MgO–ZrO2,

7 alkali and alkaline earth oxides,9–15

alkali-exchanged zeolites (Cs-BEA),16 MCM41,17,18 alumino-
phosphate oxynitrides,19 ion-exchange resins,20,21 and acti-
vated Mg–Al hydrotalcites.22–26 Alternatively, a biphasic system
with NaOH as a catalyst was also proposed.27 The needed
acetone may be obtained by ketonization of acetic acid28 that
is an important product of biomass pyrolysis. This route has
attracted significant interest, because hydrogenation/hydro-
deoxygenation of these aldol condensation products leads to
various hydrocarbons suitable for blending in conventional
diesel fuel and kerosene.29

Aldol condensation of aldehydes and ketones is a classical
reaction of organic synthesis, which takes place in the pres-
ence of both acidic and basic catalysts. Homogeneous basic
catalysts such as sodium hydroxide are most often used for
this purpose.29–31 They possess high activity in conversion of
reactants and high selectivity towards the desired reaction pro-
ducts. Unfortunately, their environmental friendliness is not
satisfactory, particularly for large scale applications, due to the
need for neutralization and separation of the homogeneous
catalysts from the liquid products. Consequently, solid basic
catalysts have attracted widespread interest as they could
be helpful in overcoming the deficiencies of the currently
used catalysts. The most studied basic solid catalysts include
metal oxides or double mixed oxides, such as MgO,32
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MgO–Al2O3,
33–35 MgO–ZrO2

29,36 and TiO2.
37 Recently, also

MOFs have been recognized as highly active catalysts in
different condensation reactions.38,39 Despite the intensive
research efforts, the heterogeneous basic catalysts suffer from
several major drawbacks such as high sensitivity to the
ambient CO2 and difficulties connected with re-using the
hydrotalcite-based catalysts in successive catalytic runs,40–42

which limits their widespread industrial use. Therefore, along
with the optimization of the properties of the solid basic cata-
lysts, attention is focused on alternative solid catalysts for
aldol condensation. In this respect, solid acid catalysts have
been recognized as promising candidates.

Among solid acid catalysts, zeolites are considered versatile
and tunable acidic catalysts exhibiting good activity and
selectivity in various reactions of organic synthesis ranging
from petrochemical to fine chemical applications.1,43–48 Zeo-
lites were also investigated as catalysts for aldol condensation
in the past.49–51 In our recent work52 it was shown that the
acidic zeolites possess rather good activity in aldol conden-
sation of furfural and acetone and their catalytic properties are
determined by the structural type, as well as by their textural
and acidic characteristics. The highest conversion of furfural
was observed when using wide pore zeolites with a three-
dimensional crystalline framework, the best result being
obtained over zeolite BEA. It was also shown that during the
reaction, the activity of all investigated zeolites decreased due
to the formation of carbonaceous deposits inside their micro-
pores. Therefore, to compete with the solid basic materials as
catalysts for aldol condensation it is necessary to optimize the
properties of zeolites with the aim to increase their activity in
the reaction and to improve their stability, i.e. resistance to
coking. Layered two-dimensional materials exhibit a better
accessibility of their active sites than the classical three-dimen-
sional zeolites and could thus make the activity enhancement
possible. About fifteen zeolite frameworks have been found to
form two-dimensional zeolite forms and among them MWW is
the first and most famous example.53–56

In this respect, materials with MWW framework topology
occupy a special place among a large variety of different micro-
and mesoporous materials as this family consists of more than
ten members, e.g. MCM-22, MCM-36, MCM-49, MCM-56 and
others, which have the same MWW topology but a different
arrangement of the layers (different interlayer bonding and
distances).57 The unifying feature of all MWW materials is the
presence a layered crystalline unit in their structure, so-called
“MWW monolayer”, with a thickness of 25 Å, which contains a
two-dimensional 10-MR sinusoidal channel pore system and
large cups (7.1 Å Ø, 7.0 Å depth) on the [0 0 1] crystal
surface.58,59 As a result of agglomeration of such layered
species during hydrothermal treatment of aluminosilicate gel
in the presence of hexamethyleneimine (HMI) an intermediate
product is formed. It is designated as MCM-22 (P), the layered
precursor. Upon calcination of this reaction product, the con-
densation of the monolayers occurs leading to creation of a
new independent pore system, constituted by large supercages
(7.1 Å Ø, 18.2 Å height) accessible through 10-ring openings

(4.0 Å × 5.5 Å),58 thus forming a three-dimensional crystal
framework of MCM-22 zeolite with two independent pore
systems.

Formation of MCM-36 occurs through the subsequent swel-
ling of the MCM-22(P) precursor by the addition of cetyl-
trimethylammonium hydroxide followed by pillaring treatment
using tetraethoxysilane (TEOS).53,60 As a consequence, the
space between the “MWW monolayers” is expanded and
internal mesoporous space is generated. Thus, MCM-36 pro-
vides free access to all large cups, located on the external
surface of “MWW monolayers”. Nevertheless, it should be
underlined that the pillars consist of amorphous and inactive
silica and thus they dilute the concentration of active sites.
Their nature remains unknown.

Zeolite MCM-49 possesses nearly the same framework topo-
logy as the calcined MCM-22 (only the average unit cell c-par-
ameter is 0.2 Å longer in MCM-49).61 However, unlike the
latter, MCM-49 is formed by a direct synthesis route, avoiding
the formation of intermediate lamellar MCM-22(P). This is
achieved by optimizing the composition of the initial reaction
mixture and the conditions of its hydrothermal treatment.
When hexamethyleneimine is used as a structure directing
agent, MCM-49 generally has a lower Si/Al molar ratio (<13)
than MCM-22P does (>13). A factor that influences the for-
mation of either MCM-22P or MCM-49 is the molar ratio of the
organic cation Ro (SDA) to the inorganic cations Ri (e.g. Na, K,
or Rb). When the ratio Ro/Ri is typically less than 2.0, the for-
mation of MCM-49 is favoured. By analogy with MCM-22, the
crystalline framework of MCM-49 consists of two independent
pore systems, which are both accessible through 10-ring aper-
tures with diameters of 4.0 × 5.9 Å for the sinusoidal channels
and 4.0 × 5.4 Å for the entrances to the supercages.62

Apart from MCM-22, zeolite MCM-49 crystallizes through
its delaminated intermediate designated as MCM-56. MCM-56
is synthesized from the same synthetic gel as MCM-49 but
with a more careful control for crystallization time and temp-
erature.63 The structure of this zeolite consists of disordered
agglomeration of “MWW monolayers” without in-registry
alignment in the c direction and no interlayer links. Due to
this, MCM-56 has a higher concentration of large cups
exposed to the crystal surface than the MCM-49.

Owing to their properties, MWW materials have been used
in a number of different applications, and it has been found
that they can be considered promising catalysts for several
organic reactions, for example for isobutene–2-butene alky-
lation,64 as well as alkylation of benzene with propylene.65 The
uniqueness of these catalysts is that they combine the pro-
perties of both conventional zeolite systems and layered
materials. The expansion of the areas of application of MWW
materials necessitates a deeper understanding of the impact of
structural features on their activity in conversion of organic
molecules.

This paper presents a comparative study focusing on
(i) characterization of MCM-22, MCM-36, MCM-49 and MCM-56
materials with a number of physico-chemical methods, and
(ii) investigation of their catalytic properties in aldol condensation
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of furfural and acetone. In addition, wide-pore zeolite Beta
that has shown the best performance among the zeolite cata-
lysts investigated previously in aldol condensation of furfural
and acetone was included in the study for comparison.

2. Experimental
2.1. Synthesis of MWW materials

2.1.1. MCM-22. 7.31 g of 50% water solution of NaOH was
added to 400 g of water. 7.44 g of sodium aluminate (40–45%
Na2O, 50–56% Al2O3, Aldrich) was added and stirred until it
dissolved. Then, 232.29 g of Ludox AS-30 was added. The
mixture became thick and was stirred until a homogeneous
gel was formed. Then, 38.34 g of HMI was added and the final
mixture was stirred for 2 hours. The reaction mixture was
charged into a Teflon-lined steel autoclave. Crystallization pro-
ceeded at 143 °C with inside stirring and autogenous pressure
for 96 hours. The solid product was collected by filtration,
washed with distilled water and dried in an oven at 60 °C
overnight.

MCM-22P was heated in nitrogen at 500 °C for 3 hours and
a temperature ramp of 2 °C min−1, cooled to about 130 °C,
and then calcined in air at 540 °C for 6 hours with the ramp of
2 °C min−1. The calcined MCM-22 product was ion-exchanged
into NH4

+ form by treating four times with 1.0 M NH4NO3

solution for 4 hours at room temperature.
2.1.2. MCM-36(1). 1.16 g of NaOH was dissolved in 251.2 g

of water and mixed with 1.68 g of sodium aluminate (40–45%
Na2O, 50–56% Al2O3, Aldrich). Then, 80 g of Ludox AS-30 was
added. The mixture became thick and was stirred until a
homogeneous gel was formed. Then, 38.34 g of HMI was
added and the final mixture was stirred for 2 hours. The reac-
tion mixture was charged into a Teflon-lined steel autoclave.
Crystallization proceeded at 150 °C under agitation and auto-
genous pressure for 7 days. The solid product was collected
by filtration, washed with distilled water and dried in the oven
at 60 °C overnight.

10 g of uncalcined MCM-22(P) was added to 200 ml of 25%
solution of C16TMA-OH prepared by ion-exchange from chlor-
ide form. The slurry was stirred overnight at ambient tempera-
ture. The product MCM-22SW was separated by centrifugation,
properly washed with water and dried at 60 °C.

Pillaring was carried out with 12.44 g of MCM-22SW in
373 ml of TEOS (Aldrich). The mixture was stirred and heated
at 85 °C under reflux overnight. The solid was isolated by cen-
trifugation and dried at ambient temperature. Then, about
1500 ml of water was added to 14.37 g of dried powder and
stirred overnight (hydrolysis). The product was centrifuged
again and dried at 60 °C. Final calcinations were carried out
under nitrogen at 482 °C for 3 hours and a temperature ramp
of 3 °C min−1, cooled to about 130 °C and then calcined in air
at 540 °C for 6 hours with a ramp of 2 °C min−1. The calcined
product MCM-36(1) was ion-exchanged into NH4

+ form by
treating four times with 1.0 M NH4NO3 solution for 4 hours at
room temperature.

2.1.3. MCM-36(2). The preparation method of this sample
was substantially the same as that for MCM-36(1), with the
only exception that only 62 g of Ludox AS-30 was taken.

2.1.4. MCM-49. 9 g of 50% NaOH water solution was
added to 396 g of water. 9.75 g of sodium aluminate (40–45%
Na2O, 50–56% Al2O3, Aldrich) was added and stirred until dis-
solving. Then, 77.1 g of silicon dioxide (Aldrich, nanopowder,
particle size 10–20 nm) was added. The mixture was stirred for
10 minutes and then 40.8 g of HMI was added and the gel was
stirred for 15 minutes. Crystallization proceeded at 143 °C
under agitation and autogenous pressure for 93 hours. The
solid product was collected by filtration, washed with distilled
water and dried in the oven at 60 °C overnight.

MCM-49 was heated in nitrogen at 482 °C for 3 hours and a
temperature ramp of 3 °C min−1, cooled to about 130 °C, and
then calcined in air at 540 °C for 6 hours with a ramp of 2 °C
min−1. The calcined product MCM-49 was ion-exchanged into
NH4

+ form by treating it four times with 1.0 M NH4NO3 solu-
tion for 4 hours at room temperature.

2.1.5. MCM-56. The preparation method of this sample
was substantially the same as that for MCM-49, with the only
exception that the time of hydrothermal synthesis was 33 hours.

Molar compositions of reaction mixtures used for the syn-
thesis of different MWW samples are presented in Table 1.
The relationship between different structures of the MWW
family is depicted in Scheme 1.

2.2. Characterization methods

The crystallographic structures of MWW zeolites were deter-
mined by X-ray powder diffraction using a Bruker AXS D8
Advance diffractometer, working with the Cu Kα line (λ =
0.154 nm) in the 2θ range of 4–40°.

Nitrogen adsorption/desorption isotherms were measured
on a Micromeritics GEMINI II 2370 volumetric Surface Area
Analyzer at −196 °C to determine the surface area, pore
volume and pore size distribution. Before the sorption
measurements, all samples were degassed on a Micromeritics
FlowPrep 060 instrument under helium at 300 °C (heating rate
10 °C min−1) for 4 h. The specific surface area was evaluated
by the BET method66 using adsorption data in the range of
relative pressure from p/p0 = 0.05 to p/p0 = 0.25. The t-plot
method67 was applied to determine the volume of micropores
(Vmic). The adsorbed amount at relative pressure p/p0 = 0.98
reflects the total adsorption capacity (Vtot).

The concentration of Lewis (L) and Brønsted (B) acid sites
was determined after adsorption of d3-acetonitrile (Ac) by FTIR

Table 1 Molar chemical compositions of reaction mixtures for the
synthesis of MWW zeolites

Sample Al2O3 SiO2 Na2O HMI H2O

MCM-22 1 30 2.52 10 815
MCM-36(1) 1 46 3 20 1960
MCM-36(2) 1 36 3 20 1875
MCM-49 1 25 2.45 8.15 440
MCM-56 1 25 2.45 8.15 440
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spectroscopy on a Nicolet Protégé 460 Magna with a trans-
mission DTGS and MTC/A detector. Zeolites were pressed into
self-supporting wafers with a density of 8.0–12.0 mg cm−2 and
activated in situ at 450 °C overnight. Before adsorption d3-
acetonitrile was degassed by freezing and thawing cycles. d3-
Acetonitrile was adsorbed at ambient temperature for 30 min
at a partial pressure of 900 Pa, followed by desorption for
20 min. All spectra were recorded with a resolution of 4 cm−1

by collecting 128 scans for a single spectrum at room tempera-
ture. The experimental data were recalculated to a normalized
wafer (density of 10 mg cm−2). The concentrations of Lewis
and Brønsted acid sites were evaluated from the integral inten-
sities of bands at 2323 cm−1 (Lewis acid sites) and at
2294 cm−1 (Brønsted acid sites) using extinction coefficients
ε (L) = 3.6 cm μmol−1 and ε (B) = 2.05 cm μmol−1.68

The presented IR spectra both for d3-acetonitrile and for
2,6-di-tert-butyl-pyridine (DTBP) are not correlated to the stan-
dard mass. A large probe molecule DTBP was used to deter-
mine the concentration of acid sites located on the external
surface of zeolites.69 The adsorption of DTBP was performed
at 150 °C at equilibrium probe vapor pressure with the zeolite
wafer for 15 min. Desorption proceeded at the same tempera-
ture for 1 h followed by collection of spectra at room
temperature.

The size and shape of zeolite crystals were examined by
scanning electron microscopy (SEM, JEOL, JSM-5500LV). For
the measurement, crystals were coated with a thin platinum
layer by sputtering in the vacuum chamber of a BAL-TEC
SCD-050.

Thermogravimetric analysis of the zeolite catalysts was
performed using a TA Instruments TGA Discovery series
equipment and operating at a heating ramp of 10 °C min−1

from room temperature to 900 °C under the flow of nitrogen
(20 mL min−1, Linde 3.0). Approximately15 mg of sample was
heated in an open alumina crucible.

2.3. Reaction studies

The properties of zeolite samples were investigated in aldol
condensation of furfural and acetone. The catalytic experi-
ments were carried out in a 200 ml stirred batch reactor (Parr
autoclave) at 100 °C. Before the start of the catalytic runs, 0.5 g
of catalyst was mixed together with a mixture of 19.75 g of
acetone and 3.25 g of furfural (acetone/furfural molar ratio 10/1)
and loaded into the autoclave. After initiation of the heating
the desired temperature was achieved in ∼60 min, and the
autoclave was kept at T = 100 °C for an additional 0, 2 or 4 h.

Analysis of the reaction products was performed on an
Agilent 7890A GC unit equipped with a flame ionization detec-
tor using a HP-5 capillary column (30 m/0.32 ID/0.25 μm). The
obtained products were identified based on the standard refer-
ence compounds. Catalytic activity is expressed in terms of
conversion, which is defined as the fraction of furfural which
has reacted. Selectivity was calculated by dividing the percen-
tage of furfural moles presented in the products by total moles
of converted furfural.

3. Results and discussion
3.1. Catalyst characterization

3.1.1. XRD. XRD patterns of the MWW materials are
depicted in Fig. 1. Although all the prepared materials possess
the same MWW topology of the layers, the differences in the
layer arrangement can be recognized on the basis of XRD pat-

Scheme 1 MWW family presented by MCM-22P, MCM-49 and MCM-56 prepared by direct synthesis and MCM-36 prepared by post-synthetic
modification of MCM-22P. The red dot-line presents the assumed transformation of delaminated form MCM-56 into regular 3D MCM-49 if the syn-
thesis time is prolonged.
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terns. The XRD patterns of MCM-22 and MCM-49, as the
three-dimensional zeolites, differ from the others and show
three well-defined peaks corresponding to (100) (2θ = 7.1–7.2°),
(101) (2θ ≈ 8°) and (102) (2θ ≈ 10°) reflections, which is in
good agreement with previous reports70 and proves good crys-
tallinity and phase purity of these materials. In contrast, the
two-dimensional MWM forms (MCM-56 and MCM-36) have a
broad band between 8° and 10° indicating the disappearance
of atomic order in the third dimension, along the c-axis. In
addition, both MCM-36 samples are distinctly characterized by
a high intensity low angle peak around ≈2 °C, corresponding
to a d-spacing of about 5 nm. It corresponds well to an idea of
MWW layers of ca. 2.5 nm thick separated by around 2.5 nm
interlayer space filled partially with amorphous silica pillars.53

Similarly, in MCM-56 the broad band between 8° and 10° indi-
cates that the material is composed of thin layers that extend
in the a and b directions with a lack of order in the c-axis direc-
tion.63 As the intermediate to MCM-49, delaminated MCM-56
is not fully crystalline and an amorphous part is most probably
present evaluated from lower intensities of diffraction lines in
comparison to fully crystalline MCM-49. Based on the analysis
of XRD patterns it can be concluded that a series of materials
with MWW topology differing in layer arrangement was pre-
pared in the pure phase (with the exception of MCM-56, which
has an amorphous part present).

3.1.2. SEM. Fig. 2 shows SEM images of the MWW
materials. The morphology of the individual crystals of all
materials shows a thin plate-like shape that is a characteristic
of MWW. The samples differ somewhat with regard to the size
of individual crystals and their aggregation. The crystal size
can be influenced by the synthesis time as is demonstrated on
the row MCM-22 (96 hours) ≥ MCM-49 (93 hours) > MCM-56
(33 hours, the intermediate to MCM-49). The individual crys-
tals of MCM-22, MCM-49 and MCM-56 have a length of
0.2–0.5 μm and a thickness of about 0.1 μm. In the case of
MCM-36 materials the aggregation of individual crystals is
visible as they underwent swelling and pillaring treatments

under relatively severe conditions. In the case of MCM-36 the
length of crystals is about 1 μm. It was pointed out that the
large crystals of MCM-36 might have been previously hidden
in the aggregates and became visible only upon swelling and
pillaring treatments.70

3.1.3. N2 adsorption. The textural parameters of the pre-
pared MWW materials were evaluated based on nitrogen iso-
therms (Fig. 3(A)). MCM-22 and MCM-49 zeolites have very
similar isotherms typical of microporous materials according
to the IUPAC classification.71 It was mentioned above that
MCM-22 and MCM-49 crystallize as aggregates of thin sheets.
As a result we observe a narrow hysteresis loop at higher rela-
tive pressure in both zeolites corresponding to nitrogen con-
densation in interlayer voids of the aggregates. The BET
surface areas for MCM-22 and MCM-49 are similar, 505
and 455 m2 g−1, as well as the micropore volumes, 0.151
and 0.165 cm3 g−1, respectively (for more details see Table 2).
Delaminated MCM-56 has the nitrogen isotherm with a dis-
tinctive hysteresis loop corresponding to the adsorption in the
interlayer space of delaminated MWW layers. As MCM-56 is
the intermediate to MCM-49 and cannot be fully crystalline
(discussion vide supra), also the BET surface area is lower in
comparison to MCM-49, 401 vs. 455 m2 g−1. Nevertheless, both
materials differ noticeably in the micropore and total volume
when the micropore volume for MCM-56 and MCM-49 is 0.113
and 0.165 cm3 g−1 and the total pore volume 0.701 and
0.459 cm3 g−1, respectively (see Table 2). The higher micropore
volume in MCM-49 is caused by the presence of the regular
three-dimensional framework with a 10-ring two-dimensional
channel system and the presence of supercages. On the other
hand, in MCM-56 the supercages were not formed as the layers
are not condensed and irregularly aggregated. The layers are
expected to be connected only by hydrogen bonds. The pillared
materials MCM-36 possess isotherms with a gradual increase
in the adsorbed amount in the relative pressure range p/p0
0.01–0.3. It is typical of mesopore materials with the mesopore
size below 4 nm.72 Also the high surface areas for both
MCM-36 materials, 606–762 m2 g−1, indicate the formation of
a new mesopore structure. The micropore volumes decreased
in comparison to MCM-22, 0.062–0.097 cm3 g−1. This is
related to the presence of amorphous silica pillars, which form
a considerable part of the material. Alike MCM-56, in
MCM-36 materials supercages were not formed and MWW
layers have only large cups on the surface and 10-sinusoidal
channel system inside the layers. The mesopore size distri-
bution of pillared MCM-36 (1) and (2) materials (displayed in
Fig. 3(B)) is centered at 2.3 and 2.5 nm, nicely corresponding
to the data determined from XRD patterns (see section 3.1.1).

The type of obtained isotherms reflects the structural differ-
ences between the samples. Thus, isotherms of MCM-22 and
MCM-49 with the same structural characteristics are very close
to those typical of microporous solids,73 showing a fast
increase in the adsorbed amount occurring at very low p/p0,
followed by long almost horizontal plateau extending up to the
high p/p0 values. A very narrow hysteresis loop observed for
these samples at high p/p0 values indicates the presence of

Fig. 1 XRD patterns of MWW samples. (1) MCM-22, (2) MCM-36(1),
(3) MCM-36(2), (4) MCM-49, (5) MCM-56.
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some slit-shaped, wide mesopores (or narrow macropores) or
platelet particles,73 most probably originating from the aggre-
gation of the lamellar particles.

A change in the shape of the isotherms for two MCM-36
samples reflects the structural changes in these materials caused
by the swelling followed by pillaring. The marked increase in the
adsorption capacity of MCM-36 up to p/p0 = 0.3–0.4 evidences
capillary condensation and indicates the presence of mesopores
created by pillaring. At higher p/p0 there is a clear hysteresis loop
of type H4 characteristic of layered materials.74,75

In comparison with MCM-22, the isotherm of MCM-56
shows a slightly lower N2 adsorption amount at p/p0 = 0–0.6. It

proves a slight decrease in the amount of micropores in this
sample due to the absence of bonding between
“MCM-22 monolayers”. In higher p/p0 region of the N2 iso-
therm the adsorption amount increases very fast due to a well-
developed interlamellar space formed by MCM-22 sheets
arrayed in a disordered manner forming the so-called partially
delaminated structure.63,76

The values of the calculated specific surface areas and total
pore volumes are summarized in Table 2.

All the prepared samples possess high BET area. The
observed differences in BET area between the samples are in
full agreement with their structural features. The smallest BET

Fig. 2 SEM images of zeolites samples. (1) MCM-22, (2) MCM-36(1), (3) MCM-36(2), (4) MCM-49, (5) MCM-56.

Dalton Transactions Paper

This journal is © The Royal Society of Chemistry 2014 Dalton Trans., 2014, 43, 10628–10641 | 10633
ART - 06 6/14



area (401 m2 g−1) is observed for delaminated MCM-56 sample
representing a disordered agglomeration of MCM-22 monolayers
without in-registry alignment in the c direction with no inter-
layer links. For MCM-22 and MCM-49 samples the BET area
increases to 505 and 455 m2 g−1, respectively, due to the order-
ing of “MCM-22 monolayers” in the vertical direction resulting
in the formation of a three-dimensional crystalline framework
and creation of 12-ring supercages between the layers. The
further growth of the c parameter of the crystalline framework
due to the introduction of the silica pillars not only influences
the BET area, but also results in a substantial increase of the
external surface area for both MCM-36 samples (Table 2).

The largest volume of micropores is observed for MCM-22
and MCM-49 samples as their pore system consists of “MWW
monolayers” and large cylindrical supercages between them. It
is obvious that delaminated materials not having supercages
and channels connecting them have lower micropore volume
regardless of whether the layers remain disordered (MCM-56)
or connected by siliceous pillars (MCM-36). At the same time,
the disordered arrangement of “MWW monolayers” in
MCM-56 generates significant inner mesoporosity in this
sample. It was shown76,77 that pillaring may also result in the
formation of mesopores. However, according to ref. 77, the
volume of the formed mesopores depends on the pillaring pro-
cedure. Hence, it is not surprising that the two MCM-36
samples studied here have different mesopore volumes;
MCM-36(1) exhibits considerably larger mesopore volume in

comparison with MCM-36(2) (Table 2). Taking into account
the difference in Si/Al ratio in the reaction mixture for the
preparation of these samples (Table 1), it may be assumed that
the mesopore volume of the final MCM-36 materials is deter-
mined not only by the pillaring procedure, but also by the pro-
perties of the intermediate MCM-22P material.

Table 2 also shows that the BET area of BEA used as a refer-
ence sample differs only slightly from the values determined
for MWW samples. However, the BEA sample has a signifi-
cantly higher Vtot due to the well-developed mesoporosity of
this material.

3.1.4. Acidity. IR spectra of MCM-22, MCM-36, MCM-49
and MCM-56 in the region of OH stretching vibration are
shown in Fig. 4. The well expressed absorption band at
3745 cm−1 is assigned to the terminal silanol groups exposed
at the external surface. This band is the most intensive for two
MCM-36 samples compared with MCM-22 and MCM-49 which
can be explained by the presence of silicate pillars in the struc-
ture and the increased access to the MWW sheets, i.e.
increased external specific surface area as indicated also by
the nitrogen physisorption results (Table 2). Similarly, the rela-

Table 2 Textural properties of MWW materials determined from nitro-
gen adsorption measured at 77 K

Sample
BET
(m2 g−1)

Sext.
(m2 g−1)

Vmic
(cm3 g−1)

Vtot
(cm3 g−1)

H-MCM-22 505 176 0.151 0.449
H-MCM-36(1) 762 656 0.062 0.553
H-MCM-36(2) 606 430 0.097 0.398
H-MCM-49 455 134 0.165 0.459
H-MCM-56 401 181 0.113 0.701
H-BEA(25) 608 222 0.174 1.017

BET – specific surface area (from the BET method). Vmic – micropore
volume (from the t-plot method). Vtot – total pore volume at p/p0 = 0.97.

Fig. 3 (A) Nitrogen isotherms of the investigated MWW materials. Open circles – adsorption branch, closed circles – desorption branch. (B) The
mesopore size distribution for pillared MCM-36 materials.

Fig. 4 Region of OH stretching vibration of the studied zeolites.
(1) MCM-22, (2) MCM-36(1), (3) MCM-36(2), (4) MCM-49, (5) MCM-56.
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tively low intensive band for Si–OH groups in
MCM-56 material correlates well with the low external surface
area and also the fact that MCM-56 is not a fully crystalline
material (discussion vide supra) (Table 2).

The band at 3620 cm−1 is attributed to the acidic bridging
Si(OH)Al hydroxyls associated with the framework Al. The
intensity of this band is the highest for MCM-22 and MCM-49
due to a high structural ordering of these zeolites. It is also
seen that both delamination (MCM-56) and pillaring
(MCM-36) result in a partial degradation of the Brønsted acid
centers. This is in accordance with previous results.64,78 The
difference between the two MCM-36 samples should be also
noted. The intensity of the band at 3620 cm−1 is slightly lower
for MCM-36(1) in comparison with MCM-36(2). Fig. 4 also
shows that spectra of OH-groups of MCM-22, MCM-49 and
MCM-56 contain a very weak band between 3660 and
3670 cm−1, which is characteristic of OH groups located on
extra-framework aluminum (EFAL) centers.79 It was suggested
that some of these aluminum-containing species may have
rather strong Brønsted-type acidity.80

It is generally accepted that acid sites in the MWW family
materials can have in principle three different locations
depending on packing arrangement of “MWW monolayers”.62

For delaminated MCM-56 these centers can be present in the
sinusoidal 10-ring channels and in cups located on the exter-
nal surface of the crystals. In addition to these two possible
locations, MCM-22 and MCM-49 also contain acid sites in
large supercages formed by condensation of “MWW mono-
layers” that are accessible by another network of 10-ring pores.
Similarly to MCM-56, MCM-36 material does not contain large
supercages. However, it can be expected that the pillaring
procedure can also result in a decrease of accessibility to acid
sites located in the cups due to their blocking by the silicate
pillars.

Small basic molecules, such as pyridine or d3-acetonitrile,
can easily enter the 10-ring channels of zeolites and can be
used as probes for acid sites located inside supercages and the
2D sinusoidal pore system of MWW family materials. Conver-
sely, large basic molecules, such as 2,6-di-tert-butyl-pyridine
(DTBP) cannot enter the 10-ring, so they are adsorbed only on
the Brønsted acid sites located on the external surface of such
zeolitic materials.69 Thus, DTBP was used to determine the
concentration of the external acid sites of the prepared MWW
materials, while the total concentration of Brønsted and Lewis
acid sites, respectively, was evaluated by FTIR of the adsorbed
d3-acetonitrile (Ac).

The concentrations of acid sites in the studied zeolites
determined with both probing molecules, Ac and DTBP, is
presented in Table 3. It can be seen that the highest concen-
tration of Brønsted acid sites (BAS), 0.335 mmol g−1 and
0.317 mmol g−1, is observed for three-dimensional MWW zeo-
lites with the largest micropores volume, MCM-22 and
MCM-49, respectively. It is in good agreement with the high
intensity of the band of bridged OH-groups at 3620 cm−1 for
these samples (Fig. 4). The concentration of BAS in MCM-36
and MCM-56 is lower, which is in line with the lower intensity

of the band at 3620 cm−1. The lower concentrations of BAS in
MCM-36 can be explained by the presence of silica pillars,
which generally dilute the concentrations of active sites. It was
already mentioned above that MCM-56 is not fully crystalline
and it is also reflected in its acidity. Since the MCM-36 materials
were prepared from MCM-22P precursors differing in Si/Al
ratio, it is reasonable that the final pillared MCM-36 also differ
in the acid site concentrations. It should be additionally noted
that MCM-49 and MCM-56 possess an increased concentration
of Lewis acid sites (LAS), which is most probably a consequence
of their higher Al content in comparison with MCM-22 and
MCM-36 materials.

The concentration of external Brønsted acid sites deter-
mined by DTBP-FTIR reflects differences in structural features
of the investigated MWW materials. The largest concentration
of the external BAS is observed for MCM-36 and MCM-56,
which correlates with their larger external surface and the
increased concentration of large cups exposed to the outside
and hence the improved accessibility of acid sites. Similarly,
the lower concentration of external BAS in MCM-22 and
MCM-49 is due to their lower external surface area and thus
less cups per gram of catalyst.

Table 3 also shows that the reference BEA sample possesses
a relatively high concentration of BAS, both total and those
located on the external surface, 0.353 and 0.125 mmol g−1,
respectively, which is a consequence of high aluminum
content and its good textural characteristics (Table 2). Besides,
the high concentration of acid sites in BEA determined by
DTBP-FTIR can be partially attributed to the penetration of
DTBP into the pores of BEA and its interaction with both exter-
nal and internal Brønsted acid sites.69

3.2. Catalyst performance

3.2.1. Conversion and selectivity. It was shown in ref. 52
that consecutive interaction of furfural and acetone over acidic
and basic catalysts results in the formation of the following
main products: FAc (produced by dehydration of an intermedi-
ate alcohol) and F2Ac (Scheme 2). A distinctive feature of this
reaction over zeolites is the formation of an additional reaction
product, (FAc)2, which is formed by dimerization of FAc, i.e. it
is not a direct aldol condensation product. Additionally, self-
condensation of acetone also takes place to a small extent

Table 3 Acidic properties of the samples determined by FTIR using
d-acetonitrile and DTBP as probe molecules

Sample
CB (DTBP)
(mmol g−1)

CB (Ac)
(mmol g−1)

CL (Ac)
(mmol g−1)

Si/Al
(Ac)b

H-MCM-22 0.044 0.335 0.247 19.1
H-MCM-36(1) 0.067 0.196 0.177 29
H-MCM-36(2) 0.053 0.249 0.245 21.6
H-MCM-49 0.036 0.317 0.537 11
H-MCM-56 0.050 0.210 0.380 16
H-BEAa 0.125 0.353 0.220 —

a Concentration of acid sites in BEA zeolite was determined by
pyridine-FTIR. b Calculated from the Ac adsorption data.
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leading to diacetone alcohol (DAA) that is subsequently de-
hydrated and affords mesityl oxide (Scheme 2).

Furfural conversion over MWW materials in aldol conden-
sation of furfural and acetone is depicted in Fig. 5 and 6.
Fig. 5(A) shows furfural conversion obtained over different
catalysts after 2 hours of the reaction. It is seen that the activity
of all MWW samples is higher than the activity of BEA zeolite
which was used as the reference sample. It can be concluded
that MWW materials exhibit better activity than the other zeo-
lites investigated so far for the aldol condensation of furfural
and acetone as the following activity sequence was reported
previously: BEA > FAU > MOR > MFI.52 Considering the high

BET area and acidity of the reference BEA sample, this might
be surprising and indicates that other factors, such as the
specific structural features of MWW materials, play an impor-
tant role. Among the MWW samples, MCM-22 was the most
active in aldol condensation with furfural conversion of 60%
after 2 hours of the reaction. The conversion of furfural over
MCM-49 and MCM-56 was only slightly lower being 55 and
52%, respectively, after 2 hours. Finally, the lowest conversion
of 30 and 35% was obtained over MCM-36(2) and MCM-36(1),
respectively, i.e. the pillared materials. It can be concluded
that introduction of silicate pillars between the “MWW mono-
layers” resulted in deterioration of the catalytic properties of

Scheme 2 Aldol condensation between furfural and acetone over acidic catalysts.52

Fig. 5 (A) Furfural conversion obtained on different catalysts after 2 hours of the reaction at 100 °C and autogenous pressure. (B) Dependence of
furfural conversion on the duration of reaction at 100 °C and autogenous pressure.
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these materials in aldol condensation. This is quite surprising,
taking into account the larger external surface and better
accessibility of acid sites which can be deduced from the
DTBP-FTIR results according to which the concentration of the
external BAS is 20–50% larger in MCM-36 than in MCM-22.
Moreover, increased activity of MCM-36 as compared with
MCM-22 was reported for a number of organic reactions.64,78,81

Additional insight can be obtained when looking at the time
dependence of furfural conversion. Fig. 5(B) shows that at
treac. = 0 (i.e. when reaching T = 100 °C inside the batch stirred
reactor, which takes about 1 hour) the furfural conversion over
MCM-36(1) is slightly higher than over MCM-22 catalyst, 20 vs.
18%. When analyzing the shape of the conversion as a func-
tion of time curve it can be evidenced that the reaction rate
over MCM-22 exceeds that observed for MCM-36(1) and BEA.
This is a clear indication of catalyst deactivation that was
reported also previously for this reaction system.52 The aspect
of coke formation in these zeolites and its impact on catalyst
performance will be discussed in the present article.

Apart from furfural conversion, selectivity towards the main
products is an important parameter of the overall catalyst
evaluation. The selectivity data are summarized for all investi-
gated catalysts after 2 hours of the reaction (Fig. 6(A)). Gener-
ally, the composition of the reaction products obtained over
MWW samples corresponds to that observed for zeolites with
different structural types.52 For all the catalysts in the present
study FAc is the main reaction product formed with selectivity
≥80%. In accordance with the generally accepted reaction
network, this compound is formed on acidic sites by dehy-
dration of the corresponding alcohol, FAc–OH.52 Other reac-
tion products include F2Ac formed by condensation of a
furfural molecule with FAc as well as (FAc)2. It was shown in
ref. 52 that the latter compound is a result of dimerization of
two (olefinic) FAc molecules. Apparently, the formation of this
dimer is a distinctive feature of aldol condensation of furfural
and acetone carried out in the presence of acidic catalysts as
this product was not observed when hydrotalcites, i.e. basic
catalysts, were used.33 The yields of FAc, F2Ac and (FAc)2,
respectively, increased linearly with the growth of furfural con-
version (Fig. 6(B)) with no obvious dependence on the struc-
tural features of the studied catalysts. The obtained results

confirm that aldol condensation of furfural and acetone over
acidic catalysts takes place as one and the same sequence of
successive transformations, and furfural conversion is kineti-
cally governed and no molecular sieving effect is observed.
This could mean that at least the secondary reactions proceed
on the external surface. However, when comparing the concen-
tration of the external BAS with the observed conversion
(Table 3, Fig. 5), they do not correlate. In fact, the conversion
after 2 hours appears to decrease with increasing concen-
tration of external Brønsted acid sites, i.e. those determined by
DTBP-FTIR (Table 3). This suggests that some of the reactions
might proceed at the internal surface that is significantly
larger in the case of MCM-22 and MCM-49 (Table 2) that also
exhibit higher conversion than both MCM-36 catalysts.

It was shown in ref. 52 that the conversion over large-pore
three-dimensional zeolites in aldol condensation of furfural
and acetone is considerably higher compared with medium-
pore three-dimensional or wide-pore mono-dimensional
materials. This has been attributed to the constrained space
within MFI and MOR pores for the formation of aldol conden-
sation products. Consequently, the observed, though very low
conversion, over MFI and MOR was attributed to the activity of
the external acid sites.52 From this point of view, it is hard to
believe that the sinusoidal 10-ring channels of MWW materials
could be responsible for the high activity of these materials in
aldol condensation, which is even higher than that of BEA
zeolite, while MFI was virtually inactive although its 10-ring
pores are slightly larger than those of MWW materials (MFI,
5.3 × 5.6 and 5.1 × 5.5 Å vs. MWW, 5.1 × 4.1 and 5.5 × 4.0 Å).
This points to the conclusion that apart from the external
surface acid sites, the acid sites located in the supercages of
MWW are of great importance for catalytic transformations.
Considering the dimensions of acetone and furfural, 4.1 × 2.4
× 2.7 Å and 5.2 × 3.5 × 1.7 Å, these molecules can reach the
supercages of MWW through the 10-ring pores, where they
could form the first aldol condensation product, FAc (8.9 × 3.6
× 2.2 Å), while the formation of the second aldol condensation
product, F2Ac (13.3 × 5.3 × 1.9 Å), in the supercages is highly
unlikely. Since FAc is a rather flat molecule it might be able to
diffuse out from the supercages through the 10-ring channels.
In contrast, the intersections of the 10-ring pores in MFI may

Fig. 6 (A) Selectivity towards the main reaction products in aldol condensation of furfural and acetone over different catalysts after 2 hours at
100 °C and autogenous pressure. (B) Dependence of the yield of reaction products on furfural conversion for all studied MWW samples at 100 °C
and autogenous pressure and reaction time from 0 to 4 hours.
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not accommodate even FAc, which would explain the very low
activity of MFI reported earlier.52 More importantly, it can help
explain the significantly higher conversion over MCM-22 and
MCM-49 in comparison with MCM-36 catalysts that possess
only cups at the external surface, but no supercages. This con-
clusion is supported by the catalytic performance of the two
MCM-36 catalysts, where MCM-36(1) shows higher activity
than MCM-36(2) despite having lower total concentration of
acid sites (Table 3) but higher concentration of surface acid
sites. It proves that the interaction of furfural and acetone over
these samples generally takes place in the large cups of the
external surface of crystallites.

In lamellar MCM-56, the concentration of acidic centers
determined by DTBP-FTIR is also slightly lower than that in
MCM-36(2) (0.50 vs. 0.53 mmol g−1), but its activity in aldol
condensation is close to that of MCM-22 and MCM-49 (Fig. 5).
MCM-56 is an intermediate crystalline product in the MCM-49
synthesis: the increase of crystallization time results in the
condensation of the lamellar monolayers of MCM-56 into the
three-dimensional MCM-49 framework. It could be assumed
that the MCM-56 sample may contain a small admixture of
condensed MCM-49, which is confirmed by the splitting of the
XRD reflection at 2θ = 8–10°. In that case there should be avail-
able supercages and the observed MCM-56 activity would be
higher than what would be expected solely on the basis of the
concentration of acid sites determined by DTBP-FTIR.

Taking into account the structural features of MWW
materials, an assumption could be made that their catalytic
activity may be considerably influenced by the location and
concentration of Brønsted acid sites. Nevertheless, with
respect to Lewis acid sites the situation is not as clear. Com-
paring the acidic properties of the samples (Table 3) with their
activity in furfural conversion (Fig. 5) it can be concluded that
the catalytic properties of MWW materials show poor corre-
lation with the concentration of Lewis acid sites. This obser-
vation is in total agreement with our results obtained for
different zeolites used as catalysts in aldol condensation.52

However, there is not yet enough information available to
make a definitive conclusion about the role of Lewis acid sites
both in the transformation of the feed molecules and in coke
formation. Apparently, a comprehensive understanding of the
impact of various acid sites is possible only after an additional
study of a series of molecular sieve samples having the same
structure but different Brønsted/Lewis acid sites ratios.

3.2.2. Deactivation of catalysts. Based on the conversion
time dependence, it has been concluded that the activity of
MWW materials in aldol condensation continuously decreases
with increasing length of the experiment (Fig. 5B). All the cata-
lysts after reaction are black in color suggesting that they have
accumulated a significant amount of carbonaceous deposits
(coke). Hence, after thorough washing with acetone, the
samples were studied by TGA/DTG to evaluate the content and
possibly also the distribution of carbonaceous deposits on the
spent catalysts.

Two regions of weight loss, low-temperature (LT) and high-
temperature (HT), are observed on DTG curves (Fig. 7). The LT

region consists of two peaks, at 70–80 °C and 140–150 °C
corresponding to the residual organic substances (acetone,
ethanol, furfural, mesityl oxide) and water removal. The weight
loss at this stage is equal to 4.4–6.4% for all the samples. The
position and intensity of the DTG peaks located in the HT
region show rather poor dependence on structural features of
MWW. Nevertheless, several conclusions can be made. Clearly
distinguishable peaks with maxima at 320–340 °C and
507–563 °C are observed on the DTG curves of all samples.
Since MWW materials have a dual pore system, it could be
assumed that the two peaks on the DTG curve correspond to
the removal of coke from large cups on the external surface of
the zeolite crystals (T = 320–340 °C) and from the 10-ring sinu-
soidal channels (T = 507–563 °C). The determined weight loss
associated with each of these peaks is in line with this assump-
tion. The largest weight loss in the range of T = 320–340 °C is
observed for MCM-36 and MCM-56 samples (Table 4) with

Fig. 7 DTG profiles of spent MWW materials obtained in oxidative
atmosphere (air). (1) MCM-22, (2) MCM-36(1), (3) MCM-36(2), (4)
MCM-49, (5) MCM-56.

Table 4 Results of TGA for MWW zeolite samples carried out under
oxidative (oxygen) atmospheres

Sample
Temperature
region (°C)

Maximum
value on DTG
curve (°C)

Weight
loss (%)

MCM-22 20–200 72; 145 5.0
200–750 331 6.0

563 17.4
MCM-36(1) 20–200 72; 144 4.6

200–750 341 7.3
526 12.5

MCM-36(2) 20–200 72; 146 4.4
200–750 334 7.6

521 12.1
MCM-49 20–200 72; 170 6.4

200–750 332 5.3
521 11.8

MCM-56 20–200 72; 151 6.2
200–750 320 7.8

507 10.8
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easily accessible external large cups due to the delamination
and pillaring. On the other hand, MCM-22 with a well-develo-
ped microporosity (Table 2) has the highest weight loss at T ≈
560 °C (17.4%). However, the MCM-49 sample with crystal
structure and value of micropore volume similar to those of
MCM-22 appears to be an exception from these considerations.
Taking into account the high concentration of LAS in MCM-49
(Table 3), it may be assumed that these active sites could be
inactive or less active in coke formation on the MCM-49
crystals.

3.2.3. Conversion and selectivity over coked samples. To
evaluate the influence of carbonaceous deposits on the cataly-
tic properties of MWW materials, the catalyst samples after
reaction were separated from the organic phase, washed with
excess of ethanol, dried at 120 °C for 12 hours and re-used in
the aldol condensation under the same reaction conditions.
The results are presented in Table 5.

It is seen that furfural conversion over both re-used
MCM-36 samples decreased drastically to about 5–7% from
about 30–35% obtained over the fresh catalysts (Table 5). At
the same time, the conversion of furfural over re-used MCM-22
and MCM-49 samples decreased only to 33–38% from the origi-
nal 55–60% conversion of furfural. The results suggest that
rapid formation of carbonaceous deposits which are poorly
soluble in ethanol occurs in the cups located both on the exter-
nal surface of MWW monolayers and in the mesoporous pil-
lared space between these layers. On the other hand, in
MCM-22 and MCM-49 possessing large supercages, the coking
rate and growth of the carbonaceous deposits are limited,
which makes it possible to remove such carbonaceous deposits
from supercages by a simple washing with ethanol. Taking
into account the structural differences between condensed and
laminated/pillared MWW materials it can be assumed that the
main reason for the different catalytic properties of the
studied samples MWW is concerned with the presence of
supercages located between “MWW monolayers” which are
accessible through 10-ring pores.

It follows that the presence of cups on the surface of
“MWW monolayers” or supercages (double cups) in the struc-
ture of MWW materials introduces a positive impact on the

aldol condensation activity of these materials in comparison
with conventional microporous crystalline materials, zeolites,
as it is apparent from the comparison with the reference
sample, a wide-pore three-dimensional BEA sample.

4. Conclusions

A number of MWW materials (MCM-22, MCM-49, MCM-56
and MCM-36) were used as catalysts for the aldol condensation
of furfural and acetone. Their performance was compared to
that of large-pore zeolite BEA in a batch reactor at 100 °C, auto-
genous pressure and a reaction time of 0–4 h. To establish the
relationship between the physico-chemical and catalytic pro-
perties of these micro/mesoporous materials, the samples
were characterized by XRD, SEM, N2 adsorption, FTIR and
TGA. It was found that the acidic solids possessed appreciable
activity in the reaction and their use resulted in the formation
of products of aldehyde–ketone interaction. Surprisingly,
MCM-22 and MCM-49, i.e. condensed materials containing
supercages, exhibited higher activity than two MCM-36 cata-
lysts having larger accessible external surface area than the
condensed materials due to delamination and pillaring. This
was explained by the participation of the active sites located in
the supercages in the reaction in addition to the active sites
present in the cups located on the external surface of MWW
materials. Moreover, all MWW family catalysts gave higher
conversion than the large-pore zeolite BEA. Nevertheless, fur-
fural conversion decreased rapidly for all catalysts due to coke
formation. Unexpectedly, the deactivation was found to be
more severe for MCM-36 catalysts than for MCM-22 and
MCM-49, which was attributed to the reaction taking place
also in supercages that are protected by 10-ring channels from
severe coking. In contrast, the cups located on the external
surface were coked rapidly which resulted in low conversion
over MCM-36 catalysts as well as in a shift in product selectiv-
ities. The selectivity to F2Ac and (FAc)2, i.e. products that can
be formed due to their dimensions only on the external
surface, was lower over coked catalyst than over fresh ones as a
result of decreased concentration of the active sites on the
external surface.
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Table 5 Comparison of catalytic properties of fresh and used MWW
materials. T = 100 °C, t = 2 hours, autogenous pressure

Sample Furfural conversion (%)

Selectivitya (%)

FAc F2Ac (FAc)2

MCM-22 60.4 82.1 6.7 11.5
MCM-22-coked 33.0 91.7 3.5 4.8
MCM-36(1) 34.6 83.7 3.2 13.1
MCM-36(1)-coked 5.6 100 0 0
MCM-36(2) 29.7 84.8 2.8 12.4
MCM-36(1)-coked 7 94.9 0 5.1
MCM-49 55.0 85.4 5.4 9.2
MCM-49-coked 37.6 92.5 2.9 4.5

a FAc–OH was not observed among the reaction products.
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a  b  s  t  r  a  c  t

The  aldol  condensation  of  furfural  and  acetone  allow  producing  higher  value  products  from  simple  organic
compounds  resulting  from  biomass  processing.  In this  paper,  a number  of  metal  organic  framework  (MOF
materials  possessing  Lewis  acidity  were  investigated  as catalysts  in this  reaction.  Experiments  were
carried  out  under  batch  reaction  conditions  in  Parr  stirred  autoclave  at 100 ◦C during  0–4  h.  The  catalytic
Keywords:
Metal organic framework
Aldol  condensation
Acidic catalysis

results  indicated  that  the  aldol  condensation  over  MOFs  took  place  with  the participation  of  acidic  rather
than  basic  centers.  The  catalytic  performance  of these  materials  exhibited  could  not  be  explained  by
their  reported  Lewis  acidity.  Experiments  with  heat-activated  and re-hydrated  samples  showed  that
Brønsted  acid  sites could  also  be present  in MOFs  as  a consequence  of interaction  of  metal  cation  with
surrounding  water  molecules.  As a consequence,  the  catalysts  having  such  generated  Brønsted  acidity

vity  in
.

-
r

r

-
.
-

-

f

;
,

l

.
l

Lewis  acidity
Brønsted acidity

exhibited  enhanced  acti

1. Introduction

Geopolitical and environmental concerns faced by our society
are reflected in the extensive research activities focused on produc
tion of automotive fuels and different valuable products using othe
resources than fossil ones. Among them, lignocellulosic biomass is
considered as one of the most promising bio-based feedstocks fo
the production of fuels and other chemical products not competing
with food crops, fodder, and natural habitat [1]. Furanic compounds
(furfural, 5-hydroxymethlyfurfural) and acetone are readily avail
able chemicals, which can be produced by biomass hydrolysis [2]
Additionally, acetone is available as a by-product in phenol pro
duction. Aldehydes and ketones can react by aldol condensation
and afford higher added value products from simple and cheap
ones. Aldol condensation proceeds in the presence of either basic
or acidic catalysts [3,4]. The most effective industrially available
methods rely on using liquid bases (NaOH or KOH) or mineral acid
(H2SO4) as catalysts [3]. However, these catalysts pose a major envi

ronmental threat due to waste water production and equipment
corrosion. To address this issue, new industrially viable catalysts
must be developed.
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Solid catalysts with acid–base character are considered as a
promising alternative to homogeneous catalysts for aldol conden-
sation of furfural and acetone [5–13]. In accordance with generally
accepted reaction scheme, 4-(2-furyl)-4-hydroxybutan-2-on (alco-
hol FAc-OH; Scheme 1) is the primary intermediate product o
the interaction between furfural and acetone. In the presence
of catalysts having strong acidic or basic centers, this inter-
mediate is easily dehydrated to 4-(2-furyl)-3-buten-2-on (FAc
Scheme 1), the primary product of aldol condensation. Further
F2Ac (1,4 pentadiene-3-on-1,5-di-2-furanyl) formation takes place
as a result of a consecutive reaction of FAc with another furfura
molecule. When acidic zeolites are used as catalysts for the reac-
tion, the formation of an additional product, (FAc)2, occurs as a
result of FAc dimerization over Brønsted acid sites (Scheme 1) [11]

Among solid catalysts, Al–Mg hydrotalcites and different meta
oxides or double mixed oxides with basic character are consid-
ered as the most promising catalysts for this reaction [5–13]. The
essential disadvantages of such basic catalysts are their high sen-
sitivity to ambient CO2, which transforms them into a catalytically
inactive form and the lack of reliable methods for recovering their
catalytic properties after regeneration [14–16]. Recently, zeolites

were reported as catalysts for aldol condensation of acetone and
furfural [11]. It was  shown that by using zeolites the disadvantages
of basic catalysts i.e. susceptibility to CO2 and poor regenera-
bility could be avoided. On the other hand, their activity in the
aldol condensation of acetone and furfural is lower than that of
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drotalcites. Moreover, they are rapidly deactivated due to coke
mation during the reaction [11]. Obviously, the optimization
the properties of solid acidic catalysts in the aldol condensa-
n of acetone and furfural is not possible without understanding

 importance of different physico-chemical characteristics, espe-
lly the role of Brønsted (BAS) and Lewis acid sites (LAS), for the
ction. Unfortunately, zeolites contain generally both types of
dic centers, so an unambiguous conclusion about the degree of
rticipation of BAS and LAS in the aldol condensation of furfural
d acetone is virtually impossible. This problem can be overcome

 using other solid acidic catalysts which possess only one type of
d sites.
MOFs are heterogeneous porous crystalline solids, which are

aracterized by reasonable thermal stability [17] and outstand-
 textural properties [18]. Unlike zeolites containing both Lewis

d Brønsted acid sites [19–21], MOFs are assumed to possess
ld Lewis acidity [22,23]. It makes them active in a num-
r of organic reactions [24–27]. The presence of Lewis acidity
two commercially available MOF  materials, Cu-BTC (copper

nzene-1,3,5-tricarboxylate) and Fe-BTC (iron benzene-1,3,5-
carboxylate), is well-documented [28,29]. Due to the presence
Lewis sites, Cu-BTC exhibits good catalytic properties in var-

s reactions, such as the rearrangement of �-pinene oxide to
pholenic aldehyde and the cyclization of citronellal to isopule-

l [30], the Friedländer reaction between 2-aminobenzophenones
d acetylacetone [23], coumarin synthesis by the Pechmann reac-
n [31], and Beckmann rearrangement [28].

M0
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 the formation of dimer product (FAc)2 from FAc compound over acidic catalysts.

Fe-BTC has also been reported to be a highly active catalyst
 some reactions requiring Lewis acidity, such as methylation
amines [32], Claisen–Schmidt condensation between acetophe-
ne and benzaldehyde [33], aldehyde acetalization and epoxide
g-opening reactions by methanol [34–36], the isomerization of
pinene oxide [29]. To the best of our knowledge, no information
t is available about the use of MOFs as catalysts for aldol conden-
ion of furfural and acetone. The performance of both Cu-BTC and

-BTC in this reaction is of a special interest since these materials
th well-expressed Lewis acidity could provide information about
e importance of such sites for the reaction between acetone and
fural.
To elucidate the role of Lewis and Brønsted acid sites in aldol

ndensation of acetone and furfural, the performance of sev-
l metal organic framework (MOF) catalysts with well-expressed

wis acidity is compared with the performance of several zeolites
ssessing both Brønsted and Lewis acid sites.

Experimental

The following MOFs were purchased from Sigma–Aldrich Cu-
C (Basolite C300), Fe-BTC (Basolite F300), Mg-formate (Basosiv

50), and ZIF-8 (Basolite Z1200). The zeolites used as reference

talysts included MFI  (Si/Al = 11.5) and BEA (Si/Al = 19) obtained
m Zeolyst. Their catalytic properties were investigated in aldol

ndensation of furfural and acetone. The catalytic experiments
re carried out in a 200 ml  stirred batch reactor (Parr autoclave) at

2/5
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Table  1
Physico-chemical characteristics of MOFs (taken from [28]) and reference zeolite catalysts (taken from [11]).

Sample BET, m2/g Dmicropore, nm Vtot, cm3/g Vmic, cm3/g CLAS (mmol/g) CBAS (mmol/g)

.210 

.334 

.

.

.

,
f

l

l

,

Cu-BTC 1500 0.90, 0.50, 0.35 

Fe-BTC 1060 0.86
MFI  378 0.51 × 0.55, 0.53 × 0.56 0
BEA  617 0.66 × 0.67, 0.56 × 0.56 0

100 ◦C. Before the start of the catalytic runs, 1.0 g (unless indicated
otherwise) of the as-obtained catalyst was mixed together with a
mixture of 19.75 g of acetone and 3.25 g of furfural (i.e. acetone-
to-furfural molar ratio of 10-to-1) and loaded into the autoclave
After initiation of the heating the desired temperature, 100 ◦C, was
achieved in ∼60 min, and the autoclave was kept at T = 100 ◦C for
an additional 2 or 4 h.

The Fe-BTC catalyst was also reactivated after the catalytic
experiment by extraction of the soluble deposits using ethanol as a
solvent as the conventional regeneration technique based on oxi-
dation of the deposits is not suitable in the case of MOFs due to
their low thermal stability.

Analysis  of the reaction products was performed using an Agi-
lent 7890A GC unit equipped with a flame ionization detector using
a HP-5 capillary column (30 m/0.32 ID/0.25 �m).  The obtained
products were identified based on the standard reference com-
pounds and GC–MS analysis of representative product samples
The catalytic activity is expressed in terms of conversion, which is
defined as the fraction of furfural which was converted. The selec-
tivity was calculated by dividing the percentage of furfural moles
presented in the products by the total moles of converted furfural

3. Results and discussion

Several  MOF  catalysts, i.e. Basosiv M050 and Basolite Z1200
exhibited only negligible activity in the aldol condensation o
furfural and acetone (furfural conversion < 1%) and are thus not dis-
cussed here further. On the other hand, Cu-basolite (Cu-BTC) and
Fe-basolite (Fe-BTC) were active in the reaction. These MOFs are
commercially available materials and the textural and acidic prop-
erties of the samples under study were determined by Opanasenko
et al. [28]. Hence, we used for our investigation the published
data. The Cu-BTC possesses higher BET surface area (1500 m2/g)
than Fe-BTC (1060 m2/g) and similar Lewis acid sites (LAS) con-
centration, 2.3 and 2.56 mmol/g, respectively (Table 1). While the
concentration of LAS in Fe-BTC is only ca. 10% higher than in Cu-
BTC, its BET area is ca. 30% lower and thus, judging from these
physico-chemical characteristics, similar catalytic activity could
be expected. Surprisingly, the furfural conversion during its aldo
condensation with acetone over Cu-BTC is significantly lower in
comparison with Fe-BTC (Fig. 1). Furfural conversion over Cu-BTC
is 2.7% after 2 h of experiment whereas it is nearly 10 times higher

over Fe-BTC, 26.2% (Table 2). It should also be noted that increasing
the reaction time up to 4 h does not further increase the furfural
conversion. Moreover, the Fe-BTC was re-used in aldol condensa-
tion after regeneration with ethanol and it showed better activity

Table 2
Catalytic properties of MOFs and reference zeolite samples in the aldol condensation
of  furfural and acetone.

Sample Furfural conversion, % Selectivity, %

FAc-OH FAc F2Ac (FAc)2

Cu-BTC 2.7 30 70 0 0
Fe-BTC 26.2 8 71 20 1
MFI  6.4a 0a 100a 0a 0a

BEA 29a 0a 83a 5.5a 11.5a

a Taken from [11].

l

ART - 07
0.64 2.30 –
0.33 2.56 –
0.126 0.22 0.353
0.218 0.179 0.138

than Cu-BTC (conversion 13.7%), but lower than the fresh Fe-BTC
catalyst (Fig. 1A). Elemental analysis of the organic reaction prod-
ucts proved that no leaching of Cu or Fe cations into the liquid phase
took place. So, catalytic action of dissolved Fe3+ and Cu2+cations
could be neglected and only physico-chemical characteristics of Fe-
BTC and Cu-BTC should be taken into account for the discussion of
catalytic results.

The  previously reported results of aldol condensation of furfura
with acetone over zeolites indicate that both Lewis and Brønsted
acid sites might be involved in the reaction [11,37]. References on
the study of Cu-BTC and Fe-BTC as catalysts for different organic
reactions show [29–31] that the studied MOFs have a hard Lewis
acid character. Unfortunately, our experiments with MOFs possess-
ing similar Lewis acidity (Table 1) do not unambiguously explain
the effect of LAS in aldol condensation of furfural with acetone as
Fe-BTC affords 10 times higher conversion than Cu-BTC (Fig. 1;
Table 2) under the same experimental condition despite having
only 10% higher concentration of LAS (Table 1). Hence, the role of
Lewis acidity remains unclear and further factors have to be taken
into account.

It  can be seen (Fig. 1B) that Cu-BTC exhibits only weak dehydrat-
ing properties; selectivity to alcohol, the primary product of the
interaction between furfural and acetone, is as high as 46% after 2 h
and reduces to 30% after 4 h of the reaction (Fig. 1B). The absence of
the second condensation product, F2Ac (Fig. 1B), serves as an addi-
tional evidence of the poor catalytic behavior of Cu-BTC. In contrast
the selectivity to alcohol over Fe-BTC is just 10% after 2 h of the
reaction. Additionally, F2Ac is found among the reaction products
over this catalyst with a selectivity above 15% and when increasing
the time of the experiment to 4 h. Moreover, (FAc)2, i.e. a prod-
uct ascribed to FAc dimerization [11], is observed in the products
(S = 1.4%) as well. The composition over the regenerated catalyst
has changed: selectivity to alcohol increases to 22.1% while that to
F2Ac decreases to 8%.

From  the comparison of the catalytic properties of MOFs with
those of zeolites (Table 2) it can be elucidated that the acid
sites in MOFs are weaker than those in zeolites as evidenced by
their significantly lower dehydration activity of the primary alco-
hol product. In fact, FAc-OH is not observed among the products
over zeolites at comparable conversion levels, though this may be
influenced by the presence of Brønsted acid sites responsible for
dehydration [38,39].

It  was also demonstrated previously [11] that the formation of
(FAc)2 can be related to the Brønsted acidity present in zeolites;
the selectivity was as high as 11.5% over zeolite BEA at conversion
around 29%, i.e. similar to that observed for Fe-BTC. Thus, the pres-
ence of (FAc)2 in the reaction products suggests that, first, the aldo
condensation of furfural and acetone over Fe-BTC is definitely acid
rather basic catalyzed reaction; second, the presence of not only LAS
but also BAS in Fe-BTC. Indeed, it was proposed in [34] that weak
Brønsted acid sites could be present in Fe-BTC due to the existence
of structural defects. If so, the catalytic activity of MOF  materials in
the aldol condensation might be attributed to the presence of BAS

rather than LAS since the Lewis acidic Cu-BTC affords only neg-
ligible furfural conversion. Moreover, the very recent theoretical
calculations by P. Nachtigall et al. [40] have shown that LAS alone
are not able to decrease the activation barrier for aldolization, while
BAS decrease it.
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Fig. 1. Conversion of furfural over Cu-BTC and Fe-BTC (A) and the selectivity to the main aldol condensation products (B).
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. 2. Catalytic properties of activated Cu-BTC and Fe-BTC and rehydrated Fe-BTC s
BTC  activated at 150 ◦C. 3 – Fe-BTC activated at 150 ◦C. 4 – Activated and rehydrate
BTC.

The question remains, however, whether it is possible to
ribute the existence of BAS in MOF  materials exclusively to

 presence of structural defects? To answer this question, we
ve performed a thermal activation of Cu-BTC and Fe-BTC at
0 ◦C to remove water which could be present in these materi-
. Fig. 2 shows that furfural conversion of thermally activated
-BTC decreases by an order of magnitude, the only reaction
duct being alcohol. The additional experiments with Fe-BTC
re conducted using 0.25 g of the regenerated catalyst. Catalytic
ults obtained over the heat-treated samples have shown that
fural conversion over activated Fe-BTC is 1.6% and the reaction
ducts consist of two compounds: FAc-OH with the selectiv-

 of 58% and FAc with the selectivity of 42%. Another part of
-BTC sample activated at 150 ◦C was impregnated with a few
ps of water, followed by drying in air for 24 h. The catalytic
t of such re-hydrated sample evidenced an increase in the fur-
al conversion up to 4.2% (Fig. 2A). Also, the selectivity to alcohol
s significantly reduced (from ca. 60% to about 14%), and the

we
aly
Cu
alc

Fig. 3. Comparison of catalytic properties of iron and copper nitra
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s. (A) Furfural conversion. (B) Products selectivity. 1 – As-received Cu-BTC. 2 –
BTC. Note: only 0.25 g of regenerated catalyst was used in the experiments with

cond  condensation product F2Ac was obtained with the selec-
ity of 14% (Fig. 2B).
The  results demonstrate that water present in the fresh, as-

tained Fe-BTC, introduces a promoting effect on the catalytic
operties of the MOF  material in comparison with the dried cat-
sts, plausibly due to the generation of BAS. It is also obvious
g. 2B) that the active sites present in Cu-BTC are not capable of
e second aldol condensation step affording F2Ac while this prod-
t is obtained over Fe-BTC. This suggests that the concentration of
ønsted acid sites in Cu-BTC is lower than in Fe-BTC or they are
aker than those in Fe-BTC. As in both catalysts a clear effect of
ter (moisture) is visible, it was investigated further.
To  prove the importance of water for the presence of BAS in

drated iron and copper MOF  catalysts, additional experiments

re carried out using copper and iron hydrated nitrates as cat-
sts for aldol condensation (Fig. 3). Furfural conversion over
(NO3)2·6H2O was  1.1%, and the reaction products consisted of
ohol with a selectivity of 52.2% and FAc with a selectivity of

tes in the aldol condensation of furfural and acetone.
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47.8%. Furfural conversion in the presence of Fe(NO3)3·9H2O wa
9.8% and the reaction products were not limited to FAc-OH and FAc
but F2Ac with a selectivity of 3.8% and (FAc)2 with a selectivity o
6.6% were also present. The last result shows that the hydrated iron
nitrate definitely exhibits Brønsted acidity. Indeed, it is known tha
transition metal ions like Fe3+or Cu2+ cannot be Brønsted acids by
themselves (as they do not possess any proton to donate), but in
water solutions they are causing the hydrolysis of water molecule
being in their first coordination sphere. Thus, the existing meta
aqua complex can be considered as donor of the proton, forming
hydroxoaqua complex in the process and giving up H+ ions to the
medium. Water molecules co-ordinatively bound to one of these
metal ions are more acidic than normal water molecules.

Taking into account the results of the catalytic tests, it can be
suggested that even in organic medium Fe3+ cations in hydrated
iron nitrate may  act as donors for the neighboring water molecules
thus resulting in the appearance of H+ ions. Unfortunately, the exac
structure of Fe-BTC remains unknown due to its poor crystallinity
[34] making it difficult to describe its interaction with water. How
ever, similar catalytic properties of iron hydrated nitrate and iron
1,3,5-benzenetricarboxylate (Fe-BTC) make us suggest that Fe-BTC
also contains bound water molecules acting, by analogy, as pro
ton donors. As a result, Fe-BTC also possesses Brønsted acidity a
evidenced by the formation of the dimerization product, (FAc)2
Moreover, trivalent ions pull the electrons more strongly than diva
lent ions. That means that the hydrogen atoms in the ligand wate
molecules will have a greater positive charge in a trivalent ion, i.e
being more acidic. This could explain the string difference in the
catalytic behavior of Cu-BTC and Fe-BTC.

4. Conclusions

Catalytic behavior of Fe-BTC and Cu-BTC in the aldol conden
sation of furfural and acetone suggests that the reaction proceed
with the participation of acidic rather than basic sites. Solid cata
lysts having exclusively Lewis acid sites possess substantially lowe
activity in the aldol condensation of acetone and furfural, as proved
by the results over Cu-BTC in this reaction, particularly when suf
ficiently dried. Fe-BTC, which is also assumed as a material with
Lewis acidity, shows a fairly good activity in the aldol condensa
tion of acetone and furfural. Such catalytic behavior of Fe-BTC can
be explained by the presence of (weak) Brønsted acid sites in addi
tion to Lewis acid sites. These centers are present in Fe-BTC eithe
due to the existence of structural defects, or due to the activat
ing effect of Fe3+ cation on the surrounding (coordinated) wate
molecules, resulting in the appearance of H+ ions in the reaction
medium, i.e. of Brønsted acidity. The consequences of the gener
ated Brønsted acidity in the catalyst are the increase in the activity
of MOF  materials and the change in the composition of reaction

products. In particular, the formation of (FAc)2 takes place which,
in turn, may  be considered as a proof for the presence of Brønsted
acid sites in solid catalysts.
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http://dx.doi.org/10.1016/j.cattod.2014.03.010.
[14]  D.P. Debecker, E.M. Gaigneaux, G. Busta, Chem. Eur. J. 15 (2009) 3920–3935.
[15] C. Xu, Y. Gao, X. Liu, R. Xin, Z. Wang, RSC Adv. 3 (2013) 793–801.
[16] S. Abelló, D. Vijaya-Shankar, J. Pérez-Ramírez, Appl. Catal. A: Gen. 342 (2008

119–125.
[17] (a) H. Li, M.  Eddaoudi, M.  O’Keeffe, O.M. Yaghi, Nature 402 (1999) 276–279;

(b) R.E. Morris, Nat. Chem. 3 (2011) 347–348.
[18]  H.K. Chae, D.Y. Siberio-Perez, J. Kim, Y.B. Go, M.  Eddaoudi, A.J. Matzger, M

O’Keeffe,  O.M. Yaghi, Nature 427 (2004) 523–527.
[19]  A. Corma, Chem. Rev. 95 (1995) 559–624.
[20]  C.T. Kresge, M.E. Leonowicz, W.J. Roth, J.C. Vartuli, J.S. Beck, Nature 359 (1992

710–712.
[21] R.M. Martín-Aranda, J. Čejka,  Top. Catal. 53 (2010) 141–153.
[22] A. Corma, H. García, F.X. Llabrés i Xamena, Chem. Rev. 110 (2010) 4606–4655
[23] E. Pérez-Mayoral, Z. Musilová, B. Gil, B. Marszalek, M.  Položij, P. Nachtigall, J
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a  b  s  t  r  a  c  t

Potassium-containing  BEA  zeolites  were  prepared  by ion-exchange  from  NH4-BEA  with  potassium  nitrate
aqueous  solution  or ion-exchange  combined  with  impregnation.  The  samples  were  used  as  basic  catalysts
for  aldol  condensation  of  furfural  and  acetone  studied  in  a batch  reactor  at 100 ◦C,  autogenous  pressure
and  a reaction  time  of  2  h.  To  establish  a relationship  between  physico-chemical  properties  and  catalytic
behavior  of  BEA  zeolites,  the  samples  were  characterized  by  XRD,  N2 adsorption,  FTIR,  calorimetry,  and
Keywords:
Acetone
Furfural
Condensation
Potassium-BEA
Zeolite

TGA.  The  ion-exchanged  K-BEA  catalysts  exhibited  low  activity  in the aldol  condensation  because  of a
weak  strength  of  intrinsic  basic  sites.  In  contrast,  the samples  prepared  by  ion  exchange  combined  with
impregnation  possessed  strong  basic  sites,  plausibly  K2O  clusters,  and  demonstrated  appreciable  activity
in  the aldol  condensation.  TGA  results  proved  that,  in  contrast  to acidic  zeolites,  basic  sites  of  impregnated
BEA  samples  hardly  contribute  to the  formation  of heavy  carbonaceous  deposits  during  the reaction  what
could  be  advantageous  for the  stable  behavior  of catalysts.
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1. Introduction

Efficient biomass valorization is one of the most prominen
scientific challenges that chemists and chemical engineers have
been facing in the recent years. The ability to tackle this challenge
would be a significant step towards sustainable utilization of avail
able resources on Earth since biomass constitutes an abundan
renewable resource. Considering the energy needs of our soci
ety, transportation fuels are the sector with the highest growth o
demand. However, there is a gap between the basic biomass build
ing blocks having generally 5–9 carbon atoms in their molecule
and the desired fuel components that have, in the case of kerosene
and diesel fuel, typically between 10 and 20 carbon atoms in thei
molecules. Bridging this gap is a big challenge requiring to be

addressed to valorize solid (lignocellulosic) biomass as a feedstock
for transportation fuel production.

The increase in carbon chain length can be advantageously
achieved  by aldol condensation of short-chain aldehydes and
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ketones [1–4], such as furfural and acetone, as these can be pro-
duced in substantial amounts from biomass [5,6]. As a result, rather
complex products with suitable molecular mass and structure can
be obtained starting from comparatively simple reagents. Both the
preparation of the initial reagents and their processing to complex
heavier molecules could be regarded as a basis of the production o
valuable products from biomass-based renewable feedstocks.

Aldol  condensation of aldehydes and ketones is a well-known
reaction of organic synthesis, which takes place in the presence
of both acidic and basic catalysts [7]. Most often, aqueous basic
hydroxide solutions are used as catalysts for this reaction because
of their excellent activity and high selectivity toward the desired
reaction products [8]. This is connected with high demands on the
corrosive stability of equipment and produces a significant amoun
of waste water streams that must be treated [9]. These disadvan-
tages together with the increasing demands for environmenta
friendliness of new technologies constitute a significant driving
force for introducing solid basic materials as catalysts for aldol con-

densation. Hydrotalcite-like (HTC) materials as well as other mixed
oxide systems have been recently successfully used as basic cata-
lysts for aldol condensation [10–14]. Nevertheless, these materials
have some significant disadvantages, such as high sensitivity to the
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bient CO2 and difficulties with re-using of the HTC-based cat-
sts in successive catalytic cycles [10,15,16]. Consequently, new
id catalysts for aldol condensation between acetone and furfural
ve been investigated [17–19].
Among heterogeneous catalysts, solid catalysts with acidic
perties, in particular acidic zeolites of different structural types,

ve been shown to catalyze condensation of various aldehydes
d ketones [20–22] including aldol condensation between ace-
e and furfural [18,23]. Activity of zeolites in this reaction was

termined by the acidic as well as structural properties. Never-
less, during the reaction the activity of the investigated zeolites

creased due to the formation of carbonaceous deposits inside
ir micropores [18].
In  contrast to most inorganic solids the functionality of zeolites

 vary from acidic to basic range and the change in their acido-
sic character is achieved by performing relevant procedures and
nitored by physico-chemical methods. Zeolites possessing basic

es were also repeatedly used as catalysts for different organic
ctions [24,25]. In general, two types of basic centers can be
criminated in these materials. Firstly, zeolites possess “intrin-

 basicity”, which is provided by the negative charges of the
mework oxygen atoms in the proximity of tetrahedral Al atoms
–28]. It is believed that these basic sites are relatively weak [26],

t the basicity of zeolites can be enhanced by introducing excess of
ali species. These “hosted basic sites” are normally introduced

 incipient wetness impregnation of corresponding basic com-
unds, mostly as their salts that are subsequently decomposed by
ating [29,30]. Obviously, a ratio between “intrinsic” and “hosted”
sic sites can be adjusted by the content of a basic metal intro-
ced into a zeolite by either ion exchange or impregnation. The
cess of alkali compounds as compared to the ion-exchange capac-

 of a zeolite can be achieved also by a different method. Davis
d Hathaway [31] prepared FAU zeolites overloaded with alka-
e oxides by ion-exchange using aqueous solution of Cs acetate
lowed by filtration of the catalysts without subsequent washing
the samples with excess of water. Romero et al. [32] enhanced

 basic properties of the X zeolite during synthesis by control-
g the washing stage of the synthesized zeolite, which allowed
aining the optimum amount of alkaline hydroxide. Indepen-
ntly on the preparation method, such zeolites with “hosted basic
cies” possessed rather strong basicity, which was proved by

ferent methods [25,29,33]. These basic zeolites were investi-
ed in different organic reactions including dehydrogenation of
ohols, olefins isomerization, side-chain alkylation of aromat-
, condensations, etc. [24,25,34]. A special attention was paid
the stability of the prepared catalysts because supported alkali
tals have been shown to be prone to leaching when upgrad-

 biomass-derived feedstocks [6]. In some cases the leaching
ld be suppressed when using supports with a stronger support-

ali metal (oxide) interaction, such as zeolites [6 and References
rein]. Despite the significant number of articles dealing with
sic zeolites, there is a lack of information on the performance
catalysts prepared from the same parent zeolite sample but hav-

 a different ratio of “intrinsic” to “hosted” basicity. Moreover,
 performance of zeolites with basic properties as catalysts for
ol condensation of furfural and acetone has not been reported

t.
The present study deals with the preparation of a series of BEA
lite samples by ion-exchange (partial and complete) with aque-

s KNO3 solution followed by thorough washing or without any
sing of the samples with excess of water after filtration. The

perties of the prepared basic zeolites were examined by a num-

r of physico-chemical methods and their catalytic behavior was
estigated in aldol condensation of acetone and furfural. The pri-
ry aim of the study is to understand the fundamental role of
dic and basic sites in zeolite BEA in the aldol condensation of fur-

ad
int

tio
ex
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al and acetone. In particular, the catalytic activity and selectivity
well as the susceptibility to rapid deactivation in dependence on

 acido-basic properties of the catalysts are addressed.

Experimental

. Materials

The series of K-BEA samples was prepared using the same parent
4-BEA zeolite (Si/Al = 11.5) provided by Zeolyst (CP814E). The
received NH4-BEA zeolite was submitted to ion exchange using

ueous KNO3 solutions with different concentration of the salt
1–1.1 M).  The ion exchange was performed at 80 ◦C under stirring
0 RPM) for 2 h. Then the ion-exchanged samples were filtrated

ing a Buchner funnel. The first set of samples was  thoroughly
shed with a plenty of hot water to remove all extra potassium
ions from the solids (IE series). These samples were designated
xK-BEA where x stands for molar concentration of KNO3 in the
ueous solution used. The highest ion-exchanged level in BEA

ple was obtained by three-times repeated ion-exchange proce-
re using 0.5 M aqueous KNO3 solution. This sample was  further
signated as 3 × 0.5K-BEA. The second set of samples was not
shed after filtration (IE + IMP  series). The samples are designated
xK-N-BEA, where x stands for the molar concentration of KNO3
the aqueous solution used while N indicates that the samples
re not washed after their filtration. All samples were then dried
ambient air overnight and calcined at T = 530 ◦C for 3 h.

. Catalysts characterization

X-ray  powder diffraction (XRD) patterns of the prepared cal-
ed samples were recorded on a Philips MPD  1880 diffractometer
rking with the Cu K� line (� = 0.154 nm) in the 2� range of 4◦–40◦

a scanning rate of 2� of 2.4◦/min. The relative crystallinity (%)
all materials was  estimated from the line area of the experi-
ntal sample in the diffraction angle range of 2� = 22.5◦. In this
e, H-BEA sample with the highest crystallinity was used as the
erence.
The elemental composition was  determined by X-ray fluores-
ce (XRF) using Philips PW 1401 equipped with an Rh RTG
p. The UniQuant program was  used to evaluate the results.

T areas and pore volumes were determined from nitrogen
sorption/desorption experiments performed at −196 ◦C using

icromeritics ASAP 2020 after sample activation in vacuum at
0 ◦C for 12 h.
IR  spectra of the prepared samples were recorded on Nicolet

00 FTIR spectrometer equipped with a MCT  detector. The con-
trations of Brønsted and Lewis acid sites were calculated from

 integral intensities of the individual bands characteristic for
ridine adsorbed on Brønsted acid sites (BAS, at 1545 cm−1) and

 Lewis acid sites (LAS, at 1455 cm−1) using the molar extinc-
n coefficients taken from [35]. Before the CO adsorption IR
periments, the self-supporting sample wafers were placed into a
me-made IR cell and pre-treated in a dynamic vacuum (residual
ssure <10−4 mbar) overnight at 450 ◦C.
The  calorimetric CO2 adsorption experiments were carried out

ing an isothermal Tian-Calvet type microcalorimeter (BT 2.15,
TARAM) combined with a home-made volumetric/manometric
vice equipped with capacitance pressure gauges (Pfeiffer Vac-
m). The dependence of the differential adsorption heat vs.

sorbed amount was  obtained by numerical differentiation of the
egral adsorption heat dependence on adsorbed amount data.
The amount of carbonaceous deposits in the catalysts after reac-
n and their type based on the degradation temperature was
amined using a TA Instrument, TGA Discovery series equipment,
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operating at a heating ramp of 10 ◦C/min from room temperature
to 800 ◦C in flowing air (20 mL/min).

Additional details on all characterization techniques used are
provided in the Supplementary information.

2.3. Catalysis

Catalytic performance of the zeolite samples was investigated in
aldol condensation of furfural (Sigma-Aldrich) and acetone (Lach-
Ner, s.r.o., Czech Republic) pre-dried before the experiments with
a molecular sieve. The catalytic experiments were carried out
in a 300 mL  Parr stirred autoclave at 100 ◦C. In a catalytic run
2 g of freshly calcined (T = 530 ◦C) catalyst was mixed together
with a stirred mixture of 39.5 g acetone and 6.5 g of furfura
(acetone/furfural molar ratio 10/1). The desired temperature was
achieved in ∼50–60 min  after initiation of the heating, and the
autoclave was then kept at T = 100 ◦C for additional 2 h. Analysis
of the reaction products obtained after 2 h at the reaction temper-
ature was performed using an Agilent 7890A GC equipped with a
flame ionization detector and an HP-5 capillary column (30 m/0.32
ID/0.25 �m).  The products were identified based on the standard
reference compounds as well as additional GC–MS analyses.

Catalytic results of aldol condensation of furfural and acetone
were described by conversion and selectivity parameters that were
calculated as follows:

reactant  conversion (t) (mol%) = 100 × (reactantt = 0 − reactantt)
/reactantt=0;

selectivity to product i = 100 × (mole of reactant converted to
product i)/(total number of mole of reactant converted).

Carbon balance was monitored in all experiments as the tota
number of carbon atoms detected in each organic compound with
Cn atoms (where n = 3, 5, 8 ., etc.) divided by the initial number o
carbon atoms in F + Ac feed:

Cbalance% = (3molC3 + 5molC5+. . .nmolCn)/(3molC3(t = 0)

+ 5molC5(t = 0)).

3. Results and discussion

3.1.  XRD

The XRD powder diffraction patterns of all prepared catalyst
samples calcined at T = 530 ◦C (see the Suppl. Info. (SI),) correspond
to that of BEA zeolite [36]. The XRD patterns also evidence that
no other crystalline phases present in the catalysts including no
XRD-visible potassium clusters (K2O or KNO3). Among all catalyst
samples, H-BEA possesses the highest intensity of the character-
istic reflections corresponding to the BEA structure. The relative
crystallinity of the calcined 0.5K-BEA and 3 × 0.5K-BEA samples
is slightly lower (95–96%) due to the incorporated potassium. It
means that the presence of K+ ions in the cationic sites does not
result in destruction of BEA framework during the ion-exchange
process. In contrast, the calcination of samples prepared by the
IE + IMP  method affects their crystallinity more significantly: the
relative crystallinity continuously decreases from 84% for 0.3K-N-
BEA to 40% for 1.1K-N-BEA (Table 1). A decrease in the diffraction
intensities of the impregnated zeolites is usually attributed either
to the presence of the high content of non-framework species inside
zeolite pores due to the high mass transfer coefficient of X-ray
absorption by metal atoms or to a partial destruction of zeolite
framework (amorphization) during calcination [29,32,37].
3.2.  Chemical analysis

Chemical  composition of the samples prepared by IE (Table 1)
shows that the growth in KNO3 concentration from 0.1 to 0.5 M

ART - 08
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results  in an increase of K/Al ratio from 0.57 to 0.8. Nevertheless
even several successive exchange steps with intermediate filtration
and washing of the zeolite powder with an excess of hot water
do not afford a further increase in the potassium content in the
resulting samples. It seems that the number of cationic positions in
BEA zeolite that can be exchanged with alkali cations is limited.

As  expected, ion-exchange combined with impregnation allows
obtaining higher potassium content in the samples. For 0.1 M KNO3
solution the difference between the two preparation methods, IE
and IE + IMP, is low: K/Al ratio in 0.1K-BEA and 0.1K-N-BEA is 0.57
and 0.66, correspondingly (Table 1). However, the difference is
more obvious for 0.3 M KNO3 solution, giving K/Al = 1.07 in 0.3K-
N-BEA (as compared to K/Al of 0.72 obtained by the IE method). A
further increase in the concentration of KNO3 solution results in a
subsequent growth of the potassium content in the samples pre-
pared by the IE + IMP  method, K/Al ratio reaching values as high as
2.5 for 1.1K-N-BEA sample. K/Al ratio above 1 is an indication that
the impregnation of BEA zeolite with KNO3 results in a high content
of extra-framework potassium species present inside the internal
pore system of the zeolite as well as on its outer surface.

3.3.  Nitrogen adsorption

Textural  properties of the prepared samples were determined
by N2 physisorption and the results are presented in Table 1.

Irrespective  of the concentration of KNO3 solution and the num-
ber of consecutive ion-exchange steps, the ion-exchange of the
parent BEA zeolite does not affect the porosity of the prepared
samples: micropore volumes in the range of 0.166–0.170 cm3/g
are observed for all potassium-ion-exchanged catalysts. Never-
theless, the BET areas of these samples decrease from 608 m2/g
to 558–564 m2/g. On the contrary, the IE + IMP  method has a
more substantial effect on the textural properties of the catalysts:
for 1.1K-N-BEA the micropore volume and BET area decrease to
0.049 cm3/g and 219 m2/g, respectively, i.e. by more than 60%. The
content of the crystalline phase based on the micropore volume of
the samples is in good agreement with the XRD study (Table 1). In
summary, XRD and N2 physisorption data show that the IE + IMP
preparation method leads to partial blocking of the zeolite pore
system with extra-framework species and/or to partial destruction
of the crystalline framework of BEA zeolite.

3.4. FTIR study of the changes upon calcination

The changes in FTIR spectra for the as-prepared 0.3K-N-BEA
and 1.1K-N-BEA catalysts during their heating from room tempera-
ture to T = 400 ◦C are shown in Fig. 1. As the temperature increases
from 25 to 400 ◦C, the bands with maximum at ≈3430 cm−1 and
1632 cm−1 corresponding to the stretching and bending water
vibrations, respectively, lose their intensities. The intensity of the
bands with maxima at 1398 and 1368 cm−1 (doublet; the bands
are detected in all impregnated samples, with 1.1K-N-BEA hav-
ing the highest intensity) decreases as well. According to [38,39]
these bands can be attributed to bulk KNO3 present inside the pore
system of BEA zeolite. The observed change in the spectra proves
that KNO3 is gradually decomposed as the activation temperature
increases but a certain amount of KNO3 remains in 1.1K-N-BEA
even after ca. 10 h of heating at 400 ◦C. As a result of this decom-
position, K2O species are apparently formed. Taking into account

the data on textural properties of the prepared catalysts (Table 1) it
can be concluded that both undecomposed KNO3 precursor and the
formed K2O clusters block zeolite pores resulting in a lower adsorp-
tion capacity of the samples prepared by IE + IMP  in comparison
with the samples prepared by IE.
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Table  1
Crystallinity, chemical composition and sorption properties of prepared samples.

Sample Crystallinity
(XRD), %

K:Al:Si atomic
ratio

Micropore
volume,  cm3/g

BET  area, m2/g Crystallinity
(N2 sorption), %

H-BEA 100 0:1:13.0 0.17 608 100
0.1K-BEA  – 0.57:1:12.8 – – –
0.3K-BEA  – 0.72:1:13.0 – – –
0.5K-BEA  95 0.8:1:12.9 0.166 558 98
3x  0.5K-BEA 96 0.85:1:13.0 0.169 564 100
0.1K-N-BEA  – 0.66:1:12.8 – – –
0.3K-N-BEA 84  1.07:1:12.9 0.154 514 91
0.5K-N-BEA  67 1.2:1:12.9 0.133 438 78
0.7K-N-BEA  56 1.87:1:12.9 – – –
0.9K-N-BEA  48 2.23:1:14.7 – – –
1.1K-N-BEA  40 2.5:1:14.5 0.049 219 29
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. 1. FTIR spectra of samples calcined in dynamic vacuum in temperature range of 2
00 ◦C for 25 min; 4–dehydration at T = 400 ◦C for 10 h.

. The study of prepared samples by FTIR of adsorbed pyridine

IR spectrum of the parent H-BEA (see the SI) shows four clearly
tinguishable OH bands at 3780, 3743, 3670 and 3610 cm−1.
accordance with previous studies, the band at 3780 cm−1

unequivocally attributed to hydroxyl groups related to tri-
ordinated extra-framework Al species and the band at 3742 cm−1

attributed to isolated silanols [33,40,41]. As pointed out in [33],
 these species result from the presence of defects in the zeo-

 framework due to the small size of the zeolite crystallites of
 parent H-BEA resulting in a large number of the external sur-
e terminations. The band at 3610 cm−1 belongs to (Si OH Al)

idged species bearing a Brønsted acid proton. Finally, the band at
70 cm−1 is due to hydroxyl groups bonded to extra-framework

 partially extra-framework) aluminum species [40,42,43]. It is
cepted that the latter hydroxyls are much more acidic in compar-
n with silanols or OH– species observed on �-Al2O3, but weaker
n Brønsted bridged hydroxyl acid sites [40,44,45]. Besides, broad

sorption band in the region of 3600–3000 cm−1 characteristic for
drogen-bonded silanols [46] is observed in the spectrum.
After  pyridine adsorption on H-BEA followed by its desorption at

0◦C (removal of physisorbed pyridine) the bands at 3610 cm−1

d 3670 cm−1 totally disappear (see the SI) proving their acidic
aracter. On the contrary, the band at 3745 cm−1 is, as expected,

ually unchanged due to the lack of interaction between pyridine
lecules and silanol groups. Interestingly, the band at 3780 cm−1

ost disappears after pyridine adsorption, but its remnants are
ll visible after pyridine desorption at 250 ◦C and higher. This indi-
tes that most, but not all extra-framework Al species, interact

45

so
of 

pr
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Wavenumber (cm )

◦C. 1–samples at T = 25 ◦C; 2–dehydration at T = 100 ◦C for 5 min; 3–dehydration

th pyridine molecules and that the residual species either do not
ssess sufficient acidity to retain pyridine or they are inaccessi-

 for pyridine molecules. Indeed, whether such hydroxyl groups
zeolites have any significant Lewis acidity is still a matter of
cussion [40,41,46].
The  decrease in the intensity of bands at 3610, 3670 and

80 cm−1 after pyridine adsorption is accompanied by the appear-
ce of bands at 1545 cm−1 and 1455 cm−1, which are ascribed to
e interaction of pyridine with strong Brønsted and Lewis acid cen-
s, respectively (see the SI). The concentrations of Brønsted and

wis acid sites (BAS and LAS, respectively) in the prepared sam-
s are presented in Table 2. The concentrations of BAS and LAS in

e parent acidic BEA zeolite are 0.138 and 0.255 mmol/g, respec-
ely. The increase in the temperature of pyridine desorption from
0 to 450 ◦C results in a consistent and substantial decrease in
e intensity of band at 1545 cm−1. Simultaneously, the bands at
10 cm−1 and 3670 cm−1 reappear in the spectra. The apparent
pendence of the intensity of the band at 1545 cm−1 (BAS) on the
sorption temperature (see the SI) suggests a significant difference
the strength of BAS in H-BEA zeolite (Table 2). In contrast, the
ensity of band at 1455 cm−1 (LAS) varies to a lesser degree with

e increasing desorption temperature indicating more homoge-
ous nature of LAS from their strength point of view. Almost half
all LAS in H-BEA are strong enough to bound pyridine even at

◦
0 C.
After ion-exchange of the parent BEA zeolite with 0.1 M KNO3

lution, the FTIR spectrum of 0.1K-BEA sample shows the absence
the band at 3610 cm−1 (see the SI) proving that all bridged

otons are easily exchanged with potassium cations. The inten-
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Table  2
Concentration of Brønsted and Lewis acid sites in potassium-containing BEA zeo-
lites determined by FTIR of adsorbed pyridine after its desorption at different
temperatures.

Sample Tdes., ◦C CBAS, mmol/g CLAS, mmol/g

H-BEA 150
250
350
450

0.138
0.112
0.060
0.020

0.255
0.170
0.144
0.118

0.1K-BEA 150
250
350
450

0.020
0.019
–
–

0.180
0.127
0.068
0.032

0.5K-BEA 150
250

–
–

0.117
0.050

f

,
f

,

f

f
f

,

,

,

,
.

,

.

l

called dual cationic sites forming bridged complexes. The band
350
450

–
–

0.034
0.018

0.5K-N-BEA 150 – –

sity of the band at 3670 cm−1 slightly increases, possibly due to
partial hydrolysis of Si O Al bonds giving rise to the number o
hydroxyls bonded with partially framework Al atoms (defective
sites). Simultaneously, the band at 3780 cm−1 which character-
izes hydroxyl groups related to tri-coordinated extra-framework
Al species totally disappears. Bisio et al. [33] suggested that this
could be explained by leaching of the related tri-coordinated
extra-framework Al species in the exchange solution. Neverthe-
less, another explanation for the absence of the band at 3780 cm−1

in 0.1K-BEA sample may  exist: ion-exchange of acidic protons
in the bridged (Si-O-Al) species by potassium cations could pre-
vent the transition of the tetrahedral framework Al atoms to
extra-framework positions during the calcination process thus
decreasing the intensity of band at 3780 cm−1. The band at
1455 cm−1 is still present in the spectrum after pyridine adsorption
but having lower intensity (see the SI) suggesting that at least part o
the extra-framework (or partially extra-framework) Al atoms char-
acterized by the band at 3670 cm−1 could interact with pyridine as
LAS. As a consequence, the LAS concentration decreases from 0.255
to 0.180 mmol/g due to the ion-exchange (Table 2). Simultaneously
a new band at 1445 cm−1 appears in the spectra after IE. The band at
1445 cm−1 was previously observed in the FTIR spectrum of ammo-
nia adsorbed on ion-exchanged Cs-BEA sample and was attributed
to NH3 interaction with new LAS, namely Cs+ cations whose acidity
was significantly lower compared with tri-coordinated aluminum
species [33]. This band could be attributed to the interaction o
pyridine with potassium cations in 0.1K-BEA.

Despite the absence of the band at 3610 cm−1 in FTIR spectrum
of 0.1K-BEA, the band at 1545 cm−1 which is characteristic of pyri-
dinium cation is still present for this sample (see the SI). It indicates
the existence of BAS in 0.1K-BEA sample although in a very low
concentration of 0.020 mmol/g (Table 2). To explain this, it is nec-
essary to consider the behavior of the band at 3670 cm−1 before
and after pyridine adsorption. After pyridine adsorption the band
at 3670 cm−1 completely disappears (see the SI), while the band at
1545 cm−1 appears. Further, the increase in the desorption temper-
ature results in the decrease in the intensity of band at 1545 cm−1

and the re-appearance of band at 3670 cm−1. Such a comparison
allows concluding unambiguously that hydroxyl groups related to
the partially extra-framework Al atoms behave as BAS being able
to interact with pyridine and form pyridinium ions.

The  increase in the concentrations of the ion-exchange KNO3
solution and the increase in the number of consecutive steps o
the ion exchange results in a further change in the FTIR spectra o

0.5K-BEA both before and after pyridine adsorption. The very weak
band at 1545 cm−1 (BAS) is still present in the FTIR spectrum after
pyridine adsorption (see the SI) indicating the possible presence
of residual BAS in 0.5K-BEA sample, but it is close to the detec-
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tion limit. However, a significant difference is observed for the ratio
between the intensities of bands at 1455 (LAS) and 1445 cm−1. It
is seen that the depth of ion-exchange influences the amount of
extra-framework Al species in the sample (which are LAS) after
calcination procedure, hence the decreased intensity of band at
1455 cm−1, and the high amount of pyridine molecules adsorbed
on potassium cations (1445 cm−1). The increase in the intensity of
the 1445 cm−1 band is in line with the increased concentration of
K+ in ion-exchanged samples, while the decrease in the intensity
of the 1455 cm−1 band supports the suggested limited formation
of LAS during calcination due to the presence of potassium.

The  band at 3670 cm−1 is absent in the FTIR spectrum of 0.5K-
N-BEA sample prepared by IE + IMP  (see the SI). As a consequence
no BAS are determined in this sample after pyridine adsorption as
evidenced by the absence of the band at 1545 cm−1. Moreover, the
band at 1455 cm−1 is not present in the FTIR spectrum either, which
indicates total absence of LAS in 0.5K-N-BEA. At the same time, the
intensity of the band at 3745 cm−1 has decreased (see the SI). A
similar result was  observed in Ref. [33] when studying properties
of Cs-overloaded BEA sample. In that work the reduced intensity
of the band at 3745 cm−1 was explained by an acid-base reaction
between silanols and the occluded metal oxidic particles formed
during calcination. In our case the change in intensity of this band
is observed simultaneously with a decrease in crystallinity of the
sample and its BET area. The decreased intensity of the band at
3745 cm−1 may  be also explained by a partial destruction of BEA
crystal structure during the calcination of impregnated samples
resulting in the condensation of silanol groups and the formation
of dense amorphous silica [33].

The absence of the band at 3670 cm−1 in the FTIR spectrum of the
impregnated sample could have two possible explanations. First
as pointed out in [33], under dehydrated conditions at increased
temperatures partially extra-framework Al species can act as “nor-
mal” framework tetrahedral Al with charge-compensating proton
which in turn is able to be ion-exchanged with salts of basic metals
However, it can be assumed that in the course of the destruction
of BEA structure partially extra-framework Al atoms can be con-
verted into totally extra-framework Al atoms followed by their
transformation to amorphous silica (aluminosilica) phase. Hence
OH-groups in 0.5K-N-BEA sample are exclusively represented by
silanol groups, which are characterized by the band at 3745 cm−1

(see the SI). The band at 1445 cm−1 which is characteristic for pyri-
dine adsorbed on potassium cationic sites has high intensity, which
is in accordance with the high exchange level of potassium in this
sample. Additionally, all other samples prepared by the IE + IMP
method produce similar FTIR spectra (not shown) and, like 0.5K-N-
BEA, do not possess any acidity except for that connected with K+

cations and characterized by the band at 1445 cm−1.

3.6. FTIR study of adsorbed CO

Interaction of CO with K-BEA zeolites can bring information
about potassium cations in ion-exchangeable sites of BEA zeolite
FTIR spectra of carbon monoxide adsorbed on 0.5K-BEA zeolite at
liquid nitrogen temperature are shown in Fig. 2(A). Three main
absorption bands are discernible in the spectra at 2168, 2149 and
about 2120 cm−1. According to [47], the band at 2168 cm−1 is
ascribed to C O stretching frequency of CO adsorbed on isolated
single K+ cation, the band at 2120 cm−1 corresponds to isocarbony
species on isolated sites and the band at 2149 cm−1 is assigned
to CO molecule interacting with two nearby K+ cations in so-
at 2168 cm−1 is slightly red-shifted to frequency 2161 cm−1 when
coverage increases as a consequence of dicarbonyl species forma-
tion, as it was  explained in ref. [47]. Other ion-exchanged samples
have a similar character of FTIR bands, indicating similar population
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Fig. 2. FTIR spectra of adsorbed CO recorded at liquid nit

exchanged K+ cation in all ion exchanged catalysts, and inten-
ies of IR spectra corresponding to the potassium concentration
tained by chemical analysis of these samples.
On the contrary, 0.5K-N-BEA exhibits a significantly lower inten-

y of the IR bands (Fig. 2(B)) compared to 0.5K-BEA zeolite. As
plete ion-exchange degree in this sample is confirmed by FTIR

OH-groups (see the SI), the IR spectra intensities correspond to
ither the total potassium content nor number of exchangeable
es. It can be due to two reasons. Firstly, reducing availability
K+ cations for interaction with CO is due to zeolite channels to

 blocked by a bulk phase, presumably K2O. This explanation is
ported by N2 physisorption data, as both BET and micropore

lume are lower for 0.5K-N-BEA sample in comparison with the
rent material. Secondly, taking into account the XRD results, the
creased amount of adsorbed CO can be explained by a decrease
the content of the zeolite phase in the sample, i.e. a partial col-
se of the crystalline BEA framework. This explanation can also

 supported by data on nitrogen adsorption. Both the blocking and
 partial destruction of the zeolite lattice influence the internal

annel system and, as a consequence, reduce both micropore vol-
e  and the number of accessible Al-O-Si bonds, i.e. decrease the

tentially available cationic exchange sites.
Besides the bands at 2168, 2149 and 2120 cm−1, the spectra of

sorbed CO for 0.5K-BEA and 0.5K-N-BEA samples do not contain
y additional bands. As 0.5 K-N-BEA sample is likely to contain
O oxidic species, it is possible to suggest that CO is not interacting
th them. This is in complete agreement with the results of the
dy of Cs-overloaded BEA samples [33], which showed that no
nal specific for CO adsorbed on Cs2O exists.

. Microcalorimetry and FTIR experiments with adsorbed CO2

The basic character of potassium-modified BEA zeolites was
bed by CO2 adsorption microcalorimetry. The adsorption

therms of CO2 on BEA samples at T = 34 ◦C and corresponding
orimetric curves are depicted in Fig. 3. The adsorption isotherm
CO2 on H-BEA is the lowest among all samples investigated
d almost linear evidencing very weak interaction of adsorbed
lecules with the zeolite. The initial adsorption heat (at very
all coverage of adsorbed CO2 of 0.01 mmol/g) is ≈ 35 kJ/mol and
radually decreases to plateau at 28 kJ/mol extending from 0.02 to

75 mmol/g of adsorbed CO2. This part of calorimetric curve can

 associated with CO2 adsorption on Al sites (structural defects)
lowed by adsorption on BAS. The range of adsorption heats cor-
ponds well with heat of CO2 adsorption on Brønsted sites in BEA
lite determined by VTIR spectroscopy [48]. Further increase in

the
tio
tha

ART - 08
Wavenu mbe r (cm
-1
)

 temperature on 0.5K-BEA (A) and 0.5K-N-BEA (B).

 adsorbed amount results in a drop to about 25 kJ/mol followed
 a very pronounced plateau up to 0.4 mmol/g – it indicates CO2
eraction with zeolite framework by dispersive interaction [49].
e value of dispersion interaction of CO2 with BEA seems to be
sonable; the adsorption heat of CO2 on silicalite reported in lit-
ture is about 27 kJ/mol [50] which is slightly higher (by about
J/mol) in line with the fact that MFI  framework is characterized

 higher framework density (smaller channel size).
Nearly completely ion-exchanged 3 × 0.5K-BEA and 0.3K-N-
A prepared by IE and IE + IMP, respectively, have very similar
lorimetric curves and adsorption isotherms (Fig. 3). Practically
incident adsorption isotherms of both samples are in a very good
reement with their similarity in potassium content, crystallinity
d pore volume. It also indicates very similar strength of CO2 inter-
tion. The initial heat of adsorption is around 55 kJ/mol and it
dually decreases to about 40 kJ/mol (at CO2 adsorbed amount

prox. 0.07 mmol/g) followed by a plateau up to the adsorbed
ount of 0.27 mmol/g. Then, the adsorption heat decreases only

ry slowly to approximately 32 kJ/mol at the highest adsorbed
ount (0.8 mmol/g). The initial value of 55 kJ/mol correlates well

th data on K-FER and K-MFI  [49,51–53] and can be assigned to
 formation of bridged K-CO2-K complexes (similar to CO vibra-

n band at 2149 cm−1 which characterizes such dual cationic sites
]). The adsorption heat in the range between 55 and 40 kJ/mol

rresponds to the adsorption of CO2 on K+ ions in different local
vironments and the subsequent formation of geminal complexes
ults in further lowering the adsorption heat [54]. Calorimetric
ats bring evidence on negligible amounts of strong basic centers
both samples.
Completely different is the situation in the 0.5K-N-BEA sample.

e behavior of the curve for 0.5K-N-BEA is also very similar to the
-exchanged samples but only at adsorbed amount higher than
8 mmol/g. Below this value, a very strong interaction between
2 and the sample is observed: the initial value is as high as
6 kJ/mol due to chemisorption reaction of CO2 with strongly
sic centers, possibly K2O species, creating surface carbonates.
e presence of very strong basic sites is also accompanied by a
ghtly lower adsorption CO2 capacity for sample 0.5K-N-BEA: at
0 mbar CO2 the adsorption capacity is 0.9 mmol/g in comparison
th 1.05 mmol/g for ion-exchanged samples. This is in line with

 decrease in pore volume and crystallinity of the sample (see
ble 1).

The  behavior of the curve for 1.1K-N-BEA is quite different from

 other samples. It also exhibits initial strong CO2 chemisorp-
n similar to 0.5K-N-BEA, but the heat decreases faster than
t for 0.5K-N-BEA and reaches values around 45 kJ/mol at CO2
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Fig. 3. Adsorption heat (A) and adsorption isotherms (B) for K-BEA samples in depe
(up triangle), 0.5K-N-BEA (down triangle), 1.1K-N-BEA (diamond).

adsorbed amount 0.05 mmol/g. It means that the amount of accessi-
ble strongly basic sites is lower compared with 0.5K-N-BEA sample
After saturation of strong basic sites, the interaction of CO2 with
the sample is characterized by adsorption heats between 40 and
30 kJ/mol. It is similar as in the case of other, previously discussed
samples except the fact that the calorimetric curve is compressed
into a narrower interval as a result of the limited adsorption capac-
ity of this sample for CO2: only 0.42 mmol/g of CO2 is adsorbed at
210 mbar of CO2, i.e. only 40% of the capacity of the ion-exchanged
samples. The reasons for such a low capacity are obviously either
the blocking of pores by K2O or nitrate clusters, the partial collapse
of BEA crystalline structure or inaccessibility of K+ ions.

3.8.  Catalysis

According to the general scheme of aldol condensation of fur-
fural with acetone (see the SI), the intermediate compound, C8 aldo
(FAc OH) is formed as a primary condensation product. It is sub-
sequently dehydrated into the first condensation C8 product (FAc)
It successively reacts with another furfural molecule and the sec-
ond condensation C13 product (F2Ac) is formed, which is also a
dehydrated product. Additionally, the formation of a heavier reac-
tion product ((FAc)2) may  be observed as a result of dimerization o
the olefinic FAc molecule on acid sites of zeolites [18,23]. Acetone
conversion by self-condensation with the formation of diacetone
alcohol, mesityl oxide, etc., was very low (below 1%) what allowed
us excluding these results from a consideration.

Fig. 4 depicts furfural conversion and selectivity to the products
of aldol condensation observed over H-BEA and potassium-
containing samples prepared by ion-exchange followed by
subsequent thorough washing of the prepared catalysts. The fina
furfural conversion (after 2 h) is 33% for H-BEA at T = 100 ◦C and it
steadily decreases with the increasing potassium content in the
catalysts. As a result, the furfural conversion drops down to ca
5% at K/Al ≥ 0.7-0.8 (Fig. 4(A)). The declining furfural conversion is
accompanied by a change in the product distribution (Fig. 4(B)). The
composition of the observed reaction products on H-BEA similar to
that reported for similar catalyst in our previous studies [18,23]:
selectivities to FAc, F2Ac and (FAc)2 are 70, 3 and 25%, respectively
The growth in K/Al ratio results in a decrease in the selectivity to
F2Ac and (FAc)2, whereas the selectivity towards FAc-OH and FAc

increases. For 0.1K-BEA with low exchange level selectivity to FAc
increases to 90%, and selectivity to (FAc)2 dimer decreases to 3%.
Reaction products over 0.5K-BEA consist exclusively of FAc and FAc-
OH with a selectivity of 80% and 20%, respectively. As the micropore
volumes and BET areas of these catalysts are almost the same as
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e on the amount of adsorbed CO2. H-BEA (square), 3 × 0.5K-BEA (circle), 0.3K-N-BEA

those of the parent H-BEA zeolite (Table 1), the decrease in the
selectivity to F2Ac and (FAc)2 cannot be related with the change in
textural properties of the 0.1K-BEA and 0.5K-BEA. However, it can
be associated with the change in their acido-basic properties.

According to FTIR spectra for 0.1K-BEA and 0.5K-BEA, the sam-
ples with K/Al ratio above 0.5-0.6 do not contain strong bridged
BAS characterized by the band at 3610 cm−1 (Table 2). There-
fore, the observed Brønsted acidity in these samples (band at
1545 cm−1 after pyridine adsorption) is attributed to the presence
of OH-groups attached to extra-framework or partially hydrolyzed
framework Al atoms [42], which are characterized by the band at
3670 cm−1 in the FTIR spectrum (Fig. 2). The latter sites are able to
interact with pyridine forming a protonated adduct; however, their
amount is too low and their strength is decreased as proved by the
low temperature of pyridine desorption (Table 2). The observed
decrease in the furfural conversion and the change in the product
composition over the ion-exchanged samples can be attributed to
the reduced acidity of the catalysts. The absence of C8 aldol and
the decreased selectivity to dimer (FAc)2 observed for 0.1K-BEA
(Fig. 4(B)) suggest that residual strong Brønsted acid sites are still
present in the ion-exchanged samples with a low exchange degree
Nevertheless, the appearance of C8 aldol and the absence of (FAc)2
in the reaction products for 0.3K-BEA and 0.5K-BEA is in line with
the lack of Brønsted acidity in these catalysts proved by FTIR of
adsorbed pyridine (Table 2). Fig. 4B also shows decreasing selec-
tivity to FAc and increasing selectivity to FAc-OH for 3 × 0.5K-BEA
which reflects the further decrease in the amount and strength of
residual acid sites after the consecutive ion exchange steps. The
growth of exchange degree in K-BEA zeolites reduces their acidity
while their basicity (that is the basicity of the oxygens of cation-
exchanged zeolites [26–28]), accordingly, increases. Nevertheless
the catalytic results obtained over ion-exchanged K-BEA samples
prove that zeolites only with the intrinsic basicity possess poor
activity in aldol condensation of furfural and acetone.

Similar to the ion-exchanged samples, furfural conversion
over parent catalyst and those prepared by IE + IMP decreases in
the order: H-BEA > 0.1K-N-BEA > 0.3K-N-BEA (Fig. 4(C)). Chemical
analysis (Table 1) shows that this trend is observed as the K/Al
ratio approaches unity. This result also confirms that zeolites with
intrinsic basicity (i.e. with no extra-framework species acting as
bases) possess poor catalytic activity in aldol condensation. With

increasing potassium content (K/Al > 1), the activity of the sam-
ples in aldol condensation begins to rise and becomes even higher
than that of the parent H-BEA zeolite (Fig. 4(C)). However, these
samples contain no Brønsted acidic centers, but only silanol OH
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. 4. Catalytic properties of K-BEA samples prepared by IE (A, B) or IE + IMP  (C, D) m

ups as evidenced by FTIR data. By combining the results of
 chemical analysis, FTIR and microcalorimetry, the presence of

ong basic sites, plausibly K2O clusters, can be expected. Hence,
 observed activity of the samples prepared by IE + IMP  can be

plained by the presence of basic rather than acidic sites. Indeed,
 results of calorimetry suggest that 0.5K-N-BEA and 1.1K-N-

A samples contain very strong basic sites (Fig. 3), which could
 responsible for the increased activity of the IE + IMP catalysts
the reaction. Nevertheless, the amount of the strongest basic
es determined by CO2 microcalorimetry in 1.1K-N-BEA is lower
n in 0.5K-N-BEA (the ratio of strong basic sites with adsorp-

n heat higher than 45 kJ/mol is 0.05:0.077 mmol/g, respectively),
t the furfural conversion on the former catalyst is much higher.
is discrepancy can be attributed to a difference in the textural
perties of these two samples. Most of the potassium species

0.5K-N-BEA with a well-developed micropore volume and BET
y  be located in the internal pore space. These species can be

ccessively probed by CO2 with small molecular size, but they are
ccessible for organic reagents. In contrast, 1.1K-N-BEA possesses
nificantly worse textural properties due to either pore blockage
th extra-framework species or the partial collapse of crystalline
mework. In both cases the growth of potassium content in this

ple increases the amount of K2O clusters located principally on
 external surface without any sterical limitations thus increasing
 activity of high-potassium catalysts in aldol condensation.
From  the selectivity point of view observed for the IE + IMP
ples, the main change is in the absence of the dimer (FAc)2

 catalysts with K/Al > 1 (Fig. 4(D)). This clearly indicates that

en the K/Al ratio exceeds unity, there are no acid sites left able
catalyze the dimerization of the FAc product. The dimeriza-
n is the first step “en route” to the formation of condensation
ducts that cause catalyst deactivation by blocking access to

 active sites [18,23]. The absence of acid sites is thus further

pr
BE
hig
de
the
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s. A, C − Furfural conversion; B, D − Products selectivity. T = 100 ◦C, time − 2 h.

ected  by the decreased formation of heavier condensation prod-
ts causing the catalyst deactivation as discussed below. At the

e time, the selectivity towards FAc-OH shows a peculiar trend
th a maximum around K/Al = 1. This behavior can be explained

 dehydration of the alcohol either by acid sites (hence its low pro-
ction or even absence in case of K/Al < 0.8) or by strong basic sites
nce its low production in case of K/Al ≥ 1.9). The “intrinsic” basic

es are apparently not strong enough to catalyze dehydration
the applied reaction temperature and hence the alcohol is the
in reaction product observed for 0.3K-N-BEA and 0.5K-N-BEA.

ith the growth of potassium content in catalysts, the selectiv-
 to alcohol decreases and selectivity to dehydrated compounds,
c and F2Ac, accordingly increases demonstrating a good correla-
n with furfural conversion. This allows suggesting the kinetically
pendent character of the reaction which mainly proceeds on the
ternal surface of catalysts with K/Al ≥ 1.

. TGA study of the samples after reaction

Fig. 5 presents the results of thermal analysis of several potas-
m treated zeolites after catalytic experiments. The total weight
s varies in the range of 23–35% and does not exhibit a distinct
pendence on the method of the samples preparation (Fig. 5A).
vertheless, the type of the adsorbed species is apparently dif-
ent in acidic H-BEA and basic K-BEA zeolites. The large and
de peak in the range of T = 500–750 ◦C observed on DTG curve

 H-BEA (Fig. 5(B)) indicates the presence of highly condensed
ke deposits formed by secondary transformation of the reaction

oducts on acidic sites of the catalyst. For 0.3K-BEA and 3 × 0.5K-
A samples, both prepared by IE, the position of peaks in the
h-temperature region of DTG curve is shifted to 300–550 ◦C evi-

ncing a change in the nature of the compounds being adsorbed in
 samples with weaker acidity. The total amount of the adsorbed
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Fig. 5. TGA (A) and DTG (B) curves obtained for the samples 

species in 0.5K-N-BEA prepared by IE + IMP  is higher in comparison
with the ion-exchanged samples as proved by TGA data (Fig. 5(A))
It correlates well with the increasing activity of 0.5K-N-BEA in aldo
condensation, i.e. with the increase in the total amount of reaction
products which are characterized by the presence of an intensive
peak on DTG curve below T = 250 ◦C (Fig. 5(B)). Taken together, TGA
results allow suggesting that basic sites of potassium treated BEA
catalysts hardly contribute to the formation of heavy carbonaceous
deposits (in contrast to acidic sites that promote a rapid deactiva-
tion by carbonaceous deposits [18,23]).

3.10. Catalytic properties of K-BEA zeolites after regeneration
and  under storage

In  [18] it was shown that washing of H-BEA(25) with an excess o
ethanol cannot restore its initial activity in aldol condensation, but
the catalytic performance of H-BEA sample calcined in air at 530 ◦C
is similar to that for fresh sample. The effect of the ethanol washing
and the oxidative regeneration at 530 ◦C was also investigated for
0.5K-N-BEA. Table 3 presents catalytic data of this sample obtained
after three consecutive cycles.

It is seen from Table 3 that, similar to experiments with H-
BEA, washing of 0.5K-N-BEA with an excess of ethanol followed
by drying at 80 ◦C for 1 h does not result in complete restoration
of the initial activity of the catalyst in aldol condensation. The
continuous decrease of furfural conversion observed in consecu-
tive cycles of aldol condensation on basic zeolites allows assuming
the formation of compounds during the reaction which cannot be
removed by a simple treatment with a solvent. Nevertheless, the
type of these adsorbed compounds differs from those observed on
acidic H-BEA, as evidenced by TGA data (Fig. 5). Recently we  have
shown that furoic acid produced from furfural by Cannizzaro reac-
tion may  result in the progressive deactivation of the catalyst in
aldol condensation thus decreasing its activity and making it diffi-
cult to recycle/reuse the catalyst without a regeneration step [55]
Indeed, furfuryl alcohol was identified among the reaction prod-
ucts formed during the reaction of furfural and acetone on basic
BEA samples in the present study thus proving the occurrence o
furfural conversion by Cannizzaro reaction on these catalysts. The
results from Table 3 allow suggesting that furoate species formed

due to the interaction of furoic acid produced by Cannizzaro reac-
tion with strong basic sites of potassium-containing BEA zeolite
are not removed by a simple washing with a solvent and are thus
responsible for the successive loss of catalyst activity in consecutive
catalytic runs.

ART - 08
Tempe rature, 
o
C

 study. 1–H-BEA, 2–0.3K-BEA, 3–3 × 0.5K-BEA, 4–0.5K-N-BEA.

Nevertheless, another effect responsible for the decreased activ-
ity of basic zeolites after reaction could be considered. The results
in Table 3 show that in comparison with fresh sample the activ-
ity of the spent 0.5K-N-BEA sample regenerated in air at T = 530 ◦C
decreases as well. It is also seen that increasing the number of
regeneration cycles has virtually no influence on furfural conver-
sion. Such behaviour of the catalyst could be explained by two
reasons. First of all, the decrease in catalytic activity observed
after the first regeneration cycle may  be caused by leaching of
potassium into reaction medium during the first reaction cycle
However, according to XRF measurements the K content in the cat-
alyst after the reaction is the same as in the fresh one, so no leaching
occurs during the reaction. Secondly, it may  be also assumed that a
high sensitivity to environment often observed for materials with
expressed basic character could cause the decrease in the activity
of potassium-containing zeolites. In this case, a decline in furfural
conversion observed in the experiments with 0.5K-N-BEA washing
between the consecutive catalytic runs could be concerned with the
exposure of the catalyst to air during the drying stage. As a result
the decreasing activity of potassium-impregnated zeolites may  be
explained by both the blocking of basic sites with furoate species
as the consequence of furfural conversion by Cannizzaro reaction
and the high sensitivity of basic materials to environment during
their treatment between consecutive runs.

The next example demonstrates that a contact between cal-
cined potassium-impregnated BEA and air has a definite effect on
the performance of the zeolite catalyst in aldol condensation. It is
known that solid materials with basic properties such as hydro-
talcites readily react with CO2 and therefore it is difficult to avoid
contamination from atmospheric CO2 leading to carbonate anions
[56]. As a consequence, rehydrated hydrotalcites can totally lose
their activity in organic reactions after exposing to air [57]. The data
in Table 4 show that the sample 0.7K-N-BEA also exhibits sensitivity
to the environment. Aging of the calcined sample in air obviously
reduces its activity in aldol condensation: the furfural conversion
drops from 78 to 64% after 18 h and to 48% after 30 days of aging
The observed drop in activity causes a corresponding change in the
composition of reaction products: the selectivity to the initial prod-
uct of interaction between furfural and acetone, FAc-OH, increases
but the selectivity to the dehydrated product, FAc, and to the sec-
ond condensation compound, F2Ac, correspondingly, decreases
Assuming that the active sites in the potassium-containing zeolites

prepared by IE + IMP  are K2O species, the decreased activity of the
aged samples could be explained by the presence of catalytically
inactive potassium carbonate formed by interaction of K2O with
CO2 under storage. Since decomposition of potassium carbonate
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Table  3
Catalytic performance of 0.5K-N-BEA in aldol condensation after three consecutive washing in ethanol (a) and regenerations at 530 ◦C (b). Reaction conditions: T = 100 ◦C,
t  = 2 h.

No. Exp. Sample  Furfural Conversion, % Selectivity, %

FAc FAc-OH F2Ac

1 0.5K-N-BEA – freshly calcined at 530 ◦C 25.6 36.0 61.1 2.9
2a 1st washing in ethanol 19.6 31.4 65.9 2.7
3a 2nd washing in ethanol 16.1 28.5 69 2.5
4a 3rd washing in ethanol 11.8 24.1 74 1.9
2b 1st regeneration at 530 ◦C 17.1 28.2 69.4 2.4
3b 2nd regeneration at 530 ◦C 17.0 27.8 70.1 2.1
4b 3rd regeneration at 530 ◦C 18.6 33.1 64.6 2.3

Table 4
Catalytic properties of 0.7K-N-BEA sample calcined and aged for certain time in air. Reaction conditions: T = 100 ◦C, t = 2 h.

No. Exp. Sample Conversion, % Selectivity, %

FAc FAc-OH F2Ac

1 77.8 

2 64 

3 48.3 
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 0.7K-N-BEA, freshly calcined 

 0.7K-N-BEA, calcined, aged for 18 h in air 

 0.7K-N-BEA, calcined, aged for one month in air 

curs at substantially higher temperature than zeolite regener-
on takes place, the initial activity of the basic zeolite in aldol
ndensation cannot be totally restored in the following reaction
les even after its calcination at T = 500–550 ◦C. Nevertheless, the
derate furfural conversion observed for potassium BEA zeolite

en after its aging during one month proves that not all basic sites
the catalyst are sensitive to CO2 and still able to catalyze aldol
ndensation. The determination of these “environmentally sta-
” basic sites in zeolites impregnated with potassium salts may

 considered as a challenge for a forthcoming study.

Conclusions

The presented results show that the properties of potassium-
ntaining BEA zeolites and their behavior as basic catalysts for
ol condensation of furfural and acetone depend to a great extent

 the method of their preparation. Regular ion-exchange of par-
t NH4-BEA zeolite with aqueous KNO3 solution allows achieving
tassium content in BEA samples up to K/Al = 0.8–0.85 even after
eral successive exchange steps. According to FTIR experiments

adsorbed pyridine, these samples do not possess strong Brønsted
d sites and the amount of strong Lewis acid sites is decreased.
ditionally, a new band appears in Py-FTIR spectra of the prepared

ples after ion exchange. This band characterizes the inter-
ion of pyridine with potassium cations in the samples which

 weak Lewis acid sites. The probing of basic properties of ion-
changed K-BEA zeolites with CO2 adsorption microcalorimetry
eals the absence of strong basic sites in these samples. As a con-
uence, furfural conversion decreases as the potassium content

the ion-exchanged catalysts increases to K/Al ca.0.7–0.8 proving
t intrinsic basic sites in potassium-containing zeolites has scarce
ivity in aldol condensation of furfural with acetone. Unlike the
-exchanged samples, K-BEA zeolites prepared by the combined

+ IMP  preparation method exhibit a partial blocking of the zeo-
 pore system with extra-framework potassium species and/or
artial destruction of crystalline framework of BEA zeolite. FTIR

periments of adsorbed pyridine prove that these samples do not
ssess any acidity except for that connected with K+ cations intro-
ced by ion exchange.

Basic  properties of the impregnated zeolites are more

pressed: CO2 adsorption microcalorimetry proves the presence
strong basic sites in these samples, which are plausibly extra-
mework K2O species. Such catalysts demonstrate high activity
aldol condensation at T = 100 ◦C, especially provided that the K2O

[1

[2

[3

ART - 08
67.2 15.2 17.6
60.1 25.9 14.1
53.2 37.9 8.9

idic species are located on the external surface of zeolite crystals.
e composition of reaction products proves that aldol conden-
ion between furfural and acetone over the impregnated K-BEA

ples proceeds by a reaction pathway similar to that observed
 other basic materials. The good performance of the impregnated

BEA zeolites is accompanied by the decreased amount of heavy
rbonaceous deposits in the catalysts after reaction what could be
vantageous for their stability.
Nevertheless, the activity of the impregnated K-BEA samples
ibly decreases after their washing with a solvent in consecutive

talytic runs. Presence of furfuryl alcohol in the reaction prod-
ts allows suggesting the occurrence of furfural conversion by
nnizzaro reaction on these catalysts. Furoic acid produced by
is reaction interacts with strong basic sites of the impregnated
BEA forming surface furoates and resulting in decreased cata-
t activity in aldol condensation. On the other hand, the catalytic

tivity of basic zeolites after their oxidative regeneration in con-
utive catalytic runs or after their storage in a calcined form on

en air is also lower in comparison with freshly calcined sample.
esumably, it is caused by the interaction of strong basic sites in
e catalysts with CO2 from environment resembling another class
basic solids, rehydrated hydrotalcites. That is why further stud-

 concerned with the preparation of zeolites with strong basic
es and the evaluation of their behavior in organic reactions are
cessary.
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1349–1360.
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A B S T R A C T

The effects of both Si/Al ratio and preparation method (ion exchange vs. impregnation) on the physico-chemical
properties of potassium modified Y zeolites were studied in detail. The samples were used as basic catalysts for
aldol condensation of furfural and acetone. A relationship between physico-chemical properties and catalytic
performance of potassium-containing Y zeolites was established using XRD, N2 physisorption, IR spectroscopy of
adsorbed CO2 and CO2-TPD. Neither ion-exchange nor impregnation with KNO3 removed completely all acid
sites in Y (Si/Al = 2.5). Moreover, K2O clusters were not formed under thermal activation of the samples pre-
pared from the parent H-Y(2.5). As a consequence, both ion-exchanged and impregnated K-Y(2.5) possessed low
activity in aldol condensation, but they had high ability to dehydrate reaction products. In contrast, thermal
activation of USY zeolites (Si/Al = 15 and 40) impregnated with potassium resulted in the formation of K2O
species which, according to CO2-IR spectroscopy and CO2-TPD, were strong basic sites. It was concluded that the
lower amount of proton sites available for an ion-exchange together with the larger mesopore volume and more
defective crystalline framework promoted the accumulation of KNO3 in the USY zeolites during the impreg-
nation step. Subsequently, K2O species were formed by thermal treatment. Impregnated and calcined USY
zeolites possessed a superior catalytic activity in comparison with HY (Si/Al = 2.5). The presence of K2O species
as strong basic sites in K-impregnated USY zeolites was favorable for both the high activity of the catalysts in
aldol condensation and the occurrence of the second condensation step.

1. Introduction

Biomass as a renewable organic source has become a promising and
sustainable energy resource in recent years [1,2]. However, the carbon-
chain length of biomass-derived molecules as starting building blocks is
usually limited to 3–9 carbon atoms, which needs to be increased to the
desired length of 8+ carbon atoms for their efficient application in
producing transportation fuels. Aldol condensation of short-chain bio-
mass-derived products, such as furfural and acetone, is an efficient
route for practical utilization of biomass to obtain valuable compounds
[3–6]. Sodium hydroxide solution is a well-known homogeneous cata-
lyst for this reaction [7,8], however its corrosive properties and en-
vironmental issues connected with its use limit its industrial applica-
tion. Consequently, enormous effort has recently been exerted to find
an alternative heterogeneous catalyst for this reaction [9–12].

Aldol condensation can be catalyzed by both acidic and basic sites
[7,8], therefore porous materials with either basic or acidic properties

are relevant heterogeneous catalysts. Both pore-size confinement and
the nature of active sites could influence their activity and alter the
composition of reaction products. Moreover, the stability of the cata-
lytic activity of these heterogeneous catalysts should be considered for
their practical utilization as well. For example, hydrotalcite-like mate-
rials as solids possessing basic properties are studied as heterogeneous
catalysts for aldol condensation [13–15], but their sensitivity to CO2

from ambient atmosphere and low chemical stability restrict their wide-
spread industrial application [16,17]. Zeolites are recyclable en-
vironmentally-friendly heterogeneous catalysts [18–20], which can fa-
cilitate this reaction due to their high stability, large surface area and
high activity. Flego and Perego [21] investigated both effect of the acid
site density and the pore dimension on a variety of acidic molecular
sieves (small-, medium-, large-pore zeolites and amorphous micro-,
mesoporous silica-aluminas) in acetone self-condensation. Ungureanu
et al. [22] found that the catalytic activity of semicrystalline zeolitic-
mesoporous UL-ZSM-5 materials in aldol condensation of acetaldehyde
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with formaldehyde well correlated with the number of acid sites. Tago
et al. [23] studied the possibility of light olefins production by cracking
of isobutylene formed from aldol condensation products of acetone.
Acidic FAU, BEA and MWW zeolites were used as catalysts in aldol
condensation of furfural and acetone [10,24]. Nevertheless, the fast
deactivation of acidic zeolites in condensation reactions limits their
application for this purpose [4,22]. Acidic sites of conventional zeolites
can catalyze side reactions (e.g. oligomerization) producing coke
(heavy carbonaceous deposits) and deactivate the catalyst. Ion-ex-
changed metal zeolites were also reported to catalyze condensation
reactions. The examples of these reactions include aldol condensation
of n-butanal to 2-ethyl-2-hexenal over ion-exchanged NaY zeolites [25],
aldol condensation of acetone over alkali cation exchanged X and Y
zeolites [26], the condensation reaction of propionic acid and for-
maldehyde to form methacrylic acid using NaX, KX and CsX zeolites
[27], solvent free aldol condensation of propanal to 2-methylpentenal
using alkali ion-exchanged zeolites [28]. Potassium-modified BEA
zeolite has been recently reported as catalysts active in aldol con-
densation of furfural and acetone [4]. The performance of potassium-
containing BEA zeolites as basic catalysts for aldol condensation of
furfural and acetone depends significantly on the method of their pre-
paration. According to FTIR experiments of adsorbed pyridine, the ion-
exchanged samples did not possess strong Brønsted acid sites and the
amount of strong Lewis acid sites was decreased [4]. CO2 adsorption
microcalorimetry confirmed the absence of strong basic sites in these
samples. Consequently, furfural conversion decreased as the potassium
content in the ion-exchanged catalysts increased to K/Al ca.0.7–0.8
proving that intrinsic basic sites in potassium-containing zeolites have
low activity in aldol condensation. In contrast, CO2 adsorption micro-
calorimetry proved the presence of strong basic sites in impregnated
samples, which were plausibly extra-framework K2O species. Such
catalysts demonstrated high activity in aldol condensation due to the
participation of the K2O species located on the external surface of
zeolite crystals. The reliable performance of the impregnated K-BEA
zeolites was accompanied by a decreased amount of heavy carbonac-
eous deposits in the catalysts after reaction, which could be advanta-
geous for the stability of their catalytic activity. Nevertheless, the in-
fluence of Si/Al molar ratio in zeolites on the catalytic performance of
potassium-containing zeolites in aldol condensation of furfural and
acetone was not investigated so far.

The goal of the present study is to evaluate the effect of chemical
composition and zeolite texture on the performance of the catalysts in
aldol condensation of furfural and acetone. For that purpose, a series of
potassium-modified Y zeolites with different Si/Al ratio was prepared
by either ion exchange or impregnation methods. In order to fully un-
derstand the effect of different parameters on the activity and se-
lectivity of the prepared catalysts, CO2 as probe molecule for studying
the basic sites [29] has been utilized (applying IR spectroscopy and TPD
techniques). Accordingly, the structure and distribution of different
basic sites in the samples were thoroughly investigated by this ap-
proach.

2. Experimental

2.1. Samples

Commercial HY and H-USY zeolites with the Si/Al ratio of 2.5, 15
and 40 provided by Zeolyst International (CBV 400, CBV 720 and CBV
780, respectively) were used as parent materials. To prepare potassium-
containing samples, the starting zeolites were ion exchanged or im-
pregnated with potassium according to a procedure described pre-
viously [4]. The as-received zeolites in proton form were ion-exchanged
using an aqueous 0.7 M KNO3 solution at 80 °C under 200 RPM stirring
for 2 h followed by filtration of the prepared samples using a Buchner
funnel. The first set of samples was thoroughly washed with a plenty of
hot water to remove all extra potassium cations from the solids (IE

series). The second set of samples was filtered but not washed (IMP
series). All prepared materials were then dried in ambient air overnight
and calcined at T = 530 °C for 3 h. These samples were labeled as: K-
modification procedure (IE or IMP)-zeolite type(xx), where xx stands
for Si/Al ratio of the parent zeolite, e.g. K-IMP-Y(40) denotes a po-
tassium-containing faujasite having Si/Al ratio equal to 40 using the
impregnation method to introduce potassium.

2.2. Characterization

X-ray powder diffraction (XRD) patterns of both as-prepared and
freshly calcined samples were recorded on a Philips MPD 1880 dif-
fractometer working with the Cu Kα line (λ = 0.154 nm) in the 2θ
range of 4°–40° at a scanning rate of 2θ of 2.4°/min. Quantitative phase
analysis of the samples was performed using the Rietveld structure re-
finement method employing Materials Analysis Using Diffraction
(MAUD) software (Version 2.26) [30,31]. It allowed calculating lattice
parameters (a), crystallite size (D) and microstrain (parameter char-
acterizing the distortion of the structure) (ε) which have been provided
in the Supplementary Information (see Table S1 in the SI). For each set
of zeolites with the same Si/Al ratio, a sample with the highest crys-
tallinity was used as a reference. The elemental composition was de-
termined by X-ray fluorescence (XRF) using Philips PW 1401 equipped
with a Rh RTG lamp. The UniQuant program was used to evaluate the
results. Textural properties (“external” surface area and micro- and
total pore volumes) were determined from nitrogen adsorption/deso-
rption experiments performed at −196 °C after sample activation in
vacuum at 300 °C for 12 h using a Micromeritics ASAP 2020 unit (It
should be considered that BET model does not applied for interpreting
the N2 sorption results as it is not valid for microporous materials).

IR spectra of the prepared samples were recorded on a Nicolet 6700
FTIR spectrometer equipped with a MCT detector. The concentrations
of Brønsted and Lewis acid sites were calculated from the integral in-
tensities of the individual bands characteristic for pyridine adsorbed on
Brønsted acid sites (BAS, 1545 cm−1) and on Lewis acid sites (LAS,
1455 cm−1) using the molar extinction coefficients of 1.13 and
1.28 cmμmol−1 taken from [32]. Before the CO2 adsorption experi-
ments monitored by FTIR, the self-supporting wafers were placed into a
home-made IR cell for transmission spectra measurement and pre-
treated in a dynamic vacuum (residual pressure< 10−4 mbar) at
450 °C for 16 h. After that CO2 with pressure of about 2 mbar was dosed
into the cell at ambient temperature and the system was equilibrated
for 20 min before evacuation. IR spectra recording proceeded (accu-
mulating 8 scans with the resolution of 2 cm−1) during the gradual cell
evacuation using a turbomolecular pump at room temperature.

Temperature programmed desorption of CO2 (CO2-TPD) study was
performed using a Micromeritics AutoChem II 2920 instrument. The
desorbed products were followed by mass spectrometer Pfeiffer
OmniStar GSD 300 (the molecular ion m/z= 44 was analyzed). Before
TPD experiments, the samples were heated to 530 °C in He flow and
treated in O2 flow at the same temperature for 2 h. After cooling to RT,
the samples were saturated with CO2 (10% CO2/He; 25 ml/min) for
25 min. The physisorbed CO2 was flushed with He (25 ml/min) for
60 min. The end of both saturation and flushing were checked by mass
signal stabilization. The CO2-TPD proceeded with a temperature ramp
of 10 °C/min from 25 to 500 °C in He flow of 25 ml/min.

2.3. Catalytic study

The catalytic performance of the prepared zeolite samples was in-
vestigated in aldol condensation of furfural (Sigma-Aldrich) and
acetone (Lach-Ner, s.r.o., Czech Republic) pre-dried before the experi-
ments with a molecular sieve. The catalytic experiments were carried
out in a 300 ml Parr stirred autoclave at 100 °C. In a catalytic run, 2 g of
a freshly calcined (T = 530 °C) catalyst was mixed together with a
stirred mixture of 39.5 g acetone and 6.5 g of furfural (the acetone/
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furfural molar ratio of 10/1). The desired temperature was achieved in
∼50–60 min after initiation of the heating, and the autoclave was then
kept at T = 100 °C for additional 2 h. Analysis of the reaction products
obtained after 2 h at the reaction temperature was performed using an
Agilent 7890A GC equipped with a flame ionization detector and an HP-
5 capillary column (30 m/0.32 ID/0.25 μm). The products were iden-
tified based on the standard reference compounds as well as GC–MS
analyses. Catalytic results of aldol condensation of furfural and acetone
were described in terms of conversion and selectivity calculated as
follows:

Conversion (t) (mol%) = 100 × (reactantt=0−reactantt)/reactantt=0;

Selectivity to product i = 100 × (mole of reactant converted to product i)/
(total number of mole of reactant converted).

Carbon balance was monitored in all experiments as the total
number of carbon atoms detected in each organic compound with Cn
atoms (where n = 3, 5, 8,…, etc.) divided by the initial number of
carbon atoms in F + Ac feed:

C balance% = (3molC3 + 5molC5 +…nmolCn)/(3molC3(t = 0) +
5molC5(t = 0)).

3. Results

3.1. XRD and chemical analysis

The XRD powder patterns of the parent zeolites used for the pre-
paration of K-containing catalysts proved the phase purity of zeolites
with FAU structure (see the SI, Fig. S1). After either IE or IMP treatment
no other crystalline phases, including potassium clusters (K2O or
KNO3), were detected in XRD patterns of the resulting samples (cf. Fig.
S2 in the SI).

Chemical analysis of the prepared potassium-containing Y zeolites
demonstrates (Table 1) that K content in the samples prepared by ion-
exchange (IE) is lower for samples with higher Si/Al molar ratio. Ion-
exchanged material K-IE-Y(2.5) possesses the largest K content of
5.94 wt.% due to its higher exchange ability, while K-IE-Y(40) has the
lowest K content of 0.24 wt.% in agreement with the lowest number of
sites available to cationic exchange. K/Al molar ratios of ion exchanged
samples are 0.55, 0.41 and 0. 17 for K-IE-Y(2.5), K-IE-Y(15) and K-IE-Y
(40) samples, respectively (i.e. below unity for all ion exchanged
samples). It means that some acidic OH groups were not exchanged
(due to short time for reaching of ion-exchange equilibrium or in-
creasing hydrophobicity of the zeolite) [33]. Also presence of some

extraframework Al atoms can contribute to the K/Al molar ratios below
unity. [34]. The potassium content in the impregnated samples is from
4.0 to 6.9 wt.% (Table 1). For catalysts prepared from HY(2.5) the
potassium content for ion-exchanged and impregnated samples is 5.9
and 6.9 wt.%, respectively, which corresponds to K/Al molar ratio of
0.55 and 0.63, respectively. In contrast, a difference in potassium
content between ion-exchanged and impregnated high-silica zeolites
increases in a great extent, from 1.34 to 4.56 wt.% and from 0.24 to
4.03 wt.% for ion-exchanged and impregnated samples prepared from
HY(15) and HY(40), respectively. Accordingly, the achieved potassium
content in K-IMP-Y(15) and K-IMP-Y(40) corresponds to K/Al molar
ratio of 1.6–3.3, respectively, suggesting the presence of potassium
species outside of ion-exchangeable sites (probably K2O species) in
these samples after their thermal activation.

3.2. Nitrogen adsorption

Irrespective of Si/Al ratio in studied zeolites, all parent samples
exhibit large micropore and total pore volumes (Table 1). Additionally,
USY zeolites demonstrate improved porosity and increased surface area
in comparison with HY(2.5) except surface of micropores represented in
intercept of line in t-plots (cf. Sext values in Table 1). The ion-exchange
affects the pore volume of the prepared samples only insignificantly.
Porosity of K-IMP-Y(2.5) sample are very similar to those of the ion-
exchanged sample (Table 1) due to the assumed absence of excessive
extra-framework potassium species in this sample. On the contrary, the
impregnation method has a substantial effect on the textural properties
of the low aluminum samples. The K-IMP-Y(15) sample has its micro-
pore volume decreased to 0.144 cm3/g. These values amount to about
50% reduction from those obtained for K-IE-Y(15) sample. For K-IMP-Y
(40) the micropore volume decreases to 0.137 cm3/g, which is again
∼50% of those obtained for K-IE-Y(40) and HY(40) samples. This de-
crease in pore volumes can be associated with the potassium species
that are not present in the ion-exchangeable sites (see IR and CO2-TPD
results).

3.3. SEM images

The SEM images, as well as textural properties (see Table 1), clearly
show that dealumination procedure during USY zeolites preparation
results in the formation of pores and defects on the external surface of
zeolite crystals creating additional mesoporosity (Fig. 1). Due to the
formation of K2O clusters in the impregnated samples, we may spec-
ulate that some micropores of K-IMP-Y(15) and K-IMP-Y(40) samples
are partially filled or blocked with K2O as evidenced by the decrease in
micropore volumes (Table 1). Moreover, some K2O species may be also
formed on the external surface of the zeolite particles. The relative
reduction in mesopore density visible on the particle surface and sur-
face roughness of the impregnated sample in SEM images supports this
assumption (Fig. 1d and f in comparison with Fig. 1c and e). More in-
terestingly, no obvious changes in the shape of the zeolite crystals upon
impregnation are observed (compare K-IMP-Y(40) and K-IE-Y(40) or K-
IMP-Y(15) and K-IE-Y(15) samples, Fig. 1), while the crystal structure
parameters of these samples differ considerably (see the SI, Fig. S4 and
Table S1). This observation suggests that partial distortion and de-
struction of the zeolite structure (which can be deduced from XRD data
related to the structural changes) due to the impregnation step occurs, if
any, inside the zeolite crystallites rather than on their external surface.
If so, most K2O species are also formed in the intra-crystalline volume,
presumably in the supercages of Y structure.

3.4. FTIR study

3.4.1. The behavior of samples during thermal activation
Fig. 2 shows the changes in the IR spectra of the as-prepared and

dried samples before and after thermal activation under vacuum at

Table 1
Chemical analysis and textural properties of potassium zeolite samples.

Sample Ka, wt.% K/Al molar
ratio

Sext, mb/g Vmic,
c, cm3/g Vtot,

d, cm3/g

HY(2.5) – – 8 0.332 0.388
K-IE-Y(2.5) 5.94 0.55 10 0.301 0.336
K-IMP-Y(2.5) 6.91 0.63 10 0.297 0.317
HY(15) – – 74 0.320 0.490
K-IE-Y(15) 1.34 0.41 84 0.302 0.490
K-IMP-Y(15) 4.56 1.61 82 0.144 0.346
HY(40) – – 81 0.286 0.536
K-IE-Y(40) 0.24 0.17 97 0.274 0.509
K-IMP-Y(40) 4.03 3.27 64 0.137 0.327

a K − potassium content.
b Sext − surface area of mesopores and external surface of crystallites (from t-plot

method).
c Vmic − micropore volume (from t-plot method).
d Vtot − total pore volume at p/p0 = 0.97.
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450 °C for 16 h as well as IR spectra of parent zeolite. The observed
bands between 3600 and 3000 cm−1 and ∼1632 cm−1 in as-prepared
samples corresponding to the stretching and bending water vibrations,
respectively, lose their intensities upon heating and activation of the
samples. In the IR spectra of the ion-exchanged samples before thermal
activation, a broad peak at 3600–3000 cm−1 related to the interaction
of active silanol groups with water is observed at a higher wavenumber
(especially in the dealuminated Y zeolites, Fig. 2c and e). This band
shifts to a lower wavenumber in the impregnated samples as the most
active silanols are grafted with potassium (Fig. 2d and f). Additionally,
the intensity of the doublet with maximum at 1396 and 1375/
1367 cm−1 decreases as well. These bands can be attributed to the bulk
KNO3 present inside the pore system of the samples [35,36] and the
disappearance of these bands after activation is an indication of nitrates
decomposition. The signal of Brønsted sites (at 3630 and 3566 cm−1

[29]) is present in the IR spectra of neither ion-exchanged nor im-
pregnated dealuminated zeolites after heat activation suggesting that
almost all protons in these samples are exchanged with potassium. In
contrast, the band at 3600 cm−1 is observed in the IR spectra of K-IE-Y
(2.5) and K-IMP-Y(2.5) samples which could be related to remaining
Brønsted sites [37] (IR spectrum of the parent HY(2.5) is also provided
in Fig. 2).

3.4.2. Study of acidic properties of potassium zeolites using infrared spectra
of adsorbed pyridine (Py-FTIR)

Upon pyridine adsorption new absorption bands appear at
1545 cm−1 and 1455 cm−1, which are ascribed to the interaction of
pyridine with strong Brønsted and Lewis acid sites, respectively (Fig. 3).
The concentrations of BAS and LAS in K-IE-Y(2.5) are 0.21 and
0.34 mmol/g (Table 2), respectively, indicating that ion exchange does

Fig. 1. SEM micrographs of (a) K-IE-Y(2.5) (b) K-IMP-Y(2.5) (c) K-IE-Y(15) (d) K-IMP-Y(15) (e) K-IE-Y(40) (f) K-IMP-Y(40).
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not remove all acid sites in this sample that are available for interaction
with pyridine. It is worth to note that IR study of pyridine adsorption is
more sensitive than IR studying of the OH region and small number of
acidic sites could be detected by pyridine adsorption method [29] while

bands of acidic sites in the OH region disappeared. Simultaneously, a
new band at 1445 cm−1 appears in the spectrum of K-IE-Y(2.5) after IE.
It can be attributed to pyridine interacting with potassium cations lo-
cated in the ion-exchangeable sites of the prepared samples, as pro-
posed in [4]. Due to the impregnation step the BAS concentration in K-
IMP-Y(2.5) decreases to 0.11 mmol/g, whereas the concentration of
both LAS (0.3 mmol/g) and the sites which characterize potassium
cations (band at 1445 cm−1) is virtually unaffected. K-IE-Y(15) pos-
sesses only residual acidity with the concentration of both BAS and LAS
equal to 0.03 mmol/g, while the concentration of these sites in K-IMP-Y
(15) is even lower, 0.01 and 0.02 mmol/g, respectively. The intensity of
the IR band ascribed to the interaction of pyridine with potassium ca-
tions in K-IE-Y(15) and K-IMP-Y(15) is similar in both samples and
significantly lower as compared with K-IE-Y(2.5). This agrees with the
decreased potassium content introduced into these samples by ion ex-
change. Finally, Py-FTIR data evidences that K-IE-Y(40) and K-IMP-Y
(40) do not possess any acidity and the intensity of the IR band due to
the interaction of pyridine with potassium cations is about ten-times
lower, which is expected due to the high Si/Al ratio of the samples.

3.4.3. CO2 adsorption
CO2 adsorption on all catalysts has been also studied by means of IR

spectroscopy at room temperature. IR bands after CO2 adsorption can
be divided in two groups (Fig. 4); the first category related to physi-
sorption of linear CO2 at 2350 cm−1 and the second one associated with
chemisorption of carbonate-like species represented by low-frequency
bands in the 1700–1300 cm−1 region [38]. The ν3 absorption band of
linear CO2 is observed in spectra of all samples recorded under 2 mbars
of CO2 equilibrium pressure, whereas the low frequency bands related
to the chemisorbed species are observed only in the impregnated
samples (except for K-IMP-Y(2.5) sample). The chemisorbed species are
more resistant to evacuation at room temperature as evidenced by
presence of these IR bands in the spectra after 20 min evacuation,
whilst the band at 2350 cm−1 completely disappeared. CO2 chemi-
sorbed on basic site could be characterized by splitting frequency of the
corresponding bands (see the SI). The bands related to the chemisorbed
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Fig. 3. Py-FTIR spectra of potassium Y samples. (a) K-IE-Y(2.5), (b) K-IMP-Y(2.5), (c) K-
IE-Y(15), (d) K-IMP-Y(15).

Table 2
Concentration of Brønsted and Lewis acid sites as well as those due to the interaction of
pyridine with potassium cations.

Sample Brønsted acid sites, mmol/g Lewis acid sites, mmol/g

HY(2.5) 0.127 0.223
K-IE-Y(2.5) 0.21 0.34
K-IMP-Y(2.5) 0.11 0.3
HY(15) a a

K-IE-Y(15) 0.03 0.03
K-IMP-Y(15) 0.01 0.02
HY(40) 0.104 0.068
K-IE-Y(40) <0.01 < 0.01
K-IMP-Y(40) <0.01 0.02

a Not measured.
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species are not observed in both K-IMP-Y(2.5) and K-IE-Y(2.5) in-
dicating that the amount of K2O in these catalysts is very low (Fig. 4a).
Figs. 2 and 3 indicate that Brønsted acid sites are still remaining in K-IE-
Y(2.5) and K-IMP-Y(2.5) after thermal activation and therefore ion
exchange of potassium originating from the decomposition of excessive
KNO3 with Brønsted acid sites is preferred rather than the formation of
K2O species. In impregnated dealuminated zeolites (Fig. 4c and e), the
bands of the chemisorbed species are observed at 1690 cm−1 and
1328 cm−1 which shift to 1686 and 1340 cm−1, respectively, upon
lowering the coverage by gradual desorption, demonstrating two dif-
ferent types of species with splitting frequencies (Δν) around 360 cm−1

and 346 cm−1 in the dealuminated impregnated samples. After eva-
cuation, only the more stable type with the lower splitting frequency
(Δν= 346 cm−1) remains (Fig. 4).

To summarize this section, the main band of asymmetric vibration,
which is slightly shifted with increasing coverage indicates the presence
of two kinds of carbonate species. According to literature [38] these are
bidentate carbonates (see the SI, Scheme S1b). The splitting Δν in the
range of 300–370 cm−1 supports this suggestion. There is a very weak
band at 1447 cm−1 suggesting that negligible amount of other type of
carbonates with lower splitting frequency could also be present in the
impregnated samples.

3.5. TPD of CO2

Two well-resolved peaks are observed in CO2-TPD curves of im-
pregnated dealuminated Y zeolites (Fig. 5). Low-temperature peak (LT)
having a maximum at ca. 50 °C is present in the TPD profiles of almost
all the samples, while the high-temperature peak (HT) at temperature
135 °C is detected only in the TPD profiles of the impregnated Y zeolites
with Si/Al molar ratios of 15 and 40. The CO2 desorption is very weak
in the case of the ion-exchanged samples in comparison with the im-
pregnated ones (Fig. 5) which agrees with the IR results of CO2 ad-
sorption. Both the occurrence and intensity of the band in the IR spectra
ascribed to the chemisorbed CO2 species agree well with the intensity of

the desorption peaks in the TPD patterns (Table 3). The intensity of the
high-temperature desorption peak in the TPD curves of the deal-
uminated impregnated zeolites is larger than that for the low-tem-
perature desorption peaks. On the other hand, K-IMP-Y(2.5) sample
shows very weak CO2 desorption in agreement with the absence of the
chemisorbed species in the IR spectra (cf. Fig. 4).

Based on the IR results reported above, the low-temperature peak
can be ascribed to the carbonate species characterized with higher
splitting frequency (Δν around 360 cm−1) whereas high-temperature
peak related to the carbonate species with lower splitting frequency.

3.6. Catalytic results

According to a general reaction scheme (see the SI, Scheme S2),
aldol condensation of furfural with acetone leads to the formation of an
aldol (FAcOH) as a primary product, which is often considered as an
intermediate. It is successively dehydrated into the first condensation
product C8 (FAc), which can react with another furfural molecule
forming the second condensation product C13 (F2Ac). Additionally, the
formation of a heavier reaction product (FAc)2 may be observed as a
result of the dimerization of the olefinic FAc molecule in the presence of
acid sites, for example, over acidic zeolites [10]. Acetone self-con-
densation with the formation of diacetone alcohol, mesityl oxide, etc.,
can be considered as a competing parallel reaction route, which should
be taken into account. In the present study, however, the acetone
conversion by this reaction route was below 3%, which allowed us
neglecting it.

Special experiments with K-IE-Y(15) and K-IE-Y(40) were per-
formed to evaluate the possibility of leaching, i.e., the partial dissolu-
tion of potassium oxidic species in a reaction medium and, as a con-
sequence, the occurrence of a homogeneous reaction. The comparison
of K/Al ratio in the samples before and after catalytic run by XRF
method proved a similarity in their chemical compositions.
Additionally, the analysis of reaction mixture by ICP method at the end

Fig. 4. FTIR spectra of adsorbed CO2 (equilibrium
pressure 2 mbars, 20 min of equilibration time, blue
curves) recorded at RT on different samples (a) K-
IMP-Y(2.5) (b) K-IE-Y(2.5) (c) K-IMP-Y(40) (d) K-IE-
Y(40) (e) K-IMP-Y(15) (f) K-IE-Y(15) after 20 min of
CO2 evacuation at RT (red curves). (For interpreta-
tion of the references to colour in this figure legend,
the reader is referred to the web version of this ar-
ticle.)
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Fig. 5. CO2-TPD measured on the samples (a) K-IMP-Y(2.5), (b) K-IE-Y(15), (c) K-IMP-Y
(15), (d) K-IE-Y(40) and (e) K-IMP-Y(40).

Table 3
The amount of CO2 desorbed from the samples during TPD experiments calculated from
the intensity of low-temperature (LT) and high-temperature (HT) peaks and the com-
parison of these data with the integrated area of the IR bands related to chemisorbed CO2.

Sample LT peak on TPD
curve

HT peak on TPD
curve

Total nCO2,
μmol/g

Area (IR)

T, °C nCO2,
μmol/g

T, °C nCO2,
μmol/g

K-IE-Y(2.5)a 1.1
K-IMP-Y(2.5) 54 3.9 – – 3.9 0.9
K-IE-Y(15) 31 0.9 – – 0.9 0.9
K-IMP-Y(15) 50 18 136 66 84 25
K-IE-Y(40) 43 0.3 – – 0.3 0.6
K-IMP-Y(40) 55 16 133 64 80 19

a TPD was not measured for this sample.
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of a catalytic run and catalyst separation showed the absence of po-
tassium in the organic phase. Based on these results it was concluded
that furfural conversion and the composition of reaction products de-
termined in performed catalytic experiments were concerned ex-
clusively with the physico-chemical characteristics of the prepared
zeolites.

Furfural conversion is 8.3% and 8.2% for K-IE-Y(2.5) and K-IE-Y
(15), respectively (Fig. 6A). These values are lower than those obtained
for acidic HY(2.5) zeolite (Fig. S7), but slightly higher than those ob-
served for ion-exchanged K-BEA zeolites (being in the range of 4–5%)
[4]. Furfural conversion on K-IE-Y(40) is substantially lower and does
not exceed 2%.

Similarly to acidic zeolites (see the SI), FAc is the main reaction
product obtained in aldol condensation of furfural and acetone on the
ion-exchanged Y samples (Fig. 6B). Its selectivity is 96.4% on K-IE-Y
(2.5) at 8.3% of furfural conversion, which could be the consequence of
the successful FAcOH dehydration on the remaining acid sites present
in the catalyst. The selectivity to F2Ac, i.e. the second condensation
product, as well as (FAc)2, i.e. the dimerization product, is 1.5% and
0.3%, respectively. At similar conversion level (8.2%), selectivity to
FAc on K-IE-Y(15) decreases to 74.6%, while that of FAcOH shows only
slight increase to 3.3%. In contrast, the selectivity to bulkier com-
pounds, F2Ac and (FAc)2, increases more significantly up to 5.7 and
16.4%, respectively, which could be related to a higher mesoporosity of
this sample.

The conversion and selectivity over K-IE-Y(40) are slightly different
from those over the K-IE-Y(15) sample (Fig. 6), which could be related
to the lower density of both basic sites and residual acid sites in this

catalyst (IR spectra have been presented in Fig. S5 of the SI). The latter
are hardly detected by Py-FTIR in K-IE-Y(40), but their residual pre-
sence can be expected based on the catalytic data. It is evidenced from
the ability to dehydrate the intermediate FAcOH to FAc (although the
selectivity to FAcOH increases to 20% in this case) and the persistent
presence of (FAc)2 among reaction products. Notably, selectivity to
F2Ac observed on K-IE-Y(40) has the highest value of 10% among all
ion-exchanged catalysts.

Most of the active sites participating in aldol condensation and
further transformation of the primary products are in the supercages of
FAU structure (both acidic and basic sites). Consequently, a difference
in the composition of the reaction products formed on K-IE-Y(2.5) and
K-IE-Y(15) or K-IE-Y(40) is concerned with the feasibility of the for-
mation of the bulkier compounds under the steric constraints of the
FAU structure or their ability to diffuse out from the supercages through
the 12-rings (this will be discussed in more details in the discussion
section). Furfural conversion on K-IMP-Y(2.5) is slightly higher in
comparison with K-IE-Y(2.5), 5.9 and 8.3%, respectively (cf. Figs. 6 A
and 7 A). The above-described characterization methods prove that the
impregnation used for the preparation of K-IMP-Y(15) and K-IMP-Y
(40), results in the formation of extra-framework potassium species (K/
Al> 1), in contrast to K-IMP-Y(2.5), operating as strong basic sites.
Consequently, furfural conversion on these impregnated catalysts in-
creases to 44.1 and 40.3% (Fig. 7A), respectively, which is substantially
higher in comparison with the ion-exchanged samples. Simultaneously,
some changes in the composition of the reaction products were ob-
served for K-IMP-Y(15) and K-IMP-Y(40) samples; the selectivity to FAc
decreases to 35% and 40%, respectively, while selectivity to FAcOH and
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F2Ac increases accordingly (Fig. 7B). The increased FAcOH selectivity
among the reaction products in the range of 44–45% implies that po-
tassium species possess lower ability to dehydrate aldol (FAc-OH) in
comparison with the residual acid sites. On the other hand, the basic
sites derived from the potassium species favor the formation of F2Ac. In
addition, the impregnation step removes all residual Brønsted acid sites
accessible to reactants, which is evidenced from the total absence of
(FAc)2 among the reaction products.

4. Discussion

Both acidic and basic sites in zeolite catalysts can catalyze aldol
condensation. Data in Tables 2 and 3 evidence that catalysts prepared
in present study contain both acidic and basic sites. It is therefore im-
portant to determine the contribution of each type of such sites to the
catalytic performance of both ion-exchanged and impregnated zeolites.
First of all, the low activity of K-IE-Y(40) in aldol condensation proves
that the presence of either acidic or basic sites is necessary for the re-
action to occur. Indeed, this catalyst possesses the lowest concentration
of both acidic and basic sites and demonstrates the lowest activity with
furfural conversion of 2.0%. In addition, Lewis acid sites can be ex-
cluded from further consideration since their concentration is the lar-
gest for K-IE-Y(2.5) and K-IMP-Y(2.5) in the range of 0.3-0.34 mmol/g
(Table 2) while furfural conversion observed on these catalysts does not
exceed 5.9-8.3% (Figs. 6 and 7). This result agrees with the conclusions
from [12] that aldol condensation on acidic catalysts proceeds with the
participation of Brønsted rather than Lewis acid sites. Therefore, dif-
ferences in the catalytic performance of potassium-containing zeolites
can be explained by considering the role of Brønsted acid sites and
Brønsted and Lewis basic sites.

In our previous paper [4] we have shown that the increase in po-
tassium content in ion-exchanged K-BEA zeolites decreased the con-
centration of Brønsted acid sites and, accordingly, resulted in a decline
in furfural conversion. We concluded [12] that zeolites with decreased
acidity and possessing intrinsic basicity (i.e. zeolites ion-exchanged
with basic cations) possess poor activity in aldol condensation of fur-
fural and acetone. A decrease in activity observed for ion-exchanged Y
samples prepared in the present study in comparison with parent acidic
Y zeolites confirms this conclusion (see Fig. 5 and Fig. S7 in the SI). Ion
exchange results in the decreased Brønsted acidity of starting zeolites
and creates an intrinsic basicity. As a consequence, a decrease in fur-
fural conversion on the ion-exchanged zeolites is observed. The con-
centration of residual Bronsted acid sites which are not removed by the
ion-exchange procedure in K-IE-Y(2.5) and K-IE-Y(15) is 0.2 and
0.03 mmol/g, correspondingly, while the concentration of these sites in
K-IE-Y(40) is below the detection limit (Fig. 3 and Table 2). It allows
concluding that the observed activity of the ion-exchanged zeolites in
aldol condensation can be attributed to the residual acidity in these
catalysts. Nevertheless, the possible contribution of the basic sites
generated due to the ion-exchange procedure to the catalytic perfor-
mance of these zeolites cannot be discarded.

CO2-TPD data evidence the presence of a peak in the LT region of
TPD curves for ion-exchanged zeolites (Fig. 5 and Table 3). Currently, it
is impossible to answer unambiguously if this peak is characteristic
exclusively for intrinsic basic sites. Nevertheless, independent on their
origin, these sites in ion-exchanged catalysts have to be considered to
participate in the reaction. Indeed, the comparison of two ion-ex-
changed USY catalysts shows that an increase in the concentration of LT
sites from 0.3 to 0.9 μmol/g in K-IE-Y(40) and K-IE-Y(15), corre-
spondingly (Table 3), results in the growth of furfural conversion from
2.0 to 8.2%, correspondingly. Therefore, the participation of these LT
basic sites (instead of or together with acid sites) in aldol condensation
can be expected.

Nevertheless, this conclusion should be made with care as K-IMP-Y
(2.5) also contains even more similar LT basic sites (3.9 μmol/g), but
the conversion of furfural on this catalyst is only 5.9%, i.e. lower than

on K-IE-Y(15). Consequently, the comparison of the catalytic perfor-
mance of K-IE-Y(2.5) and K-IE-Y(15) casts doubts on the participation
of LT basic sites in aldol condensation. If so, only the residual con-
centration of acid sites determines the activity of ion-exchange Y zeo-
lites in aldol condensation. Apparently, additional experiments are
needed to determine the true role of intrinsic basic sites in zeolites in
aldol condensation.

The presence of potassium in ion-exchanged zeolites has a sig-
nificant effect on their catalytic performance, in terms of both activity
and the composition of reaction products. Comparing the performance
of the acidic and ion-exchanged catalysts derived from Y(2.5) zeolites
(Fig. 6 and Fig.S7), it is seen that the presence of potassium in K-IE-Y
(2.5) results in a slight decrease in the catalyst activity and prevents the
formation of (FAc)2 while the possibility to dehydrate of FAc-OH to FAc
remains almost the same. Over HY(2.5), the dimer is formed with the
participation of the accessible acid sites located in the supercages of Y
zeolite. The Py-FTIR data (Fig. 3) evidence that ion exchange of protons
with K+ does not remove all acid sites, but the presence of larger po-
tassium cations creates steric hindrances for the formation of bulky
molecules formed in aldol condensation. Consequently, the conversion
of furfural over K-IE-Y(2.5) sample in the reaction decreases, while the
residual acid sites in the supercages are able to dehydrate FAc-OH to
FAc, but the steric constraints prevent dimerization of FAc to bulky
(FAc)2. It is worth noting that selectivity to F2Ac also decreases over K-
IE-Y(2.5), supporting the proposed existence of steric constraints for the
bulky reaction products to be formed on this catalyst.

Nevertheless, the consideration of the catalytic performance of Y
zeolites based only on their acido-basic characteristics might be in-
complete without taking into account other properties of the compared
catalysts, e.g. the population of active centers in supercages or their
textural properties. Comparing catalytic performance of HY(2.5) and
HY(40) (see the SI, Fig. S7) shows that high furfural conversion on FAU
zeolites can be achieved on a catalyst with significantly lower acidity.
The increased values of both external surface area and total pore vo-
lume (Table 1) can explain the difference in the catalytic performance
of the catalysts. On the other hand, the difference in furfural conversion
and the composition of the reaction products observed for catalysts
derived from Y(2.5) and USY zeolites depends on the possibility to form
the reaction products, especially bulkier compounds, under the steric
constraints of FAU structure or to diffuse from the supercages through
12-rings. The content of extra framework Al cations in HY(2.5) is
substantially larger than in USY zeolites as evidenced by Py-FTIR data
(Table 2). Presumably, these extra-framework Al cations may con-
tribute to the creation of steric constraints at supercage windows and
hinder diffusion of (bulkier) reaction products from the internal porous
space. Additionally, the increased mesoporosity (Table 1) also favors
diffusion of reaction products. Therefore, not only the total con-
centration of active sites (basic or acidic), but also their accessibility in
the supercages, together with the possibility to form reaction products
and to remove them from the supercages should determine the catalytic
performance of Y zeolites.

The conversion of furfural on K-IE-Y(2.5) and K-IE-Y(15) is the same
in the range of 8.2-8.3% (Fig. 6), nevertheless the concentration of
residual acid sites in them differs by the factor of 7 (Table 2), and the
concentration of potassium differs by the factor of 4.4 (Table 1). Hence,
these significant differences in the concentration of both acid sites and
intrinsic basic sites cannot explain the relatively high activity of K-IE-Y
(15) in the reaction. The content of ion-exchanged cations in K-IE-Y(15)
is too small to create steric constraints in supercages and to prevent
either FAc interaction with another furfural molecule forming F2Ac or
FAc dimerization to (FAc)2 on residual acid sites. Accordingly, the
difference in the composition of the reaction products observed on K-IE-
Y(2.5) and K-IE-Y(15) is related to either transition-state or product
shape selectivity. However, it should be also considered that not all
protons in supercages of the parent HY(15) can be exchanged with K+.
Thus, the contribution of the textural properties of zeolites with
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different Si/Al ratio to their catalytic performance cannot also be ex-
cluded to affect the reaction products distribution. Table 1 shows that
micropore volumes of the K-IE-Y(2.5) and K-IE-Y(15) samples are quite
similar, 0.301 and 0.302 cm3/g, respectively, while their total pore
volume differs significantly, 0.336 and 0.490 cm3/g, respectively.
Therefore, the lower number of acid and basic active sites in the K-IE-Y
(15) could be compensated by its increased presence of mesopores,
which makes the active sites in supercages more accessible for reactants
and ensures a fast diffusion of the reaction products. In addition, me-
sopore surface contain high amount of OH groups connected with Si or
Al in defective sites which can act as a weaker acid sites. These sites
possess lower ability to dehydrate FAc-OH to FAc what is evidenced
from the composition of reaction products at a similar furfural con-
version level (Fig. 7B), so the strength of such defective acid centers
should be lower than that of the conventional Brønsted sites residually
present in K-IE-Y(2.5). Nevertheless, they are able to dimerize FAc and
consequently the selectivity to (FAc)2 attains 18% on K-IE-Y(15). The
increase in the selectivity to the second condensation product F2Ac
from 1.5% to 5.8% is also in agreement with this assumption.

The amount of ion-exchanged potassium atoms in K-IE-Y(40) re-
lated with the amount of intrinsic basic sites is substantially lower in
comparison with the above-discussed samples, and the concentration of
the residual acid sites is lower than the detection limit. As a result of the
very low number of both acid and basic active sites the conversion of
furfural is very low (2%) despite the increased total pore volume of K-
IE-Y(40) (total pore volume = 0.509 cm3/g). Nevertheless, both F2Ac
and (FAc)2 are also formed on K-IE-Y(40) with selectivity almost the
same as for K-IE-Y(15). The obtained catalytic data suggest that a dif-
ference in the activity between the two ion-exchanged high-silica cat-
alysts is caused by the difference in the population of active sites whose
properties in the catalytic steps of aldol condensation are substantially
similar.

The impregnation step substantially influences the properties of Y
zeolites with different Si/Al ratio. Chemical analysis, CO2 adsorption
studies and IR spectroscopy prove the formation of K2O species during
decomposition of nitrates under the heat treatment of the impregnated
K-IMP-Y(15) and K-IMP-Y(40). The CO2-IR and CO2-TPD results in-
dicate that at least two types of basic sites are formed in the prepared
zeolites after calcination. Upon CO2 adsorption, chemisorbed carbo-
nates with different symmetry were identified (see the SI) and two
desorption peaks, low (T = 50 °C) and high (T = 135 °C) temperature
peaks, were observed on the CO2-TPD curves of impregnated K-IMP-Y
(15) and K-IMP-Y(40) samples (Fig. 5). Unlike these samples, no ex-
cessive strong basic sites are present in K-IMP-Y(2.5) (Figs. 4 and 5)
while the concentration of the residual acid sites decreases from 0.2 to
0.1 mmol/g (Table 3) as compared with the K-IE-Y(2.5) sample. As
discussed above, a limited number of hydrated potassium cations can be
located inside the supercages of HY zeolite during either IE or IMP
stages, so not all protons located in the supercages are exchanged with
potassium cations during ion-exchange in aqueous solution. Conse-
quently, a part of Brønsted acid sites are still remaining in the micro-
pore volume and no K2O species are formed after the thermal activation
of K-IMP-Y(2.5) due to solid-state ion-exchange. The acid-base prop-
erties of this catalyst result in further decrease of the furfural conver-
sion in comparison with the K-IE-Y(2.5), while the composition of the
reaction products remains unchanged: these consist of FAc as the main
reaction product with a low content of FAcOH and F2Ac. The decreased
ion-exchange capacity of the dealuminated Y zeolites leads to a possi-
bility to accumulate more KNO3 molecules inside the supercages
without an ion-exchange step. After the heat treatment of K-IMP-Y(15)
and K-IMP-Y(40), these excessive nitrates are transformed to K2O spe-
cies located inside the porous structure of the catalysts. The amount of
the internal K2O species inside the zeolite Y supercages is the most
important parameter affecting both the CO2 adsorption capacity and
the catalytic performance of the impregnated dealuminated Y samples.
The basic sites derived from potassium species (i.e., K2O) favor aldol

condensation of furfural and acetone and the occurrence of the second
condensation step resulting in the formation of F2Ac (Fig. 7). In addi-
tion, due to the impregnation, all residual Brønsted acid sites in the
dealuminated zeolites are removed (the proton is possibly replaced by a
potassium cation) as evidenced by the total absence of (FAc)2 among
reaction products and by the Py-FTIR data (Table 2). Nevertheless,
these basic sites possess lower dehydration ability in comparison with
the acid sites, as evidenced when comparing the performance of K-IMP-
Y(2.5) and the impregnated catalysts based on the dealuminated Y
zeolites. The combination of both types of active sites could be essential
for the effective occurrence of aldol condensation of furfural and
acetone in the presence of potassium-containing zeolites: the basic sites
ensure effective aldol condensation between aldehyde and ketone while
the acid sites are responsible for the dehydration of the intermediate
aldol.

As discussed above, the participation of intrinsic basic sites in aldol
condensation cannot be totally excluded. Nevertheless, the activity of
impregnated K-IMP-Y(15) and K-IMP-Y(40) catalysts in the reaction is
substantially larger. Extra-framework K2O species formed after the
calcination of BEA zeolites impregnated with potassium nitrate were
shown to be responsible for the enhanced catalytic activity of the cat-
alysts [4]. Similarly, strong basic sites which are characterized by the
HT peak in the CO2-TPD curve contribute substantially to the catalytic
performance of K-IMP-Y(15) and K-IMP-Y(40). The concentration of the
HT basic sites in these catalysts is 66 and 64 μmol/g what is sub-
stantially larger than the concentration of LT basic sites (Table 3).
Comparing acido-basic properties of different samples (Tables 2 and 3)
with their catalytic performance (Figs. 5 and 6), both types of basic sites
can be responsible for the catalytic performance of the prepared cata-
lysts. In this case, different furfural conversion observed for ion-ex-
changed and impregnated catalysts could be concerned with the dif-
ferent concentration of LT and HT basic sites rather than with their
strength. However, as discussed above, the role of the LT basic sites
cannot be unequivocally determined because of the influence of the
residual acid sites in the ion-exchanged samples.

Several types of basic sites which differ in their strength are also
present in hydrotalcite-based materials which are well-known and
widely used as catalysts for base-catalyzed reactions, such as aldol
condensation. Nevertheless, there is not agreement in open literature,
which kind of basic sites in the hydrotalcite-based materials are re-
sponsible more for the occurrence of the reaction. Díez et al. [39]
suggested that the rate-limiting step of aldol condensation is the ab-
straction of proton from the acetone molecule that is essentially pro-
moted by strong basic sites. Ordóñez et al. [40] also suggested that
aldol condensation of furfural and acetone requires high density of
strong basic sites. In contrast, Faba et al. [41] proposed that the rate-
determining step of the reaction is promoted by medium-strength basic
sites. Smoláková et al. [6] also found that higher furfural conversion
was observed for catalysts with higher population of sites with medium
strength. Based on these considerations, it is hardly possible to attribute
the catalytic performance of impregnated K-USY zeolites to either LT or
HT basic sites. Moreover, the unambiguous assignment of these two
peaks is not yet clear. It can be proposed that they reflect either dif-
ferent nature of basic sites (intrinsic vs. oxidic), or different location of
the K2O clusters (i.e. on the external or internal surface of the zeolite
crystals) or the adsorption mode of CO2 on them (e.g. various symmetry
of bidentate species). The former proposal is supported by the TPD
patterns in which only a negligible LT peak is observable for K-IMP-Y
(2.5) while the other potassium-impregnated samples exhibit strong LT
and HT peaks.

A comparison of the results on potassium-containing Y zeolites ob-
tained in the present work with those obtained in a previous study on
potassium-modified BEA zeolites [4] indicates a similarity in the per-
formance of both groups of basic materials. Regardless their structural
type, potassium-containing zeolites prepared by ion exchange exhibit
poor activity in aldol condensation of furfural and acetone, which may
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be attributed either to weak strength of the “intrinsic” basic sites or
their low concentration. In contrast, the activity of catalysts prepared
by impregnation is significantly higher due to the abundant presence of
bulky potassium species (mainly K2O clusters) in the porous space of
zeolites. As the amount, size and distribution of these species in the
catalysts are concerned, the performance of the impregnated zeolites in
aldol condensation should depend on the parameters of a crystalline
framework. Indeed, when comparing the performance of impregnated
BEA [4] and Y zeolites (this study) with similar potassium content,
differences in both furfural conversion and selectivity can be observed.
Nevertheless, the activity of the basic zeolites in aldol condensation is
lower compared to that of reconstructed hydrotalcites (HTCs), because
furfural conversion on the latter catalysts attains 100% already after
10–20 min of the reaction at T = 25 °C [42] proving higher efficiency
of Brønsted basic sites in HTCs compared to bulky potassium species in
zeolites. Additionally, the selectivity to the reaction products observed
on these two types of basic materials also differs: consecutive con-
densation steps occur readily on HTCs with opened layer structure [43]
and in a significantly larger extent than on basic zeolites, even if they
possess wide-pore 3D channel system with the pore opening of
0.7–0.8 nm. Nevertheless, the steric constrains imposed by zeolite pores
could be advantageous in aldol condensation if high selectivity to the
first condensation product is desired. The chemical stability of basic
catalysts under the influence of reaction mixture is another issue to be
addressed. It was shown that metal leaching could be discarded for both
hydrotalcites and derived mixed oxides [15,42] and basic zeolites [4].
The absence of leaching effect was confirmed for the catalysts used in
the present study, as described above. Therefore, for zeolite catalysts,
the observation could be indeed attributed to the improved stability of
potassium species trapped in the zeolitic porous space. Nevertheless,
the stability of the entrapped oxidic potassium species in aqueous or-
ganic medium needs to be yet determined. The main cause of deacti-
vation during aldol condensation is the formation of carbonaceous
deposits. This deactivation is most severe with proton-form zeolites due
to the oligomerization reactions taking place on the acid sites [10]. It
leads to complete blocking of the porous system. On the other hand,
coking is substantially diminished when using potassium-modified
zeolites [4]. Hydrotalcites can keep their activity during the build-up of
heavier products, but eventually they lose their activity rather rapidly
[43]. Their regeneration is not straightforward and well-understood as
it requires combining oxidation and rehydration cycles under con-
trolled atmosphere to remove coke and restore the active hydrotalcite
structure, respectively. From another hand the advantage of zeolite-
based catalysts dwells in their rather facile regeneration during which
stable but slightly lower activity than that of the fresh potassium zeolite
can be maintained [4].

5. Conclusions

The results of the current work can be summarized as follows:

1. The chemical composition of parent HY zeolites influences sig-
nificantly the content of potassium in samples prepared by ion ex-
change and impregnation. While K-HY samples with molar ratio Si/
Al = 2.5 prepared by either ion exchange or impregnation had very
similar K content, the impregnated HUSY zeolites (Si/Al = 15 and
40) contained significantly more potassium in comparison with their
ion-exchanged counterparts. The difference is related with the
amount of proton sites located in the supercages and potentially
available for the ion exchange: i.e. the larger the population of the
proton sites in the supercages, the larger the amount of the ion-
exchanged potassium ions and the lower the probability for bulky
potassium species to be formed after the impregnation step.

2. Y zeolites prepared by ion-exchange are active in aldol condensation
of furfural and acetone, so the participation of intrinsic basic sites in
zeolites may be assumed in the reaction. Nevertheless, these

catalysts also contain residual acid sites which are also active in the
reaction. Hence, the true the intrinsic activity of the intrinsic basic
sites cannot be easily assessed.

3. The USY zeolites impregnated with potassium exhibited higher
catalytic activity in aldol condensation of furfural and acetone in
comparison with the ion-exchanged catalysts. The catalytic data
together with catalysts characterization results allow concluding
that potassium species formed by the thermal decomposition of ni-
trates are strong basic sites and mostly contribute to the catalytic
activity of the impregnated USY zeolites due to their strength and
high concentration. An additional advantage of these catalysts stems
from their increased mesoporosity which can facilitate mass transfer
of both reactants and reaction products.

4. The impregnated low-aluminum K-Y zeolites possessed the highest
selectivity to FAcOH and F2Ac, while the impregnated K-Y(2.5)
produced FAc as the main reaction product formed by the dehy-
dration of FAcOH. These features are related to the fast dehydration
of FAcOH on the residual acidic sites of K-IMP-Y(2.5) or the fast
occurrence of the second condensation step on the strong basic sites
of the impregnated K-Y(15) and K-Y(40) zeolites, correspondingly.
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a  b  s  t  r  a  c  t

Liquid  phase  aldol  condensation  of  furfural  and  acetone  catalyzed  by  solid  base  catalysts  (Mg  Al  hydro-
talcites  and  Mg  Al  mixed  oxides)  has  been  investigated  as  a  method  to  valorize  short  chain  ketones
obtainable  from  biomass  pyrolysis  for the  production  of  higher-molecular-weight  products  usable  as
fuel  components.  The  Mg/Al  molar  ratios  of  the  investigated  catalysts  was  varied  in  the  range  from  2
to  4  and  their  catalytic  activity  was  tested  at different  reaction  temperatures  (20–100 ◦C)  using  several
activation  methods.  Mg  Al hydrotalcites  were  used  either  after  calcination  as mixed  oxides  or  after
subsequent  contact  with  liquid  water  or steam  as  rehydrated  materials.

Both  furfural-acetone  condensation  products,  i.e.  C8 and C13, were  the  desired  products  of  aldol  conden-
sation  reaction.  Higher  reaction  temperature  facilitated  the  dehydration  step  and  enhanced  the  catalyst
selectivity  to  both  dehydrated  products  (C8 and  C13).  The  best  results  were  achieved  with  calcined  cata-

◦
enewables lyst  sample  having  Mg/Al  molar  ratio  equal  to  3 at 100 C  (>95%  furfural  conversion  and  >90%  selectivity
to  the  desired  products).  The  selectivity  to the  main  by-product,  diacetone  alcohol,  did  not  exceed  5% in
any  experiment.  The  ex situ  rehydration  of  the  calcined  samples  resulted  in  catalysts  with  a  significantly
lower  activity,  except  the  catalyst  with  Mg/Al  molar  ratio  equal  to  2.  On  the  other  hand,  in  situ rehy-
dration  caused  catalyst  activity  improvement  only  in  the  case  of  the  sample  with  Mg/Al  molar  ratio  3.
. Introduction

The extensive use of fossil fuels has been a cornerstone of
he rapid development during twentieth century, but it has also
esulted in many adverse environmental impacts. Consequently,
normous research focus has recently been directed toward the
ustainable utilization of renewable resources in an attempt to
eplace at least partially the finite fossil fuels resources [1,2]. The
rimary objective of these efforts is to maximize the sustain-
ble utilization of biomass-derived feedstocks while minimizing
nvironmental impacts (CO2 emissions, loss of diversity, etc.) and
voiding competition with food and fodder production. It is partic-
larly desirable to produce liquids fungible with conventional fuels
nd chemicals production from non-food crops [3–5].

A  promising route to using the chemical potential of

ellulose-rich feedstocks is their hydrolysis yielding furfural or
ydroxymethylfurfural that are often denoted as platform chemi-
als [6–8]. For example, furfural can be obtained by acid hydrolysis

∗ Corresponding author.
E-mail  address: lukas.hora@vuanch.cz (L. Hora).

920-5861/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
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of sugar cane bagasse, a residue from sugar cane processing, fol-
lowed by extraction [9]. To exploit the full potential of furfural
as a platform chemical its transformation by aldol conden-
sation with acetone followed by hydrogenation/deoxygenation
has  been proposed to afford hydrocarbons, namely C8 and C13
alkanes [10].

Typically, aldol condensation is catalyzed by homogenous base
catalysts, such as sodium and calcium hydroxide. However, these
processes generate significant waste water streams that must be
treated (neutralized and cleaned) [10]. Apart from the negative
environmental impact, the production cost is affected adversely.
Consequently, many researchers focus on developing a new active
and stable solid base catalyst (such as MgO  [11], MgO  ZrO [10,12],
ZnO, TiO2 [13]) to replace the generally used homogenous catalysts
[14,15]. Among the solid base catalysts, layered double hydroxides
(LDH) also known as anionic clays or hydrotalcite like materials
(HTC) have been also reported to be promising aldolization cata-
lysts [16–19]. The main advantages of heterogeneous catalysts over

homogeneous ones include easier catalyst recovery and recycling
resulting in mitigation of the adverse environmental impacts, such
as waste water treatment, and elimination of corrosion problems
to name the most significant ones.
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Table 1
List  of the catalysts used for catalytic tests.

Catalyst name Activation procedure

Cal. HTC-feed Calcination
Cal. HTC 2:1 Calcination
Cal. HTC 3:1 Calcination
Cal. HTC 4:1 Calcination
ExWR HTC-feed Full ex situ rehydration in liquid water
ExWR HTC 2:1 Full ex situ rehydration in liquid water
ExWR HTC 3:1 Full ex situ rehydration in liquid water
ExWR HTC 4:1 Full ex situ rehydration in liquid water
ExVR HTC-feed Full ex situ rehydration in water vapor
ExVR HTC 2:1 Full ex situ rehydration in water vapor
ExVR HTC 3:1 Full ex situ rehydration in water vapor
ExVR HTC 4:1 Full ex situ rehydration in water vapor
InWR HTC-feed Partial in situ rehydration in liquid water
InWR HTC 2:1 Partial in situ rehydration in liquid water
L. Hora et al. / Catalysis

The name “hydrotalcites” is reserved for solids having struc-
ure closely related to that of the mineral hydrotalcite, that is,
hombohedral Mg6Al2(OH)16CO3·4H2O. Hydrotalcites consist of a
rucite-like [Mg(OH)2] network wherein isomorphous substitution
f Mg2+ ion by a trivalent cation M3+ occurs and the excess posi-
ive charge is compensated by gallery anions which are located in
he interlayer along with water molecules [20–22]. The Mg  Al LDH
an be used as catalysts either in the form of mixed oxides Mg(Al)O
btained by the calcination of an Mg  Al hydrotalcite precursor or

n the rehydrated form of these calcined materials [23].
The  aim of this work is to describe the effect of pretreatment

f the hydrotalcite-based catalysts on their activity and selectivity
n aldol condensation of furfural with acetone. Besides calcination
f the hydrotalcite precursor, different rehydration procedures (ex
itu vs. in situ and liquid vs. gas phase) have been performed and
heir impact on the yield of the desired aldol condensation products
as been determined. Moreover, the effect of the Mg/Al ratio has
een studied as well.

. Experimental and materials

.1. Materials

Mg  Al layered double hydrotalcites (LDH) with Mg/Al molar
atio ranging from 2:1 to 4:1 were provided by Eurosupport Manu-
acturing Czechia (ESMC). One sample, denoted HTC-feed, was used
s a reference material. Their properties and activation procedures
re described below. Furfural (Acros Organics, 99%) and acetone
Lach:Ner, p.a.) were used in the experiments.

.2. Catalysts activation

Three different activation procedures were applied to transform
he as-supplied LDH materials into catalysts–calcination, ex situ
ehydration of the calcined material and in situ rehydration of the
alcined material. The calcination of LDH was performed at 450 ◦C
n air and mixed Mg  Al oxide catalysts were obtained. The tem-
erature during calcination was raised at the rate of 10 ◦C/min to
each 450 ◦C and maintained at the final temperature for 16 h. The
alcined mixed oxides were used as catalysts in aldol condensation
eaction directly or after rehydration.

The ex situ rehydration was carried out either in liquid or gas
hase. The liquid phase ex situ rehydration was  performed in a
tirred flask using demineralized water at 20 ◦C for 2 h under inert
tmosphere (N2). After the activation, the catalyst was separated
y filtration and dried under vacuum at 60 ◦C for 2 h. The gas phase
x situ rehydration was carried out in a glass tube at 50 ◦C under
ow of nitrogen gas saturated with water vapor for 16 h. The flow
f wet nitrogen of 6 L/h was maintained for the specified period
16 h for 5 g of catalyst). Both types of ex situ treatments lead to full
ehydration of the calcined materials (mixed oxides). The amount
f water needed for the full rehydration of the mixed oxides was
pproximately 1 g of water per 1 g of mixed oxides.

The in situ rehydration was carried out only in liquid phase. It
as achieved by addition of a small amount of demineralized water

0.2 mL)  into the reaction mixture before immersing the calcined
atalyst into the reactor. In this case, approximately 10% wt.  of the
ixed oxides was rehydrated.

The list of all tested catalysts including their names and activa-
ion procedure is shown in Table 1.

.3. Catalysts characterization
The  catalysts were characterized by several techniques to assess
heir structure, composition, surface area and pore volume. The
rystallographic structures of dried LDH catalysts were determined

ART - 10
InWR HTC 3:1 Partial in situ rehydration in liquid water
InWR HTC 4:1 Partial in situ rehydration in liquid water

by X-ray powder diffraction using a Philips MPD  1880, working
with the Cu K� line (� = 0.154 nm)  in the 2� range of 5◦–70◦ at a
scanning rate of 2� of 2.4◦/min. The elemental composition was
determined by X-ray fluorescence using Philips PW 1401 equipped
with an Rh RTG lamp. The UniQuant program was used to evaluate
the results. The textural properties of the catalysts (specific surface
area and pore volume) were measured by nitrogen physisorption at
−196 ◦C using a Micromeritics ASAP 2020 surface area and poros-
ity analyzer. The plausible leaching of the main metals (Mg, Al)
from the catalysts into the reaction mixture during the reaction
was evaluated by ICP–OES equipment.

Thermogravimetric analysis of the dried LDH catalysts was per-
formed using a TA Instruments TGA Discovery series equipment
and operating at heating ramp of 10 ◦C/min from room temperature
to 900 ◦C in flowing nitrogen (20 mL/min, Linde 3.0). Approximately
15 mg  of sample was heated in an open alumina crucible.

2.4. Reaction studies

The  experiments were carried out in a 100 mL  stirred batch
reactor (a glass flask reactor for experiments at up to 50 ◦C, an
autoclave for experiments at temperatures above 50 ◦C) in liq-
uid phase. Before the start of an experiment, 2 g of catalyst was
mixed together with a stirred mixture of 39.5 g acetone and
6.5 g furfural (acetone/furfural molar ratio 10:1, pre-heated to
the desired reaction temperature in range from 20 to 100 ◦C)
and kept at this temperature for 2 or 24 h under intensive stir-
ring.

The experiments were carried out at the strictly controlled con-
ditions. Every time the same heating rate of 5 ◦C per minute was
used. The experiments carried out at up to 50 ◦C were performed
with the catalyst added into the reaction mixture after reaching of
the reaction temperature. The experiments carried out at 100 ◦C
were performed with the presence of catalyst in reaction mixture
from the beginning of the heating. No overshooting of the target
temperature was observed.

The  used acetone/furfural molar ratio and the absolute amounts
of the reactants could result, in the case of complete conver-
sion of furfural, in the formation of approximately 0.8 g of water.
This amount of water equals approximately to 40% of the amount
needed for a full rehydration of the mixed oxides (calcined hydro-
talcites).

The samples of reaction mixtures were withdrawn from the

reactor during the experiment at certain reaction times, filtered,
and analyzed by an Agilent 7890A gas chromatograph equipped
with a flame ionization detector (FID), using a HP 5 capillary column
(30 m/0.32 mm ID/0.25 �m).
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Table 2
Chemical composition of the catalysts.

Parameter/sample Unit HTC-feed HTC 2:1 HTC 3:1 HTC 4:1

MgO  wt.% 50.5 59.07 70.86 75.25
Al2O3 wt.% 27.2 37.42 27.78 23.45
SiO2 wt.% 0.19 0.23 0.37 0.25
CaO  wt.% <0.01 1.09 0.43 0.52
TiO2 wt.% <0.01 0.31 0.05 0.29
Fe2O3 wt.% 0.10 1.18 0.14 0.14
Mg:  Al mol/mol 2.35 2.0 3.25 4.1

Table 3
Main  textural characteristics of the catalysts.

Catalyst form Dried Calcined Spent

Parameter Specific area (BET) Pore volume Specific area (BET) Pore volume Specific area (BET)
Sample/unit  m2/g cm3/g m2/g cm3/g m2/g−1

HTC-feed 149.0 0.42 185.3 0.40 –
170.9 0.30 63.9
164.3 0.33 28.2
159.1 0.31 71.3
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Table 4
TGA  analysis of dried LDH catalysts.

Sample 1st peak (◦C) 2nd peak (◦C) Weight loss Residue

30–450 ◦C 450–900 ◦C

HTC feed 205 388 21.80% 0.41% 77.79%
HTC 2:1 105 330 17.15% 2.35% 80.50%
HTC  2:1 137.2 0.31 

HTC  3:1 128.8 0.32 

HTC  4:1 121.2 0.31 

. Results and discussion

.1.  Characterization of the catalyst

The catalytic materials were characterized in the as-obtained
orm to determine their composition (Table 2) and textural prop-
rties (Table 3). The main impurities in most of the samples were Fe,
a, Ti, Si, particularly in the HTC 2:1 sample. On the other hand, the
eference sample denoted HTC-feed was virtually free of all impu-
ities, besides traces of Si and Fe. The pore volume of the HTC 2:1 to
:1 samples was  almost identical, around 0.31 cm3/g, regardless the
ariation in Mg/Al ratio while the sample HTC-feed exhibited about
0% higher pore volume, 0.42 cm3/g (Table 3). The specific surface
reas of all dried samples were within the range 120–150 m2/g,
hile the calcined samples exhibited specific surface areas in the

ange 159–186 m2/g. Surprisingly, the sample HTC 2:1 exhibited
bout 30% higher BET surface area than HTC 3:1 and HTC 4:1 despite
he fact that they all showed the same pore volume. This indicates
hat HTC 2:1 has a smaller particle size than the other two catalysts.

The structural data were obtained both for as-obtained (dried)
nd calcined catalysts – Figs. 1 and 2. A clear difference among
he studied samples can be observed in case of the dried sam-
les. In particular, the sample HTC-feed differs from the other
amples as it has fewer distinguishable diffraction lines which
ndicate a lower degree of crystallinity. On the other hand, the
TC 2:1 shows a well-developed and characteristic hydrotalcite
iffractogram (Fig. 1). With the increasing Mg/Al ratio, the clarity
f diffractograms decreases which can be attributed to a lower crys-
allinity of these samples. Moreover, the XRD data indicate also the
resence of other crystalline phases, namely MgO  and Mg(OH)2.
he shape of the diffraction line belonging to MgO  (at 43◦) is virtu-
lly identical for HTC 2:1–4:1 indicating that the MgO  crystallites
re approximately of the same size. On the other hand, the line is
ignificantly broadened in HTC-feed, which suggests that the MgO
rystallites are smaller in this sample than in the other hydrotal-
ites.

The XRD patterns of the calcined samples (Fig. 2) indicate the
resence of MgO  crystalline phase only. While the shapes of the
iffraction lines of HTC 2:1–4:1 are practically the same, reference
ample HTC-feed shows dramatically wider and lower peaks. This
ndicates, in accordance with XRD patterns of dried sample, that

TC-feed is less crystalline than the other samples.

The TGA–DTA peaks obtained from the thermal analysis studies
f the dried LDH catalysts are presented in Fig. 3 and Table 4. The
ourse of the TGA curves exhibited a gradual weight loss process

ART - 10
HTC 3:1 105 396 29.47% 3.48% 67.05%
HTC 4:1 113 388 23.43% 3.14% 73.43%

with two  main events that are reflected as peaks in the DTA. In gen-
eral, for all the hydrotalcite samples, the first step involves loss of
interlayer water that occurs in between ambient temperature and
about 125 ◦C. Dehydration takes place in two  minor steps followed
by a step at around 200 ◦C. The third step corresponds to the loss of
OH− groups and decomposition of CO3

2− in the LDH structure and
can be observed at around 380–400 ◦C [26].

In our case the shapes of the TGA curves and the positions of
the DTA peaks demonstrate differences among the used materials.
The similar shape of the curves of the samples HTC 3:1 a HTC 4:1
suggest their similar structure (XRD patterns of these LDH materi-
als are also similar, Fig. 1), differences are only in the total weight
loss. The indistinctive course of the thermal analysis of the sample
HTC 2:1 (as clearly visualized by the DTA peaks) was  not expected,
because its XRD patterns suggested the best hydrotalcite structure.
This sample had the lowest weight loss from all the tested samples.
Although the sample HTC feed did also not show a very indistinctive
TGA curve, the DTA curves exhibit the presence of the two peaks
characteristic for LDH.The catalysts were also analyzed by the XRD
and TGA after their use in aldol condensation. The XRD results of
calcined catalysts used at low reaction temperatures did not show
any significant differences in the catalyst structures. The only crys-
talline phase observed was the MgO  crystalline phase. The amount
of water that can be produced in the reaction may  be estimated as
0.4 g (furfural conversion about 50%), which is 20% of the catalyst
weight and full re-hydration necessitates the water amount to be
100% of the catalyst weight. In line with this, the TGA results con-
firmed partial re-hydration of catalysts by the reaction water. The
TGA results also indicated that there were not any carbonaceous
deposits on the spent catalysts. Nonetheless, the specific surface of
the spent catalysts significantly decreased (below 100 m2/g). The

leaching of the main elements, Mg  and Al, was checked by ICP anal-
ysis of the reaction products mixtures. In all cases the content of
Mg and Al in the obtained liquid products was below the detection
limit of 20 mg/kg which corresponds to 0.15% of the mass of the
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Fig. 1. X-ray diffraction pa

sed catalyst being present or dissolved in the total liquid reaction
roduct.

.2. Aldol condensation of furfural and acetone

.2.1. Basic reaction behavior
The  influence of the reaction temperature and time on furfural

onversion and catalyst selectivity in the range 25–56 ◦C (reflux
emperature) is shown in Fig. 4. Both reaction temperature and

ime have significant effect on the course of furfural conversion.
s expected higher furfural conversions were obtained at higher

emperatures. It can be inferred that the conversion of furfural is
ot limited by thermodynamic equilibrium.

Fig. 2. X-ray diffraction patterns of the ca

ART - 10
 of the dried hydrotalcites.

The  data also confirm the consecutive nature of several reaction
steps (Fig. 4, Scheme 1). In particular, the intermediate product,
C8 alcohol (see Scheme 1), is preferentially formed in the initial
period of the reaction as a primary condensation product. It is sub-
sequently dehydrated into the first condensation C8 product (FAc).
A higher reaction temperature facilitates this dehydration process.
FAc successively reacts with another furfural molecule and the
second condensation C13 product (FA2c) is formed, which is also
a dehydrated product. It can be clearly seen that higher reaction
temperature favors the formation of FAc and F2Ac, respectively,

resulting thus in an increased selectivity to these desired prod-
ucts. It can be concluded that the selectivity to alcohols decreases
at the expense of the selectivity to formation of ketones with
the increasing reaction temperature. The selectivity to diacetone

lcined hydrotalcites (mixed oxides).
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Fig. 3. TGA–DTA curves o

lcohol (DAA), the main by-product, remains practically constant
uring the course of the reaction, i.e. it is not favored by the

ncreased reaction temperature.

.2.2.  Influence of the Mg/Al molar ratio of the calcined catalysts
nd  reaction temperature

The  performance of the calcined LDH catalysts without any
ehydration, i.e. mixed oxides catalysts, was investigated using cat-
lysts with Mg/Al molar ratio between 2 and 4 at two  reaction
emperatures, 20 and 100 ◦C. The results are summarized in Fig. 5
here a comparison of furfural conversion and product distribu-

ions is given.
The  results in the whole range of the investigated Mg/Al ratios

re in accordance with the above described reaction behavior. Fur-

ural conversions more than 95% were achieved at 100 ◦C with all
atalysts except the catalyst denoted HTC 4:1 (Fig. 5). In this case
he conversion was only around 62%. While the performance of
TC-feed, HTC 2:1 and HTC 3:1 is very similar at 100 ◦C, differences

ART - 10
d of dried LDH catalysts.

can  be revealed at 20 ◦C. The highest conversion, about 30%, was
achieved with catalyst HTC 3:1, while the conversion over HTC 2:1
and HTC 4:1 are significantly lower, ca. 20% and ca. 15%, respec-
tively. It can be thus concluded that the Mg/Al ratio has an impact
on the catalyst activity and that there is an optimum at a molar
ratio Mg/Al around 3 (HTC 3:1).

There is a significant difference in product distribution depend-
ing on the reaction temperature regardless the mixed-oxide
catalyst used (Fig. 5). While C8 alcohol is formed almost exclusively
(selectivity >90% at conversion <20%) at reaction temperature 20 ◦C,
only minor concentrations of C8 alcohol were observed over cata-
lysts that afforded conversion >90% at 100 ◦C. On  the other hand,
over HTC 4:1 conversion of only about 60% was  reached after 2 h and
consequently significant selectivity to C8 alcohol was still observed

at the expense of selectivity to the desired FAc and F2Ac products
(Fig. 2). It can be concluded that at 20 ◦C the dehydration of C8
alcohol to the desired C8 product FAc is very slow as is the sub-
sequent second condensation step to C13 product F2Ac (Fig. 5). A

5/10
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Fig. 4. Profile of furfural conversion and catalyst selectivity (products distribution) during reaction temperature switching between 25 and 56 ◦C in a 28-h experiment.
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Scheme 1. Reaction scheme of the a

omparison of the product distributions with the phase com-

osition of the catalysts indicates that at low temperature the

ormation of FAc and F2Ac can be related to the presence of
gO and Mg(OH)2 phases (although the dependence could not be

Fig. 5. Comparison of furfural conversions obtained over calcined catalysts wit

ART - 10
(F2Ac)

ndensation of furfural and acetone.

expressed explicitly). A more detailed structural investigation is,

however, needed to reach an unequivocal conclusion. The best
results were achieved with HTC 3:1 catalyst that yielded almost
exclusively FAc and F2Ac products at nearly complete conversion

h different Mg/Al molar ratio using reaction temperature 20 and 100 ◦C.
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ig. 6. Comparison of furfural conversion and product selectivity achieved over calci
0 (A) and 100 ◦C (B).

f furfural. The selectivity to diacetone alcohol (DAA) did not exceed
% in any of the experiments. Moreover, the formation DAA was  not
etected at 20 ◦C (Fig. 5).

.2.3.  Influence of ex situ rehydration on the catalyst activity and
electivity

The  activation of the calcined hydrotalcites (mixed oxides) with
ater or steam is often reported in the literature [24,25]. Hence, the

hree best calcined catalysts (HTC-feed, HTC 2:1 and HTC 3:1) were
nvestigated after rehydration under the same reaction conditions
s the calcined catalysts (20 and 100 ◦C, 2 h). Fig. 6 compares con-
ersion of furfural and the product distribution over the calcined
atalysts with the conversion of furfural and the product distribu-
ion over ex situ rehydrated catalysts, both liquid phase rehydrated
Ex-RW) and steam rehydrated (Ex-VR).

It can be clearly observed that at 20 ◦C the rehydration led
o significant decrease in conversion for both ex situ rehydration

ethods. Moreover, the decrease in conversion for all investigated
atalysts was more pronounced in the case of ex situ liquid phase
ehydration than in the case of steam rehydration (Fig. 6). Due to
he decrease in the conversion, the selectivity to the desired prod-
cts (FAc and F2Ac) dropped as well (Fig. 6). In contrast, the ex

itu rehydration affected the catalyst performance at 100 ◦C differ-
ntly. While over HTC-feed and HTC 3:1 the conversion of furfural
ropped dramatically due to the rehydration, HTC 2:1 maintained

ts activity even after rehydration (Fig. 6). The conversion of furfural

ART - 10
d rehydrated catalysts with different Mg/Al molar ratio using reaction temperatures

over  HTC 2:1 stayed practically constant after all three activation
procedures (Fig. 6). It is also interesting to note that the conver-
sion over HTC 3:1 dropped less than over HTC feed and again
the steam rehydrated catalysts afforded higher furfural conver-
sions than the liquid phase rehydrated ones. A comparison with
the structural data suggests that the catalytic materials exhibiting
a lower relative crystallinity (HTC 3:1 and particularly HTC feed)
are significantly affected by the rehydration procedure while HTC
2:1 catalyst with rather well-developed hydrotalcite structure is
more resistant to any of the applied ex situ rehydration procedures.
However, the plausible influence of the crystallinity of the LDH
phase in the prepared catalyst samples on their catalytic behav-
ior in aldol condensation requires additional investigation. Another
explanation can be provided based on the analysis of the phase
composition of the dried samples according to their XRD patterns
(Fig. 1). All samples are a mixture of two main phases, hydrotal-
cite and MgO/Mg(OH)2. Both hydrotalcite and MgO  possess high
initial activity for aldol condensation. Nevertheless, water which is
formed in the course of the reaction may  affect the properties of
these two main phases differently. While the presence of water in
the reaction mixture can even increase the activity of HTC materials
in the condensation of aldehydes and ketones [26], MgO  gradually

loses its activity due to its continuous hydration and transformation
to inactive Mg(OH)2. As a consequence, the activity of the different
materials in the study is determined in a great extent by the ratio
between HTC and MgO  phases, which is the highest in case of HTC

7/10
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ig. 7. Comparison of furfural conversion and catalyst selectivity achieved over ca
emperatures 20 and 50 ◦C for (A) 2 h and (B) 24 h.

:1. In terms of the product distribution (Fig. 6), the rehydrated
atalysts (except the HTC 2:1) show a higher selectivity to the
ntermediate C8 alcohol not only at 20 ◦C, but also at 100 ◦C in com-
arison with the calcined catalysts. Due to the consecutive nature of
he reactions, this could be explained by the lower conversion over
he rehydrated catalysts. This conclusion is supported comparing
he results obtained over the calcined HTC 4:1 (furfural conversion
a. 60%, selectivity to C8 alcohol ca. 32%, Fig. 5) and over rehydrated
TC 3:1 (furfural conversion ca. 50%, selectivity to C8 alcohol ca.
8%, Fig. 6). It is known that calcined HTC materials possess strong
ewis basicity, and their rehydration results in a Lewis-to-Brønsted
ites transformation [27]. The obtained results show that rehydra-
ion, regardless the ex situ rehydration procedure, does not affect
he reaction pathway and results in a comparable product composi-
ion at equal furfural conversion. In this case, the activity of both the
alcined and the rehydrated catalyst samples as well as the com-
osition of the obtained reaction products are determined by the
mount of the accessible active sites (both Brønsted and Lewis) with
he strength sufficient to activate the particular reactant molecule.
.2.4. Influence of catalysts activation by in situ rehydration
The effect of ex situ rehydration indicates that the cata-

yst activity could be negatively influenced by air moisture, e.g.

ART - 10
 and in situ rehydrated catalysts with different Mg/Al molar ratio using reaction

during  catalyst handling, or by water dissolved in the raw materials.
To verify this assumption a series of experiments were carried out
at temperature 20 and 50 ◦C. Due to the relatively low reaction tem-
peratures the reaction time was  extended up to 24 h. A comparison
of furfural conversions is given in Fig. 7. A rather peculiar behav-
ior can be observed, the conversion over HTC 3:1 has increased in
comparison with the calcined sample (Fig. 5 and Fig. 7), while it
did drop in the case of liquid phase rehydration Fig. 6. The effect on
the other catalysts was  very similar to the one observed for the ex
situ water rehydration. Another interesting observation is related
to the conversion of furfural at 20 and 50 ◦C where a lower con-
version was  observed at the higher temperature in the case of HTC
3:1 and HTC 4:1 catalysts after 2 h (Fig. 7). This can be attributed to
the influence of water that is inhibiting the catalyst activity, partic-
ularly at low reaction temperatures (Fig. 6) at which the intrinsic
reaction rate is significantly lower.

To explain this behavior, it is helpful to look at the conversion
of furfural as a function of reaction time (Fig. 8). When the calcined
catalyst is not pre-hydrated, it behaves at 20 ◦C as a calcined cat-

alyst and the effect of water addition can be observed only by the
gradual decrease in the reaction rate. On the other hand, at 50 ◦C
the catalyst activity is apparently affected at the very beginning of
the experiment (due to the higher rate of inhibition by water) and
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Fig. 8. Time evolution of furfural conversion and catalysts selectivity at reac

onsequently an induction period is observed (Fig. 8). When the
eaction continues for a longer time, the final furfural conversion
s higher at 50 ◦C than at 20 ◦C due to the higher reaction rate at
he higher reaction temperature. It can be also seen that the reac-
ion rate drops significantly with time (Fig. 8). After about 6 h the
ncrease in conversion of furfural is a small one despite full conver-
ion was not yet reached. The product distributions (Figs. 7 and 8) at
0 ◦C and after 2 and 24 h are very similar, dominant product being
8 alcohol. In agreement with the previous results, the extent of
ehydration is very limited at 20 ◦C.

Analogously with other experiments, higher reaction tempera-
ure favors the dehydration step and higher yields of the desired
8 and C13 products (FAc and F2Ac) were formed during reaction
t 50 ◦C, particularly over HTC 3:1 catalyst. This tendency can be
bserved clearly when the product distributions are plotted as a
unction of reaction time (Fig. 8). While the apparent rate of for-

ation of the C8 alcohol is significantly higher than the apparent
ate of formation of FAc and F2Ac, the apparent rates of forma-
ion of these three products are virtually equal at 50 ◦C (Fig. 8). It
an be also seen that at 50 ◦C the C8 alcohol intermediate is vir-

ually completely consumed in the successive reactions, while at
0 ◦C an equilibrium-like state is established, i.e. the selectivities
o the products do not change (Fig. 8). It can be concluded that
igher reaction temperatures, at least 50 ◦C, are needed to convert

ART - 10
emperature (A) 20 ◦C and (B) 50 ◦C over catalyst HTC 3:1 rehydrated in situ.

furfural  fully into condensation products. The selectivity to the
main by-product (DAA) again did not exceed 5%.

The differences of catalysts behavior after in situ rehydration
can be also explained with the help of TGA analysis results. As it
was  presented above in the Fig. 3 and Table 4, HTC 3:1 and 4:1
show a more typical thermal decomposition profile of LDH than
HTC-feed and HTC 2:1. This means, that after in situ rehydration
(by a small amount of water) large amount additional active basic
sites can be formed. As a result, the in situ rehydration might lead
to improvement of the catalysts activity.

It can be concluded that in addition to the inherent structure of
the HTC catalysts their pretreatment determines their final activity
and selectivity. The observed peculiarities indicate that in fact the
activity is very closely related to the rehydration process. Hence the
process should be carefully monitored and investigated in more
detail than it was done so far. We  have already started working
along this research line.

4.  Conclusions
Mg  Al layered double hydrotalcites (LDH) with different Mg/Al
molar ratio have been investigated as potential catalysts in aldol
condensation of furfural with acetone at different reaction tem-
peratures. Catalytic activity of the parent LDH materials has been
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tudied in the form of mixed oxides (after calcination) and ex situ
r in situ rehydrated samples. Their catalytic activity was affected
oth by reaction temperature and catalyst Mg/Al molar ratio. A
ignificant effect of reaction temperature on the product distribu-
ion was observed. While C8 alcohol formation was prevailing at
he lower temperatures, higher temperatures supported C8 alcohol
ehydration and the formation of the desired FAc and F2Ac prod-
cts. The optimum Mg/Al molar ratio was found to be around 3. The
est results were achieved with this catalyst at 100 ◦C (>95% furfural
onversion and only a minor selectivity to C8 alcohol). Selectivity
o the main by-product DAA did not exceed 5%.

Ex situ rehydration (liquid and steam phase) led to a signifi-
ant decrease in furfural conversion, which caused also a decrease
f selectivity to the desired product (FAc and F2Ac) in comparison
ith the calcined hydrotalcites, i.e. mixed oxides. This phenomenon
as observed not only at 20 ◦C, but also at 100 ◦C. Only one cata-

yst, the one with Mg/Al molar ratio 2, preserved its high activity
furfural conversion more than 90%) and the desired product selec-
ivity after rehydration treatment. The reason lies probably in the
ighest relative crystallinity of the as prepared (dried) hydrotalcite
atalyst in comparison with the other catalysts that is transformed
o more stable and active catalysts, i.e. catalyst with a lower relative
ontent MgO  active phase that is more sensitive to water.
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Using Mg-Al Mixed Oxide and Reconstructed Hydrotalcite
as Basic Catalysts for Aldol Condensation of Furfural and
Cyclohexanone
Oleg Kikhtyanin,*[a, b] David Kadlec,[a] Romana Velvarsk#,[a] and David Kubička[b]

Introduction

The dependence of price and availability of fossil fuels on po-
litical and economic events worldwide as well as environmen-

tal concerns require the development of economical and
energy-efficient processes for the sustainable production of

fuels and chemicals.[1] Consequently, the production of ad-
vanced biofuels is becoming an increasingly actual and urgent

task. Among available biomass resources, lignocellulose is the

most appropriate long-term alternative to fossil carbon owing
to its availability and socio-economic acceptability.[2–5] Never-

theless, the successful introduction of biofuels on the fuel
market is still limited by their cost and the lack of effective

methods for their production.[1, 6, 7]

While a plethora of alternatives to conventional road trans-
port fuels has been put forward, including electrical or hydro-

gen-fueled vehicles, such alternatives are not yet available for
air transport. In fact, it was suggested that “…no practical al-
ternatives to kerosene-based fuels for commercial jet aircraft
for the next several decades”.[8] Therefore, biomass-derived avi-

ation drop-in fuels meeting the demanding aviation fuel stand-
ards are of immense interest.[9–11] In this context, a high con-

tent of naphthenic hydrocarbons (>25 %) and a proper hydro-
carbon chain length (C9–C16) are essential providing a guide-
line for selecting appropriate biomass-derived feedstocks as

well as for fuel synthesis strategies. From the lignocellulosic
biomass point of view, it becomes obvious that 1) condensa-

tion reactions need to be applied as the monomeric units of
the three lignocellulosic polymers have typically between 5

and 9 carbon atoms in the molecule and that 2) lignin mono-
meric units should be used to introduce the naphthenic struc-

ture into the final fuel molecules.

Aldol condensation, a well-known reaction of organic syn-
thesis that proceeds in the presence of catalysts with either

basic or acidic properties, is a versatile tool to produce com-
plex molecules starting from simple aldehydes and ketones.

With respect to biomass valorization, aldol condensation of fur-
fural and acetone has been studied in detail, as after hydroge-

nation the reaction products have characteristics of high quali-

ty diesel fuel components.[12–14] Nonetheless, the resulting
linear hydrocarbons would not be suitable for aviation fuels
owing to their low volumetric energy density and high pour
point.[9–11, 15–17] In contrast, the selective depolymerization of

lignin results in a variety of phenolic and aromatic molecules
whose cyclic structure can provide the necessary characteristics

of potential aviation fuels produced from biomass. To arrive at
aviation fuel components, lignin-derived compounds should
be processed by one of the following strategies: 1) aldol con-

densation of short-chain aldehydes with (substituted) cyclic ke-
tones[18–21] obtained by partial hydrogenation of phenolics

from lignin[22, 23] or furanics[24–26] , or 2) self-condensation of
cyclic ketones,[27–30] or 3) alkylation of lignin-derived aromatics

by short chain alcohols.[31, 32] Furthermore, some biomass-de-

rived compounds, such as terpenes, have cyclic aliphatic rings
and can be directly used as high-density biofuel additives.[15, 16]

The conversion of cyclic ketones into bi-cyclic biofuels by
self-condensation reaction was reported in presence of homo-

geneous and heterogeneous catalysts, both acidic and
basic,[27–30] followed by hydrodeoxygenation.[27] Aldol condensa-

This study presents results on aldol condensation of furfural

and cyclohexanone in presence of Mg-Al hydrotalcite-derived

materials as solid basic catalysts at reaction temperatures from
25 to 90 8C and a cyclohexanone to furfural molar ratio of 1–

10. Mg-Al mixed oxide exhibited reasonable activity with furfu-
ral conversion of ca. 50 % after 180 min of the reaction at T =

90 8C. The activity of reconstructed hydrotalcite was much
higher with furfural conversion close to 100 % at short reaction

times. In comparison with Mg-Al mixed oxide, the initial reac-

tion rate has increased 30–50 times. Under similar reaction

conditions, cyclohexanone self-condensation on HTC-derived
catalysts could not compete with aldol condensation because

the former reaction was inhibited by produced water. The
change in CH/F molar ratio influenced both furfural conversion

and product selectivity; higher furfural content in the reaction
mixture favored the second condensation step.
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tion of cyclic ketones with furanics in presence of NaOH as a
basic catalyst in solvent-free[18] or aqueous solutions[19] fol-

lowed by hydrogenation of produced compounds[18] have
been recently shown to be a promising way to obtain alkylat-

ed naphthenic compounds. NaOH was demonstrated[18] to be
a very good catalyst in solvent-free condensation of cyclopen-

tanone/cyclohexanone and furfural/5-hydroxymethyl-furfural,
whereas Mg(OH)2, Ca(OH)2, and Na2CO3 were nearly inactive
(with conversion <2.0 %). This performance was explained by

the inability of weak bases to activate cyclopentanone to form
carbanion which is necessary for the condensation. Similar re-
sults were obtained by Hronec et al. when performing aldol
condensation of cyclopentanone and furfural in aqueous solu-
tion.[19] They found that Na2CO3, Ca(OH)2, and MgO-ZrO2 were
less active as catalysts compared to NaOH and concluded that

it was beneficial to conduct the reaction either at higher reac-

tion temperatures (80–100 8C) and low concentration of a base
or at lower temperatures (ca. 40 8C) and higher concentration

of a base. The above studies suggest that NaOH is a highly ef-
fective and the most promising catalyst for aldol condensation

of cyclic ketones and furfural. Additionally it was suggested
that, in contrast to NaOH solution, the use of solid base cata-

lysts for this aldol condensation may cause technical problem

of separation of the solid catalyst from solid reaction prod-
uct.[19] On the other hand, several technical, economic, and en-

vironmental disadvantages which arise when using homogene-
ous catalysts have to be also taken into account.[20, 33] From this

point of view, using solid catalysts in aldol condensation with
participating cyclopentanone/ cyclohexanone should have sub-

stantial benefits over homogeneous ones including minimiza-

tion of waste streams resulting to reduced costs and environ-
mental burden[34, 35] and reducing corrosion issues.

Accordingly, catalysts which could compete with NaOH in
catalyzing aldol condensation of furfural and cyclic ketones

and thus favor the sustainability of the process have been
sought intensively. Recent studies evidence that aldol conden-

sation of furfural and cyclic ketones can be successfully per-

formed in presence of heterogeneous catalysts as well. Wang
et al.[21] performed aldol condensation of cyclopentanone and

furfural over solid acid catalysts (ion-exchange resins and zeo-
lites) under solvent-free conditions. Among investigated cata-

lysts, Nafion exhibited the best performance. It showed good
stability and did not deactivate during 4 catalytic runs. Mean-

while, a certain amount of humins was formed during the reac-
tion. OrdjÇez et al.[20] found that, in contrast to results of
Hronec et al. ,[19] Mg-Zr mixed oxide was a promising catalyst

for the aqueous phase furfural and cyclopentanone aldol con-
densation working at mild conditions. They observed almost

complete conversion of furfural in 4 hours at T = 293–323 K
and furfural to cyclopentanone molar ratio of 1. No doubt,

studies on finding promising catalytic systems for aldol con-

densation of furfural and cyclic ketones should be continued
and developed to allow sustainable production of naphthenic

in the jet fuel range and thereby improving the sustainability
of jet fuels.

Mg-Al mixed oxides and hydrotalcite-like materials have
been successfully used as catalysts for aldol condensation reac-

tions, mostly with the participation of furfural and/or acetone,
under batch[33, 36–39] as well as flow reaction conditions.[40] As-

prepared hydrotalcite-like materials (HTC) are solids having
structure closely related to that of the mineral hydrotalcite

(HTC), that is, rhombohedral Mg6Al2(OH)16CO3·4 H2O. The most
known Mg-Al HTC consist of a brucite-like [Mg(OH)2] network

wherein isomorphous substitution of Mg2 + ion by Al3 + occurs
and the excess positive charge is compensated by gallery
anions which are located in the interlayer along with water

molecules.[41–43] The Mg-Al HTCs can be used as catalysts either
in the form of mixed oxides Mg(Al)O with Lewis basicity ob-
tained by calcination of the as-prepared Mg-Al precursor or in
the form of reconstructed HTCs with Brønsted basicity as the
rehydrated form of these calcined materials.[44] It is worth
noting a special and constantly growing interest in activated

hydrotalcites obtained by rehydration of the mixed oxides for

different catalytic applications.[36, 43–45] Nevertheless, to the pres-
ent no information can be found in the literature on the cata-

lytic performance of either Mg-Al mixed oxides or reconstruct-
ed HTCs in aldol condensation of cyclic ketones and furfural.

The aim of this work is to provide deeper understanding of
the role of different functionalities in solid base catalysts de-

rived from hydrotalcites in condensation reactions of cyclic ke-

tones with aldehydes derived from biomass. Specifically, this
work is focused on cyclohexanone self-condensation and furfu-

ral-cyclohexanone aldol condensation over an Mg-Al mixed
oxide and a reconstructed HTC. The effects of reaction condi-

tions as well as different basicity of the catalysts on their activi-
ty and selectivity in both reactions are described. Additionally,

re-using of the catalysts in consecutive aldol condensation

runs, which is vital from the sustainability point of view, is pre-
sented as well. Although relying on established raw materials

and known catalytic systems, the presented original results
shed light on some of the transformation peculiarities and

demonstrate their unique potential to succeed in the quest for
efficient upgrading of renewable aldehydes and ketones into a

feedstock for aviation fuels production.

Results and Discussion

The Mg-Al hydrotalcite-derived catalysts used for aldol conden-
sation of furfural and cyclohexanone have been investigated

previously[36, 46] and thus, for the sake of conciseness, their de-
tailed physicochemical characterization is included in the Sup-
porting Information, Table S1 and Figures S1–S5.

Both F and CH aldol condensation and CH self-condensation
proceed simultaneously under the contact of F and CH mixture

with Mg-Al mixed oxide or reconstructed hydrotalcite. A large
consumption of CH by self-condensation reaction route could

influence the results obtained in F and CH aldol condensation.

Besides, CH self-condensation can afford products that could
also be further upgraded to aviation fuel components. Conse-

quently, this reaction was studied separately by varying the
type of catalyst and reaction conditions.
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Cyclohexanone self-condensation

Cyclohexanone self-condensation is a reversible reaction[28, 29]

that can be catalyzed by acidic[28, 47, 48] or basic catalysts.[27, 29] Ac-

cording to the accepted reaction route (Scheme 1,[28, 29] the
adduct 1’hydroxy-[1,1’-bicyclohexyl]-2-one (D1) is formed first

and then dehydrated in situ, yielding an isomeric mixture of re-
action products, namely 2-(1-cyclohexen-1-yl)cyclohexanone
(D2) and 2-cyclohexylidencyclohexanone (D3).

The conversion of cyclohexanone over the as-prepared HTC
with no pronounced basicity increased with the growth of re-

action temperature but did not exceed 3 % at 90 8C after
3 hours of the experiment (Figure 1). The activity of both Mg-

Al mixed oxide and reconstructed HTC was considerably larger

proving the base-catalyzed character of this reaction. The ob-
served catalytic performance of these catalysts would suggest

that both Lewis basic sites in the Mg-Al mixed oxide and
Brønsted basic sites in the reconstructed HTC are responsible

for the reaction. Nevertheless, Tichit et al.[37] suggested that the
pre-adsorption of water in a suitable amount on the surface of

MgO or Mg-Al mixed oxide transforms the Lewis basic sites

into active hydroxy groups (Brønsted basic sites) and increases
the activity of the catalysts in acetone self-condensation, while

a very high water amount inhibited the reaction.[37] The high
complexity of the reaction system due to the thermodynamic

equilibrium and water inhibition effects prevents unequivocal
determination of the active basic sites. Nonetheless, it is clear

that Brønsted basic sites are active in the reaction.

For both catalysts, Mg-Al mixed oxide and reconstructed
HTC the interpretation of the obtained results is not straight-
forward as CH conversion over both the catalysts did not in-
crease with the increase of reaction temperature. In contrast,

Liang et al.[30] investigated cyclopentanone self-condensation
over Mg-Zr mixed oxide and observed a sharp increase in con-

version with the growth of reaction temperature. A careful
comparison of CH conversion over the tested catalysts shows

that there is a limiting value of ca. 3–4 % conversion at 90 8C in
the case of all three catalysts and ca. 10 % conversion at 50 8C
in the case of Mg-Al mixed oxide and reconstructed HTC
(Figure 1). This would suggest that the reaction is either ther-
modynamically limited or severely inhibited by water and
higher conversions can be achieved only in absence of water.

Such behavior can be supported, by analogy, by results on

self-condensation of acetone to diacetone alcohol (DAA),
which is a reversible reaction and the equilibrium concentra-
tion of DAA decreases with increasing temperature.[49] Assum-
ing a similar mechanism for both acetone and cyclohexanone

self-condensation in presence of basic catalysts, the decrease
of cyclohexanone conversion with increasing temperature is

thus not surprising. Furthermore, the hypothesis on the inhibit-

ing effect of water is corroborated by the product distribu-
tions. As D1 is always the major condensation product, owing

to the limited dehydration strength of the studied catalysts,
the ratio of dehydrated to non-dehydrated products, that is,

(D2 + D3)/D1, is used as a measure expressing presence of
water in the products (Figure 2). It is clearly seen that regard-

less the reaction temperature, the highest conversion is ach-

ieved when the (D2 + D3)/D1 remained 0. As the ratio (D2 +

D3)/D1 increased to ca. 0.03–0.05, that is, water was formed by

dehydration (this corresponds to about 3 to 5 % selectivity to
dehydration products), the conversion remained constant. This

allows concluding that indeed water formation has a strong in-
hibiting effect on the CH self-condensation. First, it prevents

the formation of enolate ion owing to interaction of cyclohexa-

none with basic hydroxy group on the surface of a catalyst.
Second, water can reduce the production rate of dehydrated

products D2 and D3. A similar conclusion was made when con-
sidering the kinetics of mesityl oxide formation in acetone self-

condensation.[49] Consequently, it may be expected that an in-
crease in cyclohexanone conversion can be achieved by re-
moving water from the reaction mixture.

The above conclusions are further supported by the results
of a study using NaOH as a basic catalyst where it was sug-
gested[29] that CH self-condensation did not take place at tem-
peratures lower than 100 8C. According to a proposed kinetic

model,[29] water caused a remarkable decrease in the maximum
conversion reachable, which was due to the growing extent of

Scheme 1. The reaction pathway of cyclohexanone self-condensation.[28]

Figure 1. The influence of reaction temperature on cyclohexanone conversion over A) as-prepared HTC, B) Mg-Al mixed oxide, and C) reconstructed HTC.
1 = 25 8C, 2 = 50 8C, 3 = 90 8C.
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the reverse reaction with increasing water concentration in the

reaction mixture. Thus, it was concluded that the content of
water in the media was a key parameter to control the desired

cyclohexanone conversion.[29] The high conversions reported
previously for Amberlyst-15 as an acidic catalyst in the range

of 30–60 % at T = 70–110 8C[28, 48] contradict the current findings
only seemingly. These experiments were conducted either at

low reaction pressure or in a flow system and accumulation of

water in the reaction mixture was thus avoided. The inhibiting
effect of water was also found in the study for cyclohexanone

self-condensation in presence of ion-exchange resin.[47]

The results also indicate that Mg-Al mixed oxide is more

active in CH self-condensation compared to reconstructed
HTC. The presence of water in the reaction mixture seems to

be the crucial factor determining the activity of both Mg-Al

mixed oxide and reconstructed HTC in the reaction. The slight-
ly better performance of the mixed oxide catalyst could be at-

tributed to the possibility of its reconstruction to HTC, which
consumes part of the water formed during the dehydration of

D1.
The negative effect of water on the catalyst behavior of the

reconstructed Mg-Al HTC was confirmed by experiments in

which water was either added to or removed from the reaction
mixture. In Figure 3 A it is demonstrated that water added to

CH obviously reduced the conversion of CH on the recon-
structed HTC at T = 25 and 50 8C from 5.1 to 3.6 % and from
8.1 to 3.9 %, correspondingly, while at T = 90 8C CH conversion

(ca. 3.1 %) did not change since at these reaction conditions

water was formed abundantly by dehydration of the primary
D1 product.

On the other hand, the removal of water from the reaction
mixture (by performing the reaction at T = 90–150 8C without a

cooler–condenser above the glass reactor and thus favoring
water evaporation during the reaction) had a positive effect on

the activity of the reconstructed HTC. This is obvious already

at T = 90 8C; when water could evaporate (that is, it was not
condensed), CH conversion increased from 3.1 to 7.3 % (Fig-

ure 3 B). The growth in reaction temperature subsequently re-
sulted in an increased activity of the reconstructed HTC, so

that CH conversion attained 44 % at T = 150 8C.
The results obtained during the study of CH self-condensa-

tion in presence of Mg-Al mixed oxide and reconstructed HTC

allow making the following conclusions. First, the different
nature of basic sites had only a small impact on the per-

formance of the two catalysts in cyclohexanone self-condensa-
tion. Second, an increase in the reaction temperature promot-

ed the increase in CH conversion only to a certain extent,
which is possibly due to thermodynamic limitations. At the

same time, the growth of reaction temperature increased the

extent of dehydration of the intermediate aldol. Consequently,
the formed water inhibited the catalyst activity and/or promot-
ed the reverse reaction (retro-aldolization) leading ultimately
to a lower CH conversion at 90 8C than at 25 8C. In other

words, cyclohexanone conversion by self-condensation on the

Figure 2. (D2 + D3)/D1 ratio observed in experiments on cyclohexanone self-condensation on A) Mg-Al mixed oxide and B) reconstructed HTC at different
reaction temperatures: 1 = 25 8C, 2 = 50 8C, 3 = 90 8C.

Figure 3. A) The catalytic performance of reconstructed HTC in converting pure cyclohexanone and its aqueous (5 % of water) solution. B) Cyclohexanone
conversion in experiments with water separation from reaction mixture. Reaction time @180 min.
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Mg-Al mixed oxide and the reconstructed HTC is very low at
increased reaction temperatures when water is present in the

reaction mixture. These results should be kept in mind when
discussing results on aldol condensation of furfural and cyclo-

hexanone.

Aldol condensation of furfural and cyclohexanone

A special experiment on F and CH aldol condensation in ab-

sence of a catalyst confirmed no any reaction occurred (furfural

conversion was below 0.1 % at T = 90 8C after 3 hours). Intro-
ducing a catalyst into the reaction mixture initiated the reac-

tion and resulted in the formation of several products. To iden-
tify them, a reaction mixture was analyzed by GC-MS. Based on

the identification, the following reaction network is proposed
(Scheme 2). It is worth noting that more than one compound

with the same molecular weight was determined by GC-MS. A

similar observation has been reported[20] and peaks belonging
to compounds with the same number of carbon atoms were

attributed to cis and trans isomers of the same molecule. By
analogy with the results from the previous report,[20] all prod-

ucts with the same molecular weight were considered togeth-
er in all GC analyses as a single compound.

It is worth noting that the conversion of cyclohexanone by
self-condensation did not exceed 2 % in all experiments on F +

CH aldol condensation. The absence of the cyclopentanone
self-condensation adducts during aldol condensation of furfu-
ral and cyclopentanone was also suggested.[20] As shown

above, this can be explained by the formation of water by the
dehydration of an aldol (FCH-OH), which is the primary prod-

uct of aldol condensation of furfural and cyclohexanone. Being

formed, water favors retro-aldolization in cyclohexanone self-
condensation route. Accordingly, this reaction was excluded

from the consideration of catalytic results on aldol condensa-
tion because of its negligible impact.

The effect of catalyst type and reaction temperature on fur-
fural conversion and the composition of products obtained in

aldol condensation of furfural and cyclohexanone were studied

at CH/F molar ratio of 5. This choice was dictated by the for-
mation of a yellow solid product in experiments with high fur-

fural content. Similar observations were reported in other stud-
ies.[18–20] After separation from the reaction mixture, this solid

product was dissolved in excessive benzene and analyzed by
GC-MS which proved that it consisted mainly of F2CH. Its for-

mation disrupted the homogeneity of the reaction mixture

and made it difficult (if possible) to periodically withdraw
liquid samples to analyze the composition of the reaction

products in dependence on reaction time. All experiments on
the effect of reaction temperature and catalyst type with peri-

odic sampling were therefore carried out at a high CH/F molar

ratio of 5, which prevented the excessive occurrence of the
second step of aldol condensation to form F2CH. The used CH/

F molar ratio additionally promoted the homogeneity of the
reaction mixture by dissolving aldol condensation products in

excessive cyclohexanone. It also allowed obtaining carbon bal-
ance values of +90 % in all experiments, suggesting a small

contribution of side reactions or of the excessive formation of
oligomers by consecutive condensation steps.

Three Mg-Al-derived catalysts were investigated in F and CH

aldol condensation: 1) as prepared Mg-Al hydrotalcite, 2) Mg-
Al mixed oxide obtained by calcination of as prepared hydro-

talcite at T = 450 8C, and 3) reconstructed hydrotalcite obtained
by liquid-phase rehydration of the Mg-Al mixed oxide. Among

them, the as-prepared hydrotalcite showed very low activity;
furfural conversion reached less than 3 % after 3 hours at 90 8C.
Thus, in the following discussion only the performance of the

Mg-Al mixed oxide and the reconstructed HTC is considered. It
also proves that thermal activation of the Mg-Al hydrotalcites

before their use as catalysts is essential.
The conversion of furfural over Mg-Al mixed oxide and Mg-

Al reconstructed HTC as a function of reaction time at three re-
action temperatures (25, 50, and 90 8C) and constant feed com-

position (cyclohexanone/furfural molar ratio = 5) is shown in

Figure 4. The conversion of furfural over Mg-Al mixed oxide in-
creased from 7.1 % to 51.9 % after 180 min. of the reaction

with the growth of reaction temperature from 25 8C to 90 8C.
The catalytic activity increased dramatically when Mg-Al mixed

oxide was rehydrated to form reconstructed Mg-Al HTC with
furfural conversion close to 100 % already after 60 min. of the

reaction. It could not be explained by the differences in the

textural properties of Mg-Al mixed oxide and reconstructed
HTC, because BET surface areas of these catalysts were 180 and

43 m2 g@1, respectively (see the Supporting Information). Al-
though Mg-Al had larger surface area than the reconstructed

HTC, it exhibited lower activity in the reaction. Accordingly, the
increase in the catalytic activity demonstrates that by recon-

struction of HTC structure suitable active sites are formed,

namely the Lewis basic sites are converted into the more
active Brønsted basic sites. The increase in the activity was

quantified by estimating the initial reaction rate over Mg-Al
mixed oxide and reconstructed HTC catalysts, respectively

(Table 1). Depending on the reaction temperature, the initial
reaction rate over the reconstructed Mg-Al HTC is 30 to 50

higher than that over the Mg-Al mixed oxide. It is noteworthy
that complete conversion of furfural was not attained even
after 3 hours, which contrasts with aldol condensation of furfu-

ral and acetone at similar reaction conditions.[36]

Figure 5 depicts a change in the composition of reaction

products observed on Mg-Al mixed oxide and reconstructed
HTC in dependence on F conversion at different reaction tem-

Scheme 2. The reaction pathway of aldol condensation of furfural and cyclohexanone.
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peratures. According to the suggested reaction Scheme

(Scheme 2), aldol (FCH@OH) is the initial product formed by

the condensation of furfural and cyclohexanone. Indeed, its se-
lectivity on Mg-Al mixed oxide is close to 100 % at low F con-

version (Figure 5 A1). The increase in reaction temperature
favors FCH@OH dehydration as evidenced from the increase in

selectivity to FCH (Figure 5 B1) and F2CH (Figure 5 C1) at similar
conversion levels. Selectivity to FCH-OH decreases (and, ac-

cordingly, selectivity to FCH and F2CH increase) very fast at the

Figure 4. Furfural conversion in aldol condensation of furfural and cyclohexanone (CH/F molar ratio = 5) as a function of reaction time at 25, 50 and 90 8C
over A) Mg-Al mixed oxide and B) reconstructed Mg-Al HTC.

Table 1. Initial catalytic activity of Mg-Al mixed oxide and reconstructed
Mg-Al HTC in aldol condensation of furfural and cyclohexanone (CH/F
molar ratio = 5).

Temperature
[8C]

rin. (MO)
[mmol/(g min)]

rin. (HTC)
[mmol/(g min)]

rin. (HTC)/rin. (MO)

25 0.3 9.7 32.3
50 0.7 28.2 40.3
90 1.7 86 50.6

Figure 5. Selectivity to A) FCH-OH, B) FCH, and C) F2CH observed in aldol condensation of furfural and cyclohexanone over Mg-Al mixed oxide (left) and
reconstructed HTC (right). 1 = T = 25 8C, 2 = 50 8C, and 3 = 90 8C. CH/F molar ratio = 5.
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beginning of the reaction at F conversion below 10 % followed
by a steady-state region. The observed change in the composi-

tion of the reaction products allows suggesting that the prop-
erties of Mg-Al mixed oxide are modified in the course of the

reaction as discussed further.
Similar to experiments with Mg-Al mixed oxide, the increase

of reaction temperature in experiments with reconstructed
HTC facilitates FCH-OH dehydration to FCH and the formation

of the second condensation product (F2CH). The intermediate

aldol (FCH@OH) is the most abundant reaction product at T =

25 and 50 8C and F conversion below 80 % (Figure 5 A2), but
the changes in selectivity with increasing F conversion are
rather peculiar. At T = 25 8C, the initial FCH-OH selectivity is
71.5 %; it increases to 89.7 % at furfural conversion of about
30 % followed by a small decrease to 84.9 % with increasing F

conversion. At higher reaction temperatures (T = 50 8C and

90 8C), FCH-OH selectivity shows more common trend for an
intermediate reaction product: it monotonously decreases

with the increasing F conversion. Finally, as F conversion is ap-
proaching 100 %, a sharp drop in FCH@OH selectivity is ob-

served in all experiments (Figure 5 A2).
The change in selectivity to FCH observed on the recon-

structed HTC exhibits an opposite trend to that observed for

FCH-OH which is in accordance with the reaction route
(Scheme 2). In general, the lower the selectivity to FCH-OH, the

higher the selectivity to dehydrated FCH, and vice versa. At
T = 25 8C, the initial selectivity to FCH shows a notable de-

crease from 21.5 to 8.3 % at the beginning of the reaction, a
steady-state behavior in the range of F conversion between 30

and 80 % and a sharp increase at higher F conversion (Fig-

ure 5 B2). In contrast, at 50 8C and 90 8C the constant increase
in selectivity to FCH during all the experiments is observed.

The change in the selectivity to F2CH follows the same trend
as observed for FCH, that is, a complex behavior at T = 25 8C

and a slight increase at higher reaction temperatures (Fig-
ure 5 C2). The absence of a sharp increase in F2CH selectivity at

T = 50 and 90 8C at the end of experiments is probably con-

cerned with the lack of furfural molecules available for the
second condensation step at high conversion levels.

The selectivity to FCH at approximately the same conversion
shown for both catalysts at each reaction temperature studied

(Figure 6) indicates that indeed the dehydration performance
of the reconstructed Mg-Al HTC is considerably better than

that of Mg-Al mixed oxide. It can thus be inferred that the
active sites in reconstructed HTC are intrinsically more active in
dehydration than the sites in Mg-Al mixed oxide. However,

there are some peculiarities observed in the product distribu-
tion when approaching complete furfural conversion

(Figure 5), namely there is a sharp decrease in the selectivity to
the FCH-OH accompanied by a sharp increase in the selectivity

to its dehydration product, that is, FCH. Such behavior sug-

gests that, when nearly all furfural is consumed, more active
sites become available for the dehydration step. This could be

a consequence either of competitive adsorption of furfural and
FCH-OH on the basic sites (with furfural being preferentially

adsorbed) or of recovery/regeneration of some active sites.

Detailed analysis of the product distribution provided evi-

dence supporting the second hypothesis. It was shown that
aldol condensation of furfural and acetone is affected by Can-

nizzaro reaction that yields furoic acid and furfuryl alcohol.[50]

While furoic acid interacts with the basic sites of reconstructed

HTC, presumably with interlayer hydroxy groups, forming inter-
layer furoates and is thus not seen among the reaction prod-

ucts, furfuryl alcohol can be detected. The amount of furfuryl

alcohol depends, among other factors, on the reaction rate of
aldol condensation of furfural and cyclohexanone, as this is a

faster reaction consuming furfural in the reaction mixture.
Hence, often the concentration of furfuryl alcohol in the reac-

tion products is close to its detection limit. Nonetheless, in an
experiment over reconstructed HTC at T = 25 8C, furfuryl alco-

hol was reliably detected, and its yield is plotted as a function

of the reaction time in Figure 7.
It is surprising to see that the yield of furfuryl alcohol passes

through a maximum and decreases as furfural conversion ap-
proaches to 100 %. Simultaneously, at furfural conversion
+50 % the formation of furfuryl ester of the furoic acid is ob-
served (Figure 7). The occurrence of this compound among re-
action products indicates the interaction of furfuryl alcohol

with furoate species which are present in the interlayer of the
spent catalyst. It follows that when furoic acid is consumed in
the esterification reaction, some basic active sites become
again available for other reactions. Judging by the peculiar se-
lectivity profiles at near complete furfural conversion
(Figure 5), dehydration of FCH@OH to FCH is one of them.

The results strongly suggest that aldol condensation of fur-
fural and cyclohexanone is affected by deactivation owing to
the formation of furoic acid by the Cannizzaro reaction from
furfural, so two further aspects have been studied: reusing of
the spent catalyst in several reaction cycles and the influence

of CH/F molar ratio.

Figure 6. Selectivity to FCH at 25, 50, and 90 8C over Mg-Al mixed oxide (F
conversions 7, 18, and 52 %, respectively) and reconstructed Mg-Al HTC (F
conversions 8, 20, and 63 %, respectively) in aldol condensation of furfural
and cyclohexanone (CH/F molar ratio = 5).
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Reusing of the reconstructed HTC

The performance of the reconstructed HTC used in three con-
secutive catalytic runs at T = 25 8C with an intermediate cata-

lyst separation by simple filtration (that is, without any addi-
tional steps, such as washing and calcination) is presented in

Figure 8. The conversion of furfural dropped first moderately
from 97 % at the end of the first run to 88 % after the second

run. At the end of the third run, the decline of furfural conver-

sion was already substantial and furfural conversion reached
just 36 % (Figure 8 A). This was accompanied by a dramatic de-

crease in the yield of furfuryl alcohol (Figure 8 B), which is an
indication of the occurrence of the Cannizzaro reaction and,

hence, furoic acid formation. Such a progressive loss of catalyst
activity observed in consecutive runs is unequivocally con-

cerned with a decrease in the amount of accessible active

sites. In general, two different deactivation causes have been
considered: the fouling of the catalyst surface with reaction

products and the leaching of active compounds from the cata-
lyst into the reaction mixture.[39] We could exclude leaching

since the catalyst composition (Mg, Al) did not change after
catalytic run, Mg nor Al were found in the liquid phase (as it

was evidenced by ICP analysis), and after removing catalyst
from the reaction mixture no further aldol condensation reac-
tion was observed. Therefore, the spent catalysts after the first
and the third cycle were analyzed by TGA and FTIR and the re-
sults were compared with those obtained for the fresh cata-
lyst.

The weight loss of the fresh reconstructed HTC was 43.8 %
and it increased to 51.8–52 % for the spent catalysts after the
first and the third catalytic runs (Figure 9 A). TGA curves also
showed that the weight loss of the spent catalysts continued
to grow at temperatures as high as 800 8C, in contrast to the
freshly reconstructed HTC. The increase in the weight loss at
temperature above about 500 8C can be attributed to heavy

deposits formed in the reaction, plausibly heavy aldol conden-

sation products that were reported previously.[40] The compari-
son of TGA results presented in Figure 9 A suggests that the

total weight loss of catalysts after either single or three catalyt-
ic runs was very similar. It means that in consecutive catalytic

runs most of the heavy reaction products were formed already
after the first experiment with no further accumulation of

these compounds in the subsequent runs. Nonetheless, this

contradicts to the steep decline in furfural conversion between
the second and the third run. The yield of furfuryl alcohol (Fig-

ure 8 B), on the other hand, suggests that in the second run
still a significant amount of furoic acid and thus interlayer furo-

ates was formed, while in the third run it was significantly re-
duced. Consequently, it can be concluded that deactivation by

furoic acid that interacts with the Brønsted basic sites forming

interlayer furoate species is responsible for the significant drop
in the catalyst activity. Figure 9 B evidences the presence of a

shoulder signal in the range of T = 310–350 8C on DTG curve
after the third run. This signal was previously attributed to de-

composition of furoates.[50]

The DRIFT spectrum of the spent catalyst after catalytic runs,
both the first and the third, shows the appearance of new

bands compared to those observed in the spectrum of the
fresh reconstructed HTC (Supporting Information, Figure S5).
These were previously ascribed to furoates.[50] Thus, both the
TGA/DTG and DRIFT results support catalytic data and evi-

Figure 7. Furfuryl alcohol (F@OH) and furfuryl furoate (FOOF) yields observed
during aldol condensation of furfural and cyclohexanone over reconstructed
HTC (T = 25 8C, CH/F molar ratio = 5).

Figure 8. A) Furfural conversion and B) yield of furfuryl alcohol observed on reconstructed HTC in three consecutive catalytic runs. T = 25 8C, CH/F = 5, time
@60 min.
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dence the formation of interlayer furoates which are formed in
reconstructed HTC during aldol condensation of furfural and

cyclohexanone. The formation of these species results in a de-
cline of catalyst activity. As evidenced by TGA data, these furo-

ates can be decomposed thermally.
Besides the accumulation of heavy deposits and the occur-

rence of Cannizzaro reaction, there could be also other plausi-

ble causes of the observed decrease in the activity of the re-
constructed HTC in the recycling experiments. Aldol condensa-

tion on reconstructed hydrotalcites occurs with the participa-
tion of active OH-groups which are located near the edges of

the platelets.[45] These groups are charge-compensating, so
their properties, in terms of both basic strength and concentra-

tion, should be very sensitive to small changes in the surface

properties of HTC platelets. Mechanisms of deactivation, such
as surface reconstruction, pore collapse, or the destruction of

the crystalline structure, which may occur during sequential
catalytic runs cannot be excluded; however, this is outside the

scope of the present study.

Influence of CH/F molar ratio

The results on the influence of cyclohexanone to furfural molar
ratio in the range from 1 to 10 over the reconstructed Mg-Al

HTC at 25 and 90 8C are shown in Figure 10. At both reaction
temperatures, furfural conversion observed after 180 min. grad-

ually increased with the growth in CH/F ratio (Figures 10 A, B).
This increase is more pronounced at 25 8C what could be con-

cerned with the effect of Cannizzaro reaction rather than the
change in feed composition itself since the furfural-to-catalyst
ratio was kept constant. Indeed, as Cannizzaro reaction is a bi-

molecular reaction of two furfural molecules, its probability in-

Figure 9. A) TGA and B) DTG curves for the spent reconstructed HTC catalyst after the first (1) and the third (2) catalytic run at T = 25 8C. Characterization of
the fresh reconstructed HTC is added as (3).

Figure 10. The influence of CH/F molar ratio on F conversion observed on reconstructed HTC after 180 min. of the reaction at A) T = 25 8C and B) after 40 min.
of the reaction at T = 90 8C. The composition of reaction products at C) T = 25 8C and D) 90 8C at furfural conversion of about 50 %.
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creases with the increasing concentration of furfural in the re-
action mixture. The deactivation caused by furoic acid is then

augmented and consequently the conversion of furfural is
lower. Owing to the lower reaction rate of aldol condensation

at 25 8C, the effect of Cannizzaro reaction is more pronounced
at this temperature (Figure 10 A). The conclusion is further cor-

roborated by the yield of furfuryl alcohol in the reaction prod-
ucts that increases with the increasing CH/F molar ratio (Sup-

porting Information, Figure S6) and by the analysis of spent

catalysts by TGA and DRIFT that confirmed increased abun-
dance of furoates on the spent catalyst at lower CH/F molar

ratio (Supporting Information, Figure S7).
The composition of the reaction products as a function of

the CH/F molar ratio was compared at nearly equal furfural
conversion of about 50 % for both temperatures (Figur-
es 10 C, D). In all experiments at T = 25 8C, the intermediate

aldol FCH@OH was the most abundant reaction product and
its selectivity decreased from 94 to 85 % when increasing the

CH/F molar ratio from 1 to 10 (Figure 10 C). At the same time,
the selectivity to dehydrated FCH increased from 3 to 13 %
(Figure 10 C). It can be inferred that the dehydration per-
formance of the reconstructed Mg-Al HTC is improved at lower

furfural concentration in the reaction mixture, possibly due to

the diminished extent of Cannizzaro reaction. Similarly, at 90 8C
the selectivity to FCH also increased (from 28 to 49 %) with the

increasing CH/F ratio (Figure 10 D). On the contrary, the selec-
tivity to F2CH decreased from 36 to 10 % upon increasing the

CH/F molar ratio from 1 to 10 (Figure 10 D) which can be at-
tributed to the limited availability of furfural for the second

aldol condensation step, that is, for the reaction between FCH

and F, at high CH/F molar ratios.
The presented results show that, by varying CH/F molar

ratio, it is possible to influence the composition of obtained
products. At a relatively high CH/F molar ratio (using CH

excess) FCH@OH and FCH are predominantly formed, both
having 11 carbon atoms, which fits well in the composition

range of jet fuels. On the other hand, high furfural contents

should be used if the production of F2CH, that is, the product
with 16 carbon atoms, is targeted. In both cases, HTC-derived
catalysts show promising performance in aldol condensation
of furfural and cyclohexanone that can be produced by the

complex processing of lignocellulosic biomass. Nevertheless,
the high activity of reconstructed HTC in the reaction is accom-

panied by the deactivation of the catalyst, what is evidenced
by experiments with consecutive catalytic runs (Figure 8). The
formation of compounds that block the active sites of the cata-

lyst is a key factor that can influence the successful develop-
ment of this environmentally friendly way of producing bio-de-

rived jet fuel. Consequently, the improvement of the properties
of a solid base catalyst and the optimization of reaction condi-

tions are considered as a challenge for forthcoming studies.

Conclusions

The results of this study evidence that both Mg-Al mixed oxide

and reconstructed HTC produced from an as-prepared HTC
using corresponding treatments (thermal activation and rehy-

dration), can be used as catalysts for valorization of cyclic ke-
tones and furanics by aldol condensation. The performance of
both basic catalysts in cyclohexanone self-condensation is very
sensitive to moisture in the reaction mixture. Water either ini-
tially present in the feed or formed by dehydration of the pro-
duced intermediate (D1) decreases cyclohexanone conversion.

Nevertheless, if water is constantly removed from a reactor, cy-
clohexanone conversion substantially increases up to 44 % at

150 8C. Consequently, CH self-condensation does compete only
to a very minor extent with the aldol condensation of CH and
F.

The activity of the reconstructed HTC in aldol condensation
of furfural and cyclohexanone is significantly higher than that

of the Mg-Al mixed oxide, confirming that Brønsted basic sites
rather than Lewis basic sites are responsible for the catalyst ac-

tivity, similar to other aldol condensations. The reaction be-

tween furfural and cyclohexanone on reconstructed HTC pro-
ceeds at a high reaction rate even at T = 25 8C. The increase in

the reaction temperature promotes both the dehydration of
the intermediate aldol to FCH and the second condensation

step to F2CH. Furthermore, the ratio between FCH and F2CH re-
action products may be changed by varying the molar ratio

between furfural and cyclohexanone in the reaction mixture.

The observed high conversions of the reactants together with
the possibility to regulate the composition (molecular weight)

of the reaction products hold substantial potential for the de-
velopment of a reliable process aiming to produce bio-derived

naphthenic components of jet fuel. Currently, the catalyst de-
activation by side-products adsorbed on the catalysts surface

poses the key challenge that needs to be further addressed. As

shown in this study, it may be partially overcome by optimiza-
tion of reaction parameters, for example, the cyclohexanone/

furfural molar ratio. Gentle catalyst regeneration is another al-
ternative to be further investigated.

Experimental Section

Catalyst

The details of Mg-Al HTC (Mg/Al = 3) preparation are presented
elsewhere.[33] Briefly, the sample was synthesized by co-precipita-
tion of an aqueous solution of magnesium and aluminum nitrates
with a basic solution of potassium carbonate and potassium hy-
droxide at constant pH value of 9.5 and T = 60 8C. Mg-Al mixed
oxide was prepared by calcination of a dried as-prepared HTC (Mg/
Al = 3) at 450 8C for 3 h. Reconstructed HTC was obtained by rehy-
dration of the mixed oxide in pure water for 10 minutes followed
by filtration and drying for 20 minutes using the method described
elsewhere.[36]

Characterization

The structure of catalysts used in the study was confirmed by X-
ray powder diffraction using a Philips MPD 1880 instrument with
CuKa irradiation (l= 0.154 nm) in the 2q range of 58–708 at the 2q

scanning rate of 2.48min@1. Thermogravimetric analysis (TGA/DTG)
was performed using a TA Instruments TGA Discovery series equip-
ment operating with a heating ramp of 10 8C min@1 from room
temperature to 900 8C in N2 flow. TGA-MS experiments were per-
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formed using the same TGA unit equipped with a mass-spectrome-
ter OmniStar GSD 320 (Pfeiffer-Vacuum) with a MID (multiple ion
detection) measurement mode, a SEM (secondary electron multipli-
er) detector, and a quadrupole mass analyzer. DRIFT spectra were
recorded on a Nicolet IS 10 FTIR spectrometer equipped with a
DTGS detector and KBr beam splitter. All spectra were collected
over the range of 4000–400 cm@1 at a spectral resolution of 4 cm@1

and number of scans 128 (both for the background and the
sample spectra).

Catalysis

Furfural (F) (Sigma–Aldrich) and cyclohexanone (CH) (Sigma–Al-
drich) used in catalytic experiments were pre-dried with a molecu-
lar sieve 3A to exclude the effect of moisture originating from the
chemicals. All catalytic experiments on CH self-condensation and
aldol condensation of F and CH were performed by using a
100 mL stirred batch reactor (a glass flask reactor). For these ex-
periments, freshly calcined catalyst (0.5 g; T = 450 8C) was used
(0.5 g of Mg-Al mixed oxide was also used to prepare the recon-
structed HTC). Furfural (6.5 g) and different amounts of cyclohexa-
none (6.6–66.4 g, corresponding to CH/F molar ratio in the range
of 1–10) were used as a reaction mixture. The experiments were
carried out at 25, 50, or 90 8C. In experiments on CH self-condensa-
tion 33.2 g of cyclohexanone was used and reaction temperature
was in the range of 25–150 8C. After adjusting the desired reaction
temperature, a catalyst was added to the reaction mixture, and the
reaction was carried out for 180 min at 200 RPM. In experiments
with changing stirring rate and catalyst particle size, it was estab-
lished that the reaction is limited neither by external nor internal
mass transfer under the chosen reaction conditions. Samples of
liquid products were periodically withdrawn from the reactor
during the experiment, diluted with excessive benzene, centri-
fuged, and analyzed by Agilent 7890A GC unit equipped with a
flame ionization detector (FID), using a HP-5 capillary column
(30 m/0.32 mm ID/0.25 mm). Each catalytic experiment was per-
formed in parallel and the results were used only if the relative
error did not exceed 2 %. The composition of reaction products
was determined by GC-MS by means of GC-2010 Plus (Shimadzu)
unit (MS detector: GC-MS-QP 2010 Ultra; GC column: Rxi-5 Sil MS,
Restek, 30 m V 0.25 mm ID x 0.25 mm). Catalytic results of aldol con-
densation of furfural and cyclohexanone were described by conver-
sion and selectivity parameters that were calculated as follows:
reactant conversion(t) (mol %) = 100 V (reactantt = 0@reactantt)/reac-
tantt = 0 ;
selectivity to product i = (mole of reactant converted to product i)/
(total moles of reactant converted).
Carbon balance was monitored in all experiments as the total
number of carbon atoms detected in each organic compound with
Cn atoms divided by the initial number of carbon atoms in a feed,
similar to the method used elsewhere.[36]

The yields of furfuryl alcohol (F@OH) and furoyl furoate (FOOF) de-
termined in reaction products were calculated as the percentage
of moles of the corresponding compound per the initial number of
moles of furfural in reaction mixture.
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Physico-Chemical Properties of
MgGa Mixed Oxides and
Reconstructed Layered Double
Hydroxides and Their Performance in
Aldol Condensation of Furfural and
Acetone
Oleg Kikhtyanin 1,2, Libor Čapek 3, Zdeněk Tišler 1, Romana Velvarská 1,

Adriana Panasewicz 3, Petra Diblíková 4 and David Kubička 2*

1Unipetrol Centre for Research and Education, Litvínov, Czechia, 2 Technopark Kralupy VŠCHT Praha, University of

Chemistry and Technology Prague, Kralupy nad Vltavou, Czechia, 3Department of Physical Chemistry, Faculty of Chemical

Technology, University of Pardubice, Pardubice, Czechia, 4Department of Organic Technology, University of Chemistry and

Technology Prague, Prague, Czechia

MgGa layered double hydroxides (Mg/Ga = 2–4) were synthesized and used for the

preparation of MgGamixed oxides and reconstructed hydrotalcites. The properties of the

prepared materials were examined by physico-chemical methods (XRD, TGA, NH3-TPD,

CO2-TPD, SEM, and DRIFT) and tested in aldol condensation of furfural and acetone.

The as-prepared phase-pure MgGa samples possessed hydrotalcite structure, and their

calcination resulted in mixed oxides with MgO structure with a small admixture phase

characterized by a reflection at 2θ ≈ 36.0◦. The interaction of MgGa mixed oxides

with pure water resulted in reconstruction of the HTC structure already after 15 s of

the rehydration with maximum crystallinity achieved after 60 s. TGA-MS experiments

proved a substantial decrease in carbonates in all rehydrated samples compared with

their as-prepared counterparts. This allowed suggesting presence of interlayer hydroxyls

in the samples. Acido-basic properties of MgGa mixed oxides determined by TPD

technique did not correlate with Mg/Ga ratio which was explained by the specific

distribution of Ga atoms on the external surface of the samples. CO2-TPD method

was also used to evaluate the basic properties of the reconstructed MgGa samples.

In these experiments, an intensive peak at T = 450◦C on CO2-TPD curve was attributed

to the decomposition of carbonates newly formed by CO2 interaction with interlayer

carbonates rather than to CO2 desorption from basic sites. Accordingly, CO2-TPD

method quantitatively characterized the interlayer hydroxyls only indirectly. Furfural

conversion on reconstructed MgGa materials was much larger compared with MgGa

mixed oxides confirming that Brønsted basic sites in MgGa catalysts, like MgAl catalysts,

were active in the reaction. Mg/Ga ratio in mixed oxides influenced product selectivity

which was explained by the difference in textural properties of the samples. In contrast,

Mg/Ga ratio in reconstructed catalysts had practically no effect on the composition of
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reaction products suggesting that the basic sites in these catalysts acted similarly in aldol

condensation of acetone with furfural. It was concluded that the properties of MgGa

samples resembled in a great extent those of MgAl hydrotalcite-based materials and

demonstrated their potential as catalysts for base-catalyzed reactions.

Keywords: MgGa layered double hydroxides, mixed oxides, reconstructed hydrotalcites, aldol condensation,
acido-basic properties

INTRODUCTION

A common feature of the Layered Double Hydroxides (LDH) or
Hydrotalcite-like (HTC) family, both natural and synthesized, is
that they all have a structure closely related to that of the mineral
hydrotalcite, that is, rhombohedral Mg6Al2(OH)16CO3·4H2O.
All these materials are composed of two-dimensional layers
of positively charged double hydroxides together with water
molecules and exchangeable charge-compensating anions
which located in interlayer (Cavani et al., 1991; Sels et al.,
2001; Debecker et al., 2009; Takehira, 2017). The general
formula of LDHs can be described as [M2+

1−xM
3+

x(OH)2]x+

[Ax/n]n−·mH2O, where M2+ is a divalent cation, M3+ is a
trivalent cation and A is a charge-compensating anion. Mg-
Al hydrotalcites, most known and well-studied among the
total family, are derived from brucite Mg(OH)2 as a general
crystallographic structure. These brucite layers are stacked on
top of each other and held together by weak interactions through
hydrogen atoms (Cavani et al., 1991; Debecker et al., 2009). In
the brucite layers a part of Mg2+ cations are substituted with
Al3+ cations thus creating a positive charge in the layers. In
synthetic MgAl HTCs, the substitution degree of Mg→ Al may
be different but lies in the range of x = 0.1–0.5 (Cavani et al.,
1991). A charge resulting from this substitution is compensated
by interlayer anions (CO2−

3 , NO−

3 , Cl
−, etc). Additionally, water

molecules are in the interlayer in amounts dependent on the
temperature, on the water vapor pressure and the nature of
the anions present (Cavani et al., 1991; Debecker et al., 2009).
The chemical composition of LDHs is not limited to Mg and
Al cations, and at the present the family of these compounds
consists of a large variety of synthetic materials which are
composed of Mg2+, Zn2+, Co2+, Cu2+, etc., as divalent cations,
and Al3+, Fe3+, Cr3+, La3+, etc., as trivalent cations (Cavani
et al., 1991; Choudary et al., 2001; Sels et al., 2001; Motokura
et al., 2006; Pérez-Ramírez et al., 2007a; Debecker et al., 2009;
Takehira, 2017).

The most popular method of synthesizing LDHs is based on
the co-precipitation of aqueous solutions of the corresponding
salts (usually nitrates) with alkaline solutions (Na or K hydroxide
and carbonate) at low supersaturating conditions and fixed
pH values. As a consequence, carbonate groups are present
as charge-compensation anions in as-prepared LDHs. The as-
prepared materials exhibit low activity in catalytic applications
and therefore have to be activated. Heat treatment is themain and
the simple way to activate the as-prepared LDHs which results in
the removal of water, the dehydroxylation of brucite-like layers
and the decomposition of interlayer carbonates. Mixed oxides

formed by the thermal decomposition of as-prepared LDHs
exhibit much better basic properties than the starting as-prepared
LDHs. The mixed oxides possess Lewis basic sites and are widely
used in base-catalyzed reactions such as transesterification (Zeng
et al., 2008), condensations (Kustrowski et al., 2006; Perez et al.,
2009), alkylation (Cavani et al., 2005), and Michael addition
(Prescott et al., 2005).

A distinctive feature of HTC-like materials is so-called
“memory effect” described for the first time by Miyata (1980),
i.e., the recovery of original lamellar structure by hydration of
mixed oxide. Thus, the interaction of MgAl mixed oxide either
with water vapor or by immersion in decarbonated water leads
to the formation of meixnerite [Mg6Al2(OH)18·4H2O] which
is a hydrotalcite analog with OH− groups as compensating
anions in the interlayer instead of the original carbonates
(Climent et al., 2002b; Tichit and Coq, 2003; Abelló et al.,
2005; Pérez-Ramírez et al., 2007b; Kikhtyanin et al., 2017b). The
interlayer hydroxyls are Brønsted basic sites and, therefore, the
reconstructed materials are widely used in a number of base-
catalyzed-reactions which require Brønsted basicity, such as self-
and cross-aldol condensation of aldehydes and ketones (Tichit
et al., 1998, 2002; Climent et al., 2002a; Abelló et al., 2005),
Michael additions (Choudary et al., 1999), Knoevenagel and
Claisen-Schmidt condensation (Cavani et al., 1991; Climent et al.,
1995; Guida et al., 1997; Di Cosimo et al., 1998), etc.

In a zeolite family, the substitution of aluminum atoms
by gallium in a silicate matrix leads to the formation of
gallium silicates of various structural types whose specific
physicochemical properties are successfully used in a number
of acid-catalyzed reactions (Fricke et al., 2000; Chao and Liu,
2005; Wu et al., 2010). It is therefore not surprising that a
possibility to replace Al atoms by Ga atoms is also assumed in
other classes of inorganic compounds. Indeed, the synthesis and
the study of the physico-chemical properties of MgGa LDHs have
been reported repeatedly (Rebours et al., 1994; López-Salinas
et al., 1996, 1997; Aramendía et al., 1999a,b, 2000; Thomas
and Vishnu Kamath, 2005; Grand et al., 2010). Similar to other
LDHs, the synthesis of MgGa is performed starting fromMg and
Ga salt solutions mixed with sodium hydroxide and carbonate
solutions; the heat treatment of the as-prepared materials results
in MgGa mixed oxides. Nevertheless, in most cases, the studies
on the properties of the prepared MgGa LDHs and mixed oxides
are limited to their synthesis and characterization by different
physico-chemical methods, such as XRD, TGA, DRIFT, MAS,
NMR. More rarely, studies on the basic properties of MgGa
mixed oxides have also been documented (López-Salinas et al.,
1997; Prinetto et al., 2000). In addition, the “memory effect”
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has been demonstrated for this type of materials. Indeed, MgGa
mixed oxides restored LDH structure (i) by exposure to a
water-saturated atmosphere for 18 h followed by CO2 picked up
from the ambient for this reconstruction (Thomas and Vishnu
Kamath, 2005), (ii) by the dispersion of MgGamixed oxide under
vigorous magnetic stirring during 1 h into the decarbonated
water at 298K and 1 × 105 Pa (Prinetto et al., 2000), or
(iii) by the treatment of MgGa mixed oxide with a carbonate-
containing aqueous solution (López-Salinas et al., 1996). Despite
the growing interest to Ga-containing catalysts in different
applications, there is a lack of available information which reports
about their catalytic performance in base-catalyzed reactions.
Concerning Ga-containing MgGa LDHs, Prinetto et al. (2000)
demonstrated that the substitution of Al3+ with Ga3+ slightly
increased the density of the basic sites in the Mg-containing
mixed oxides and slightly increased their catalytic activity in
acetone self-condensation. Tabanellia et al. (2018) used MgGa
mixed oxide for the gas-phase methylation of phenol to 2,4,6-
trimethylphenol and attributed the outstanding performance of
the catalyst to its high activity in methanol dehydrogenation
to formaldehyde as well as to the moderate acidic features due
to Ga sites, which enhanced the intramolecular rearrangement
of O-alkylated compounds. Rousselot et al. (1999) investigated
the catalytic performance of both as-prepared and calcined
MgGa LDHs in Knoevenagel condensation of benzaldehyde with
ethyl cyanoacetate. They explained the obtained results by a
rehydration process of the calcined samples during the catalytic
reaction.

Nevertheless, there is a great lack in information about the
performance of catalysts based on reconstructed MgGa LDHs.
Moreover, in contrast to MgAl materials (Pérez-Ramírez et al.,
2007b; Kikhtyanin et al., 2017b), the effect of reconstruction
time on the physico-chemical properties of MgGa LDHs and the
catalytic performance of the reconstructed materials has not been
reported yet.

Aldol condensation of furfural and acetone (Scheme 1) is
an attractive object for an investigation from several points of
view. First of all, this reaction has a great practical potential
as it allows increasing the carbon atom chain length starting
from the relatively simple ones which can be produced by

biomass processing (Gámez et al., 2006; Mäki-Arvela et al.,
2011). The obtained condensation products can be further
hydrogenated/deoxygenated to afford hydro-carbons, namely C8

and C13 alkanes (Zapata et al., 2012; Ramos et al., 2016). On the
other hand, aldol condensation of furfural and acetone attracts
also a scientific interest, because this reaction makes it possible
to probe both the acid (Kikhtyanin et al., 2014, 2015) and basic
sites (Sádaba et al., 2011; Faba et al., 2012; Thanh et al., 2016) of
heterogeneous catalysts. Regularities found in preceding studies
help to evaluate and understand the catalytic performance of
following catalytic materials.

The purpose of this paper is to correlate the physicochemical
characteristics of samples derived from MgGa LDHs varied by
Mg/Ga ratio with their catalytic performance. A special attention
is paid to the reconstructedMgGamaterials, namely, a possibility
to recover HTC structure by the interaction of MgGa mixed
oxide with pure water. For this purpose, the effect of rehydration
duration of MgGamixed oxides on the properties of the obtained
samples was studied in detail and the catalytic performance
of both MgGa mixed oxides and reconstructed LDHs were
compared in aldol condensation of furfural and acetone.

MATERIALS AND METHODS

Preparation of MgGa Mixed Oxides
MgGa layered double hydroxides varied in Mg:Ga molar ratio
in reactive mixture in the range of (2–4):1 were prepared
based on a method described in Hora et al. (2015). For these
syntheses Ga nitrate was prepared by the dissolution of powder
metallic Ga (Unimagnet) in concentrated nitric acid followed
by the evaporation of the excessive acid by using vacuum
evaporator. The composition of obtained salt was determined
by ICP. MgGa LDH’s with Mg:Ga molar ratio from 2:1 to 4:1
were synthesized by co-precipitation method at constant pH
value (pH = 9.5) and constant temperature (T = 60◦C). The
preparation procedure involves mixing of aqueous solutions of
nitrates consisting of Gallium nitrate Ga(NO3)2·6H2O prepared
as described above and magnesium nitrate Mg(NO3)2·6H2O
(Lach-ner, p.a. purity) (cMg+Ga = 1 mol/dm3), and a basic
solution containing potassium carbonate K2CO3 (Penta, p.a.

SCHEME 1 | Reaction scheme of aldol condensation between furfural and acetone.
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purity) and potassium hydroxide KOH (Lach-ner, p.a. purity)
(cKOH = 2 mol/dm3 + ck2co3 = 0.2 mol/dm3). After precipitation
the solids were isolated by press-filtration using paper filter plate
S15N (Hobra); the filter cake was washed by demineralized water
to neutral pH and dried in oven overnight at 65◦C.

The MgGa mixed oxides were prepared by calcination of
the dried as-prepared LDHs at 450◦C for 3 h (heating rate
5◦C·min−1). The rehydration of the mixed oxides with deionized
water was performed at room temperature and rehydrate on
time in the range of 0–40min. All samples chosen for physico-
chemical characterization and catalytic runs were dried for
40min. Other details in the preparation of the rehydrated
samples are available in Kikhtyanin et al. (2017b). After
preparation (rehydration+drying steps), all materials were kept
in a desiccator under inert atmosphere to prevent contact of the
samples with CO2 from air during their storage. The samples
were taken away from the desiccator only before performing
experiments on their characterization. Further in the text, the as-
prepared MgGa LDHs are denoted as MgGa-xA, calcined MgGa
mixed oxides are denoted as MgGa-xC and rehydrated samples
are denoted asMgGa-xR-y, where x stands forMg/Gamolar ratio
and y stands for rehydration time.

Physico-Chemical Characterization
Chemical composition was determined by ICP-OES. The phase
composition of the prepared samples was determined by X-ray
powder diffraction using a PhilipsMPD 1880 instrument with Cu
Kα irradiation (λ = 0.154 nm) in the 2θ range of 5–70◦ at the 2θ
scanning rate of 2.4◦·min−1. In each group of prepared catalysts,
i.e., as-prepared LDHs, MgGa mixed oxides and reconstructed
LDHs, the sample with the highest crystallinity was assigned
relative crystallinity 100%. Textural properties were determined
from N2 physisorption isotherms at 77K obtained by using
a Quantachrome AUTOSORB unit. Prior to the analyses, the
samples were outgassed at 250◦C for 3 h in flowing N2. BET
equation was used to calculate the specific surface area of the
samples. Thermogravimetric analysis (TGA/DTG) of the dried
as-prepared LDHs, MgGa mixed oxides and rehydrated samples
was performed using a TA Instruments TGA Discovery series
equipment operating with a heating ramp of 10◦C·min−1 from
room temperature to 900◦C in N2 flow. TGA-MS experiments
were performed using the same TGA unit equipped with a
mass-spectrometer OmniStar GSD 320 (Pfeiffer-Vacuum) with
a MID (Multiple Ion Detection) measurement mode, a SEM
(Secondary Electron Multiplier) detector, and a quadrupole
mass-analyzer. DRIFT spectra were recorded on a Nicolet IS
10 FTIR spectrometer equipped with a DTGS detector and KBr
beam splitter. All spectra were collected over the range of 4,000–
400 cm−1 at a spectral resolution of 4 cm−1 and number of scans
128 (both for the background and the sample spectra).

Samples for Scanning Electron Microscopy (SEM)
observations were mounted on a holder and sputter-coated
(Q150R ES, Quorum Technologies Ltd., United Kingdom) by
10 nm of gold to neutralize charging-effects and to increase an
SE yield at final micrographs. Further, the images of coated
samples were acquired using field emission scanning electron
microscope (Lyra3 GMU, Tescan Orsay Holding a.s., Czech

Republic) at an accelerating voltage of 12 kV and absorbed
current ranging from 200 to 300 pA. For imaging, the SE
detection was used to investigate the morphology of samples.
The temperature-programmed desorption of carbon dioxide
(CO2-TPD) or ammonia (NH3-TPD) was used to evaluate basic
and acidic properties of MgGa mixed oxides and reconstructed
LDHs. The details of the methods are presented in Kikhtyanin
et al. (2017a). Maximum temperature in TPD experiments was
chosen as 450◦C which is temperature used for the preparation
of MgGa mixed oxides.

Catalytic Test
Furfural (Sigma-Aldrich) and acetone (LachNer, Czech Republic)
used for catalytic experiments were pre-dried with a molecular
sieve 3A to exclude the effect of moisture originating from the
chemicals.

For catalytic experiments with MgGa mixed oxides, 0.5 g of
freshly calcined HTC was used. For catalytic experiments with
reconstructed MgGa LDHs, 0.5 g of freshly calcined HT was
pre-rehydrated according to the method described above.

Aldol condensation of furfural with acetone was carried out
in a 100-ml stirred batch reactor (a glass flask reactor) at
temperature of 50◦C in the case of mixed oxides or 25◦C in
the case of reconstructed LDHs. Prior to the catalytic tests, the
mixture of 19.7 g of acetone and 6.5 g of furfural (acetone to
furfural molar ratio 5/1) was stirred at 200 RPM and kept at
the predetermined reaction temperature. After that, a studied
catalyst (grain of 0.25–0.5mm) was added and the reaction
was carried out at predetermined temperature for 120min at
200 RPM. It was previously established that the reaction is
limited neither by external nor internal mass transfer under the
chosen reaction conditions (in tests with changing stirring rate
and catalyst particle size; Hora et al., 2015). Samples of liquid
products were periodically withdrawn from the reactor during
the experiment, filtered and analyzed by Agilent 7890A GC unit
equipped with a flame ionization detector (FID), using a HP-5
capillary column (30 m/0.32mm ID/0.25µm). Catalytic results
of aldol condensation of furfural and acetone were described
by conversion and selectivity parameters that were calculated as
follows:

reactant conversion (t) (mol%) = 100× (reactantt = 0

−reactantt)/reactantt = 0;

selectivity to product i = (mole of reactant converted to product i)

/(total moles of reactant converted).

Carbon balance was monitored in all experiments as the total
number of carbon atoms detected in each organic compound
with Cn atoms (where n = 3, 5, 8, . . . , etc.) divided by the initial
number of carbon atoms in F+Ac feed:

C balance (%) = (3molC3 + 5molC5 + . . . nmolCn)

/(3molC3(t = 0) + 5molC5(t = 0)).

Frontiers in Chemistry | www.frontiersin.org 4 May 2018 | Volume 6 | Article 176

ART - 12 4/17

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles
https://www.frontiersin.org/journals/chemistry#articles


Kikhtyanin et al. MgGa Catalysts for Aldol Condensation

RESULTS AND DISCUSSION

Chemical, Structural, and Textural
Properties of As-Prepared LDHs and Mixed
Oxides
ICP data showed that gallium content in the prepared samples
was higher than the values calculated based on the composition
of the chemical mixture used for the synthesis. Similar deviation
from the theoretical composition was observed for MgGa LDHs
repeatedly (López-Salinas et al., 1996; Aramendía et al., 1999a,b)
what was explained by the considerable solubility of intermediate
Ga(OH)3 species in a basic solution (López-Salinas et al.,
1996).

The XRD data confirmed that Ga was highly efficiently
incorporated into the brucite-Iike layers of MgGa LDHs in a wide
range of Mg/Ga molar ratios. XRD patterns of the as-prepared
MgGa LDHs varying by gallium content (Figure 1) show the
intensive symmetric lines of a pure hydrotalcite phase (similar
to JCPDS Card No. 22-0700). The reflections at 2θ ≈ 11.2◦,
22.8◦, 36◦, and 60◦ are characteristic for the brucite-like layers
(Di Cosimo et al., 1998; Abelló et al., 2005; Kikhtyanin et al.,
2017a). The absence of additional lines in the diffractograms
suggests that no other crystalline phases are present in the
samples thus proving the high phase purity of the as-prepared
MgGa LHDs materials. The preparation of phase-pure MgGa
LDHs has also been reported in other studies (Rebours et al.,
1994; Aramendía et al., 1999b; Thomas and Vishnu Kamath,
2005). MgGa-3A possesses the highest crystallinity; the other
two samples show crystallinity of 93–95% relative to MgGa-
3A.

The diffraction peaks assigned to (003) and (110) reflections
(i.e., at 11.2 and 60◦) were used to calculate the basal spacing
between the layers (d) and unit cell dimension a (as a = 2d110),
respectively. Both the d and a values increase with the increasing
Mg/Ga molar ratio (Table 1), which is an usual trend observed
for MgAl hydrotalcites with different Al content (Yun and
Pinnavaia, 1995; Di Cosimo et al., 1998; Kikhtyanin et al.,
2017a). The increase in the spacing between layers in LDH
structure is unequivocally ascribed to differences in the ionic

radii of Ga3+ and Mg2+ being 0.62 and 0.72 Å, respectively1,
proving the isomorphous substitution of Mg2+ by Ga3+ atoms
within the brucite-like layers. The calcination of the as-prepared
materials at T = 450◦C results in total destruction of the LDH
structure as evidenced by the disappearance of diffraction lines
corresponding to the HTC structure. Two intensive diffraction
lines observed in XRD patterns of all MgGa mixed oxides
at 2θ ≈ 43.0◦ and 62.5◦ and a smaller diffraction peak at
2θ ≈ 37.0◦ are typical for MgO periclase-type structure (JCPDS
card No. 45-0946). Similar XRD patterns were observed also
after heat treatment of MgAl hydrotalcites (Yun and Pinnavaia,
1995; Di Cosimo et al., 1998; Kikhtyanin et al., 2017a). The
relative crystallinity of the MgO phase decreased dramatically
with the decline in the Mg/Ga ratio of the mixed oxides
(Table 1) suggesting the presence of amorphous phase at high
Ga content. The decrease in the MgO basal spacing, d(200),
from 2.112 to 2.105 Å with the increasing Ga content (Table 1)
indicates that Ga replaced partially Mg in the MgO crystalline
framework. Besides, an additional reflection is present in XRD
patterns of MgGa mixed oxides at 2θ ≈ 36.0◦. It becomes more
intensive with the increasing Ga content suggesting that it is
originated from a Ga-containing compound. The appearance
of an additional line in XRD patterns of MgGa mixed oxides
after the calcination of MgGa LDHs at moderate temperatures
was reported earlier in several studies (Rebours et al., 1994;
Aramendía et al., 1999b; Grand et al., 2010). Rebours et al.
(1994) suggested that the reflection at 2θ ≈ 36.0◦ was either
due to the presence of magnesium gallate, MgGa2O4, or due to
the presence of Ga cations in the tetrahedral sites in magnesia
lattice.

As-prepared MgGa LDHs possess BET surface area in the
range of 68–82 m2·g−1, but the values of BET surface area for
MgGa mixed oxides increases to 123–140 m2·g−1 (Table 1) what
is a consequence of the collapse of lamellar HTC structure.

DRIFT spectra of the as-prepared MgGa LDH samples are
presented in Figure 2. They agree with those published elsewhere

1Database of Ionic Radii. Available online at: http://abulafia.mt.ic.ac.uk/shannon/
ptable.php

FIGURE 1 | XRD patterns of as-prepared MgGa LDHs (A) and mixed oxides (B).
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TABLE 1 | Phase composition and BET surface area of the as-prepared hydrotalcites.

Sample Mg/Ga
ratio

Phase
composi-tion

HTC/MgO
crystallini-ty, %

HTC basal spacing d, Å HTC unit cell a, Å MgO d(200), Å BET surface, m2
·g−1

MgGa-2A 2.75 HTC 93 7.69 3.090 – 77

MgGa-3A 4.11 HTC 100 7.78 3.091 – 68

MgGa-4A 5.24 HTC 95 7.90 3.102 – 82

MgGa-2C MgO 56 – – 2.105 123

MgGa-3C MgO 67 – – 2.111 127

MgGa-4C MgO 100 – – 2.112 140

MgGa-2R10 HTC 83 7.86 n.d. – 5.5

MgGa-3R10 HTC 100 7.88 n.d. – 5.7

MgGa-4R10 HTC 91 7.96 n.d. – 3.0

FIGURE 2 | DRIFT spectra of as-prepared MgGa LDHs (A) and MgGa mixed oxides (B).

for MgAl (Di Cosimo et al., 1998; Abelló et al., 2005; Kikhtyanin
et al., 2017b) and MgGa hydrotalcites (López-Salinas et al., 1996;
Aramendía et al., 1999a,b; Thomas and Vishnu Kamath, 2005).

The broad band in the range of 2,700–3,700 cm−1 with the
maximum at about 3,450–3,550 cm−1 is usually attributed to
the stretching vibrations of structural hydroxyl groups in the
brucite-like layer (Roy et al., 1953) and the twisting vibrations
of physisorbed water (Allegra and Ronca, 1978). The shoulder
at 3,050 cm−1 is assigned to the hydrogen bonding between
water molecules and interlayer carbonate anions (López-Salinas
et al., 1996). Figure 2 shows that the intensity of this shoulder
increases with increase in Ga content. It may be considered as
an additional proof that Ga atoms in the composition of brucite-
like layers are compensated by interlayer carbonates. The band
corresponding to the vibration mode δHOH at 1,630–1,645 cm−1

indicates the presence of interlayer water molecules and the
band at 1,370 cm−1 arises from the ν3 mode of interlayer CO2−

3
(chelating or bridging bidentate) anions (Abelló et al., 2005). The
low intensive band at 1,515 cm−1 is ascribed to the reduction in
the symmetry caused by the presence of monodentate carbonates
(ν asym O−C−O) interacting with Mg2+ (Di Cosimo et al., 1998;
Abelló et al., 2005). In low frequency region the band at 870 cm−1

is characteristic for the out-of-plane deformation of carbonate,

whereas the in-plane bending is located at 680 cm−1 (Abelló
et al., 2005). In Mg-Al hydrotalcites, a band at about 560
cm−1 corresponds to the translation modes of hydroxyl groups
influenced by Al3+ cations (Abelló et al., 2005; Pérez-Ramírez
et al., 2007b). Accordingly, the band at 590 cm−1 observed
in DRIFT spectra of MgGa samples could be attributed to
the translation modes of hydroxyl groups influenced by Ga3+

cations. Indeed, López-Salinas et al. (1996) proposed that the
appearance of this band may be related with Mg-O-Mg or Mg-
O-Ga vibrations.

Calcination of the as-prepared MgGa hydrotalcites resulted in
a collapse of the lamellar structure accompanied byH2OandCO2

removal. Correspondingly, DRIFT spectra of the resulting mixed
oxides changed significantly (Figure 2B). The intensity of the
bands in the range of 2,700–3,700 cm−1 substantially decreased
due to dehydroxylation. Water removal can be evidenced also
by the disappearance of the band at around 1,640 cm−1 (water
bending vibrations) and of the shoulder at 3,000 cm−1 (H2O–
CO2−

3 interaction in the interlayer). Decomposition of the
interlayer carbonates resulted in a decrease in the intensity of
the band at 1,370 cm−1. A new broad band in the range of
1,400–1,500 cm−1 arised from the interaction of non-interlayer
carbonates with Mg2+ cations on the surface of mixed oxides
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(Abelló et al., 2005). Additionally, the DRIFT spectra of mixed
oxides show that reversible adsorption of water from air can take
place during experiments as evidenced by the existence of a small
band at around 1,640 cm−1 and re-appearance of a broad band
with the maximum at 3,450 cm−1.

Thermal Treatment of the As-Prepared
MgGa LDHs to Mixed Oxides
Figure 3 depicts the TGA (A) and DTG (B) profiles of the as-
prepared MgGa hydrotalcites affording the corresponding MgGa
mixed oxides. The total weight loss of the samples is in the range
of 36.1–39.1 wt.% (Table 2) and it corresponds well with the data
reported earlier for similar materials (López-Salinas et al., 1996;
Aramendía et al., 1999a; Thomas and Vishnu Kamath, 2005).
The weight loss is 12.2–12.8 wt.% in the temperature range of
50–200◦C (Table 2) and it corresponds to the removal of both
physically adsorbed and interlayer water molecules. Figure 3B
depicts that with increasing Ga content in the as-prepared
MgGa LDHs the amount of physisorbed water (Tmax. = 100–
120◦C) constantly decreases while the amount of interlayer water
(Tmax. = 170–185◦C) correspondingly increases. The second
weight loss of 21.0–22.6 wt.% is observed in the temperature
range of 200–500◦C and it originates from dehydroxylation of
the brucite-like layers and decomposition of carbonates in the
interlayer with the corresponding evolution of water and CO2,
respectively. Figure 3B evidences that the shape of DTG curve
in this temperature range depends on Ga content in the samples.
MgGa-3A and MgGa-4A have only one predominant signal at
T ≈ 380◦C, while the DTG curve of MgGa-2A has an additional
signal at T = 270◦C. Earlier, the presence of more than one
kind of OH-groups which differ in properties was suggested
in MgAl hydrotalcites with low Mg/Al ratio (Kikhtyanin et al.,
2017a). Similarly, the presence of the low-temperature signal
in DTG curve of MgGa-2A can be attributed either to the
dehydroxylation of defective Ga atoms in the composition of
layered structure or to the dehydroxylation of XRD invisible Ga
hydroxide phase.

Above 500◦C, the DTG curve evidences the small additional
weight loss of 2.8–4.3 wt.%. Aramendía et al. (1999a) suggested
that the final weight loss involves the sustained release of water
which results from the residual dehydroxylation of the species
with results in Ga2O3 phase. Nevertheless, without carrying out
additional TGA-MS experiments, it is impossible to uniquely
assign this signal to a certain species.

MS curves from the TGA-MS experiments (Figure 4)
demonstrate that the dehydroxylation of brucite-like layers and
decomposition of charge-compensating carbonates in MgGa
hydrotalcites occurs simultaneously in similar temperature
range. Nevertheless, the removal of water due to dehydroxylation
takes place in a broader range compared to decarbonation
(Figure 4) and it ends at temperatures of 550–600◦C. It is
also seen (Figure 4) that the dehydroxylation of samples with
high Ga content occurs in two steps which are characterized
by the presence of two peaks at T ≈ 290 and T ≈ 370◦C.
It allows suggesting that these samples possess two kinds of
hydroxyl groups in their composition. Additionally, a slight
increase in the TGA-MS-H2O profile at temperatures up to
800◦C suggests dehydroxylation of the residual OH groups in
MgGa mixed oxides, while a small peak at 590◦C in TGA-MS-
CO2 profile can be attributed to the decomposition of residual
carbonates. A ratio between areas under TGA-MS-H2O and

TABLE 2 | The results of thermal analysis for the studied MgGa hydrotalcites.

Sample Weight loss (%) Ratio between signals
TGA-MSH2O/TGA-

MSCO2 in the range of
T = 200–500◦C20–200◦C 200–500◦C >500◦C Total

MgGa-2A 12.8 21.0 4.3 36.1 4.3

MgGa-3A 12.2 21.3 2.8 36.3 4.8

MgGa-4A 12.8 22.6 3.8 39.2 5.0

MgGa-2R10 53.2 16.4

MgGa-3R10 56.8 21.2

MgGa-4R10 51.3 31.6

FIGURE 3 | TGA (A) and DTG (B) curves of as-prepared MgGa hydrotalcites.
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TGA-MS-CO2 curves in the temperature range from 200 to
500◦C can serve as a measure of the ratio of removed H2O
and CO2 molecules by dehydroxylation and decarbonation,
respectively. This ratio increases from 4.3 to 5.0 with an
increase in Mg/Ga ratio from 2 to 4 (Table 2) and it reflects
the decrease in carbonate groups in the as-prepared samples.
It seems to be logical since the theoretical Ga3+/CO2−

3 ratio
in the as-prepared hydrotalcites is constant and equal to 0.5,
while the content of structural hydroxyls is independent on
Mg/Ga ratio, so less carbonate groups are present in low-gallium
samples.

Reconstructed MgGa LDH Materials
Figure 5A depicts XRD patterns of MgGa-3R0.25 to MgGa-
3R40 samples prepared by rehydration of MgGa-3C using
decarbonized water under vigorous stirring for different time
ranging from 0.25 to 40min. All prepared samples represent well-
crystalline materials with hydrotalcite structure and, therefore,
evidence that the prepared MgGa mixed oxides demonstrate
a “memory effect” firstly described for MgAl mixed oxides
(Miyata, 1980). Figure 5B shows the effect of the duration of
the rehydration of MgGa mixed oxide on the crystallinity of
the resulting reconstructed LDH. Two main conclusions can be
drawn from the observed dependence. Firstly, the crystallinity

exceeds 50% already after 0.25min of rehydration and is close to
100% after 1min without a visible change with further increase in
treatment time. Secondly, Figure 5A shows that the intensity of
the XRD reflexes at low 2θ values (<25◦) are higher whereas those
at higher 2θ values (>25◦) are lower in comparison with the XRD
patterns of the as-prepared MgGa LDHs. This difference may be
due to a change in the textural characteristics of the reconstructed
materials, which will be discussed further when considering SEM
results.

The results suggest that the transformation of MgGa mixed
oxide occurs very rapidly upon contact with water, similar to the
behavior of MgAl mixed oxides (Kikhtyanin et al., 2017b). Only
a few minutes of rehydration are enough to get reconstructed
MgGa LDHs with maximal crystallinity. In addition, the peak
at 2θ ≈ 36◦, which was present in the XRD patterns of MgGa
mixed oxides (attributed either to the presence of magnesium
gallate, MgGa2O4, or to the presence of Ga cations in tetrahedral
sites in the magnesia lattice), is not observed in the XRD
patterns of the reconstructed materials. The disappearance of
this line designates either the reverse transformation of such a
specific MgGa compound into the HTC structure or, at least,
these species become XRD-invisible because of a decrease in
their size, concentration, or crystallinity during the rehydration
treatment.

FIGURE 4 | TGA-MS spectra of evolved H2O and CO2 molecules for MgGa-2A (A), MgGa-3A (B), and MgGa-4A (C) samples.

FIGURE 5 | (A) XRD patterns of reconstructed MgGa hydrotalcites at different rehydration times. 1-MgGa-3R0.25; 2-MgGa-3R0.5; 3-MgGa-3R1; 4-MgGa-3R5;

5-MgGa-3R-10; 6-MgGa-3R40. (B) The dependence of MgGa-3R crystallinity on the duration of MgGa mixed oxides rehydration.
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The basal spacing between the layers (d) can be calculated
from the position of the peak assigned to (003) reflection,
however, the calculation of unit cell dimension (a) for the
reconstructed samples not possible because of the very low
intensity of (110) reflection. Table 1 evidences that the d-
value calculated for MgGa-2R10, MgGa-3R10, and MgGa-4R10
(Table 1) is less than that for the as-prepared samples. The basal
spacing (d) can be considered as an indicator for the number of
heteroatoms (Ga in this study) in “brucite-like” layers. Therefore,
the increase in this value observed for the reconstructed samples
allows suggesting that not all Ga atoms are recovered to the
crystallographic sites of HTC framework after the rehydration
of MgGa mixed oxide. Plausibly they are part of an amorphous
phase.

DRIFT study (Figure 6) provides an additional proof for the
existence of the “memory effect” for MgGa samples: DRIFT
spectra of the reconstructed materials are very similar to those
of the as-prepared materials. Moreover, the spectra do not
show any dependence on the rehydration time of MgGa mixed
oxides, so Figure 6 depicts only the results for the reconstructed
samples prepared by rehydration for 10min. The recovery of the
structural hydroxyl groups in the brucite-like layer is evidenced
by an increase in the intensity of the wide band in the range
of 2,500–3,600 cm−1. The shoulder signal at 3,050 cm−1 and
the band at 1,670 cm−1 re-appear in the spectra, indicating the
presence of physisorbed and interlayer water in the prepared
samples. The high intensity of the band at 1,370 cm−1 suggests
the presence of a large number of interlayer compensating
anions. As mentioned earlier, this band is attributed to interlayer
carbonates in the case of the as-prepared samples. Abelló
et al. (2005) noted that this band in the reconstructed MgAl
hydrotalcites may also indicate the presence of carbonate groups
in the prepared samples due to their contamination with CO2

during the rehydration step. However, based on TGA-MS results
we proposed that the band at 1,370 cm−1 can characterize
not only carbonate, but also hydroxyl groups in the interlayer
(Kikhtyanin et al., 2017b). Accordingly, we believe that the band
at 1,370 cm−1 present in the spectra of MgGa reconstructed
materials is mostly due to hydroxyl groups rather than carbonate
groups. In the analysis, we considered the differences in the
signals from H2O and CO2 in TGA-MS spectra (see below).

According to TGA results, the total weight loss of the
reconstructedMgGa samples is in the range of 51–57% (Table 2),
which is larger than expected based on the composition of these
samples. As shown in Kikhtyanin et al. (2017b), this can be
explained by the presence of excessive physisorbed water in the
reconstructed samples, which is not removed during the drying
of the samples after rehydration. In this case, the TGA method
gives only general information about the increase in weight of the
obtained samples. More useful information can be obtained by
using the TGA-MS method, which allows estimating the relative
amount of released H2O and CO2 molecules and, consequently,
the relative content of hydroxyl and carbonate groups in the
reconstructed MgGa LDHs.

There were observed approximately similar intensities of
TGA-MS-H2O and TGA-MS-CO2 signals of reconstructed
samples with different Mg/Ga molar ratios. Also, the

FIGURE 6 | DRIFT spectra for reconstructed MgGa-2R10 (1), MgGa-3R10 (2),

and MgGa-4R10 (3).

TGA-MS-H2O and TGA-MS-CO2 profiles did not show a
significant dependence on the rehydration duration. Therefore,
Figure 7 depicts the selected characteristic TGA-MS profiles of
reconstructed samples with different Mg/Ga ratios and the same
rehydration time (10min) of the corresponding mixed oxides.
Figure 7 evidences that the intensity of the signal in TGA-MS-
CO2 profiles is substantially lower for all the rehydrated samples
compared with their as-prepared MgGa LDHs counterparts
(Figure 4).

Table 2 shows the range of ratios calculated from the areas
under the TGA-MS signals of H2O and CO2 evolution in the
range of 200–500◦C. This ratio continuously increases from
16.4 to 31.6 with growing Mg/Ga ratio in the reconstructed
MgGa samples. In an ideal case, carbonate groups should
be completely absent in the reconstructed MgGa LDHs. In
the prepared reconstructed MgGa samples, the presence of
carbonates can have two causes. Firstly, MgGa mixed oxides
may contain a certain amount of residual carbonates that
have not be decomposed during the thermal treatment of the
corresponding MgGa LDHs. Indeed, TGA-MS spectra (Figure 4)
evidence residual CO2 evolution at temperatures above
450◦C, which is calcination temperature for the as-prepared
materials. Secondly, the reconstructed LDHs can be accidentally
exposed to CO2 from air during the rehydration/drying
processes involved in their preparation and/or during the TGA
experiment. In any case, it is practically impossible to avoid
completely the presence of carbonates in the reconstructedMgGa
materials.

SEM
SEM images were recorded to investigate the morphology of
MgGa materials with different Mg/Ga ratio. The micrographs of
the as-synthesized LDHs with Mg/Ga molar ratio in the range of
2–4 (Figure 8) show a well-developed layered structure which is
typical for of hydrotalcite-like materials.

MgGa-3A with the highest crystallinity was formed by well-
developed large platelet aggregates with the size in the range
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FIGURE 7 | TGA-MS spectra for reconstructed MgGa-2R10 (A), MgGa-3R10 (B), and MgGa-4R10 (C).

of 5–10µm consisting of thin, hexagonal, plate-like crystals of
1.5–2.5µm in length (Figure 8A1). MgGa-2A with higher Ga
content was formed by smaller aggregates of ≤5µm in size
(Figure 8B1). They were composed of plate-like crystals which
were smaller in size (0.7–1.5µm) and significantly thinner than
those in Mg/Ga= 3. This tendency was observed previously also
for MgAl LDHs (Kikhtyanin et al., 2017a). MgGa-4A with lower
Ga content was built of large massive agglomerates where the
plate-like crystals had the size of 1.7–3.5µm (Figure 8C1). The
SEM images of the as-prepared MgGa LDHs also evidence that
MgGa-3A has the largest size of individual platelets.

MgGa mixed oxides obtained upon calcination at 450◦C
maintained a lamellar structure (Figures 8A2–C2). Moreover,
the morphology and the size of plate-like crystals and
agglomerates were very similar to that of the corresponding as-
prepared samples. Nevertheless, the morphology of the crystals
of the reconstructedMgGa LDHs was significantly different from
the as-prepared materials and mixed oxides. Figures 8A3–C3
depict the SEM images of the reconstructed MgGa materials
prepared by rehydration of the corresponding MgGa mixed
oxides for 10min. First of all, separate plate-like crystals became
stacked together and created large unshaped agglomerates with
the size≥20µm inMgGa-3R10 and≥10µm inMgGa-2R10 and
MgGa-4R10. The size of the individual platelets in the crystals
of the reconstructed MgGa LDHs was noticeably smaller, but
the thickness of the platelets slightly increased in comparison
with the as-prepared materials and mixed oxides. The shape
of these platelets became irregular and more defective after
rehydration. Finally, Figure 8B3 evidences that the surface of
the platelets was cracked. It is obvious that rehydration of
mixed oxides had a significant effect on the morphology of the
resulting crystals of rehydrated LDHs even though their layered
character was preserved. Because of these transformations, the
intensity of reflexes in XRD patterns of the reconstructed
MgGa LDHs also changed in comparison with the as-prepared
materials.

Acid-Base Properties
Figure 9A depicts the NH3-TPD profiles of MgGa mixed oxides
with different Mg/Ga ratio while Table 3 reports the total

concentration of acid sites determined from the total amount of
desorbed NH3 from MgGa mixed oxides.

MgGa-3C possesses the largest concentration of acid sites,
190 µmol·g−1, while MgGa-2C and MgGa-4C have similar
concentration of acid sites, 96 µmol·g−1. A comparison in the
shapes of the obtained curves allows suggesting that the mixed
oxides contain acid sites varied in their strength. Indeed, two
peaks with maximums at about 160 and 250◦C can be identified
in the TPD profiles (Figure 9A). However, there is no clear
dependence of the intensity of individual peaks on Mg/Ga molar
ratio. Assuming that the acidity of MgGa mixed oxides should
originate from Ga oxidic species, the obtained result is rather
curious. Nevertheless, it allows suggesting that the acidity of
mixed oxides is not only a consequence of their composition, but
other factors, such as presence of admixtures, the distribution of
heteroatoms throughout the crystalline framework, etc., should
be considered. This implies using broader characterization
methods than those used in the present study.

Figure 9B shows the CO2-TPD profiles of MgGa mixed
oxides. Table 3 gives the total concentration of basic sites derived
from the total amount of evolved CO2. The TPD curves obtained
for all three MgGa mixed oxides have a pronounced maximum
between 100 and 120◦C. As mentioned previously (López-Salinas
et al., 1997; Aramendía et al., 1999a), the peak in the low-
temperature region of CO2-TPD curve may be assigned to weak
basic sites (OH groups). In our previous work, we reported for
MgAl mixed oxides that this peak also could reflect the part
of medium basic sites (Mg-Al pairs) (Smoláková et al., 2017).
Additionally, López-Salinas et al. (1997) observed the second
peak on the CO2-TPD curve for MgGa mixed oxides, which
was present at 200–250◦C as a shoulder partially overlapped
with the first peak, and a small third peak present as a shoulder
above 400◦C. The authors ascribed these additional peaks to
the appearance of medium and very strong basic sites present
in MgGa mixed oxides, respectively (López-Salinas et al., 1997).
Taking into account the shape of CO2-TPD profiles obtained in
the present study, we do not dare to discriminate with certainty
between different peaks in the curve and, consequently, we do
not provide quantitative contribution of basic sites varied by their
strengths to the total basicity of MgGa mixed oxides. Similarly,
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FIGURE 8 | SEM images of MgGa as-prepared materials (A1–C1), mixed oxides (A2–C2), and reconstructed LDHs rehydrated during 10min (A3–C3). A, Mg/Ga = 2;

B, Mg/Ga = 3; C, Mg/Ga = 4.

Aramendía et al. (1999a) reported it was difficult to express the
strength of basic sites on an absolute scale and to quantify the
number of the sites.

The total concentration of basic sites in the MgGa mixed
oxides is 149 and 178 µmol·g−1 for MgGa-2C and MgGa-3C,

respectively, but it noticeably decreases to 90 µmol·g−1 for
MgGa-4C. MgGa-3C mixed oxide possesses both the highest
amount of acid and basic sites. The dependence of the number of
basic sites on Mg/Ga molar ratio follows a general trend between
a chemical composition and the total basicity that was earlier
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FIGURE 9 | (A) NH3-TPD and (B) CO2-TPD profiles of MgGa mixed oxides.

TABLE 3 | Concentration of acid and basic sites in MgGa mixed oxides determined by TPD of adsorbed NH3 and CO2, correspondingly.

Sample Amount of desorbed
NH3, µmol·g−1

Amount of desorbed CO2, µmol·g−1 Evaluated concentra-tion
of interlayer hydroxyls,

µmol·g−1

Theoretical concentra-tion
of interlayer hydroxyls,

µmol·g−1

Recovery of Ga atoms
by reconstruct-tion

process, %Total L.T. H.T.

MgGa-2C 96 149 64 784 1,568 3,784 41

MgGa-3C 190 178 113 770 1,540 3,016 51

MgGa-4C 96 90 88 886 1,772 2,565 69

MgGa-2R10 – 848

MgGa-3R10 – 883

MgGa-4R10 – 974

observed for MgAl mixed oxides (Kikhtyanin et al., 2017a).
Earlier, Di Cosimo et al. (1998) explained the decrease in the
basicity observed for MgAl mixed oxides with low Al content by
a significant Al surface enrichment. In line with this explanation,
it can be assumed that the loss of the total basicity observed
for MgGa-4C compared to materials with larger Ga content can
also be explained by the specific distribution of Ga atoms on the
external surface of the mixed oxides.

CO2-TPD is usually used to characterize the basic properties
(in terms of both the concentration of basic sites and
their distribution by strength) of mixed oxides prepared by
heat treatment of LDH materials (López-Salinas et al., 1997;
Aramendía et al., 1999a; Di Cosimo et al., 2000; Aramenda et al.,
2003; Kikhtyanin et al., 2017a). In contrast, the basic properties
of reconstructed hydrotalcites are characterized less often. Abelló
et al. (2005) performed an investigation of reconstructed MgAl
hydrotalcites by using CO2-TPD and identified two peaks in
their TPD profile, at around 400–420◦C and at ≈550◦C. They
attributed the observed peaks to two types of basic sites in
the rehydrated MgAl mixed oxides. The authors considered the
first peak as the contribution of mainly bidentate carbonates,
together with bicarbonate species, on the catalyst surface,
whereas the second smaller peak was ascribed to monodentate
species, similar to those observed in mixed oxides after CO2

adsorption.
Figure 10 depicts CO2-TPD profiles observed after the

interaction of CO2 with three reconstructed MgGa materials,
MgGa-2R10, MgGa-3R10, and MgGa-4R10. A strong intensive
peak with a maximum at around 400◦C was observed in the

CO2-TPD profiles of all the samples. Additionally several smaller
peaks can be distinguished between 50 and 230◦C. The obtained
profiles inevitably indicate the presence of different basic sites in
the reconstructed MgGa LDHs.

Table 3 gives the amount of CO2 desorbed up to 230◦C and
between 230 and 450◦C. The amount of CO2 that desorbed
up to 230◦C is between 64 and 113 µmol·g−1. That amount
of CO2 is lower compared to the amount of CO2 desorbed
from the correspondingMgGamixed oxides (90–178µmol·g−1).
However, it has to be mentioned that the absolute amount of CO2

desorbed from MgGa mixed oxides and reconstructed MgGa
LDHs cannot be directly compared due to the higher amount of
water present in the reconstructed materials. The highest amount
of desorbed CO2 in the range of T ≤ 230◦C is observed for the
reconstructed MgGa-3R10 material being prepared from mixed
oxide MgGa-3C having the highest number of acid and basic
sites. Nonetheless, most CO2 (between 770 and 886 µmol·g−1)
desorbed from the reconstructed MgGa materials between 230
and 450◦C. This is considerably more than for CO2 desorbed
fromMgGa mixed oxides (90–178 µmol·g−1, Table 3).

To explain the origin of the desorption peak between 230 and
450◦C in TPD profiles of reconstructed MgGa materials, we did
the same experiment as in the case of TPD-CO2, but without any
adsorption of CO2. In that case, only a marginal amount of CO2

desorbed from MgGa-3R10 up to 230◦C, but 1,186 µmol·g−1 of
CO2 desorbed between 230 and 450◦C. The desorbed CO2 can be
either from an external or an internal source. It is worth noting
that water used for rehydration can be excluded as a source of
carbonates.
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FIGURE 10 | CO2-TPD profiles for reconstructed MgGa LDHs.

The external origin could be attributed to a dramatic
increase in the number of basic sites in the reconstructed
MgGa materials compared to MgGa mixed oxides, followed
by the rapid interaction of interlayer hydroxyls in freshly
prepared reconstructed materials with CO2 from air during the
preparations for TPD measurements.

The internal origin could be explained by redistribution of
CO2 from carbonate species that were not decomposed, i.e., that
require>450◦C to decompose thermally. In a special experiment
we checked the amount of residual carbonate species in MgGa-
3C mixed oxide and found that the amount of CO2 desorbed
during a thermal treatment of MgGa-3C from 450 to 900◦C
is 155 µmol·g−1 (not shown). Consequently, the amount of
residual carbonates is too low to explain the CO2 desorbed from
the rehydrated materials between 230 and 450◦C. Based on this
experiment, the internal origin of carbonates in reconstructed
materials can be excluded.

Accordingly, wemay conclude that interlayer hydroxyl groups
(i.e., charge-compensating anions) in the reconstructed materials
readily interact with CO2 from air forming interlayer carbonates
similar to those present in as-prepared materials. It is evident
that the interaction of hydroxyl groups with CO2 from air
is fast as TPD-CO2 experiment with reconstructed MgGa-
3R10 material without CO2 adsorption followed the rehydration
process (the contact of the sample with air could not be
excluded). It seems more probable that the intensive peak at
around 400◦C in the CO2-TPD profile of reconstructed MgGa
LDHs originates from the decomposition of the newly-formed
interlayer carbonates rather than from the decomposition of
different species (bidentate or monodentate) on the surface of
reconstructed MgGa LDHs, as proposed in Abelló et al. (2005).

If so, the amount of desorbed CO2 molecules desorbed
between 230 and 450◦C in CO2-TPD experiments may be
considered as a quantitative characteristic of interlayer hydroxyls,
which exist in freshly reconstructed LDHs after rehydration
treatment. Such assumption can be valid provided that (i) MgGa
mixed oxide used for rehydration treatment is substantially free
from residual carbonates; and (ii) each CO2 molecule during
CO2-TPD experiments with reconstructed LDHs interacts with

two interlayer hydroxyls forming carbonate and water. Based
on these assumptions, the concentration of interlayer hydroxyls
should be two times larger than the concentration of desorbed
CO2, i.e., 1,540–1,772 µmol·g−1 (Table 3).

The maximum possible concentration of interlayer hydroxyls
in reconstructed MgGa LDHs can be calculated from the
theoretical composition of the corresponding samples, provided
that all Ga are in the crystallographic sites of HTC structure (it is
lower as evidenced by XRD data for the reconstructed materials).
Table 3 shows that the concentration of interlayer hydroxyls
estimated from the amount of desorbed CO2 in the range of 230–
450◦C is lower than the theoretically expected values. Moreover,
the increasing Ga content in MgGa LDH should increase the
concentration of interlayer hydroxyls. Nevertheless, the obtained
results suggest a reverse trend: the evaluated concentration of
hydroxyls decreases with the growth of Ga content. It should
be however noted that the amount of interlayer hydroxyls in
reconstructed materials may be underestimated because not all
such hydroxyls in interlayer can be probed by CO2, but those
located at the edges of the platelets, as proposed by Abelló
et al. (2005). Additionally, it should be considered that TPD
experiments with the rehydrated materials were terminated at
T = 450◦C, and this can also contribute to the underestimation
of evolved CO2, i.e., of interlayer hydroxyls. In any case,
the performed CO2-TPD experiments give, albeit indirectly, a
possibility to evaluate the amount of Brønsted basic sites in
reconstructed MgGa materials.

Catalysis
Before discussing the catalytic results obtained for MgGa
catalysts, several related aspects need to be considered. Firstly,
on the interaction of reaction mixture with a basic catalyst, both
aldol condensation of furfural and acetone self-condensation take
place simultaneously. However, in the performed experiments it
was found that acetone conversion by self-condensation route
did not exceed 2% and therefore it was excluded from further
consideration. Secondly, partial dissolution of a catalyst in a
reaction mixture may occur under liquid phase conditions which
could enable homogeneous reactions. To test this possibility,
MgGa-3C was separated from the reaction mixture after 20min
(in a dedicated experiment) and the remaining reaction mixture
was stirred for 2 h. The composition of the reaction mixture after
20min and after the additional 2 h of the experiment was virtually
unchanged and catalyst leaching could therefore be excluded.
Thirdly, furfural conversion in the presence of the as-prepared
MgGa materials was below 0.5% proving that aldol condensation
of furfural and acetone required basic sites formed by calcination
(MgGa mixed oxides) or calcination followed by rehydration
(reconstructed MgGa LDHs) of the as-prepared MgGa LDHs.

Figure 11A depicts furfural conversion as a function of
reaction time in presence of MgGa mixed oxides with different
Mg/Ga ratio at T= 50◦C.

Among all studied catalysts, MgGa-2C demonstrated the
largest furfural conversion of 6.7% after 120min of the reaction
at T = 50◦C (Figure 11A). The increase of Mg/Ga ratio
in the MgGa mixed oxides resulted in a consistent decline
of furfural conversion. The observed trend in the furfural
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FIGURE 11 | Catalytic properties of MgGa mixed oxides. (A) Furfural conversion, (B) Selectivity to reaction products at furfural conversion ≈4%. T = 50◦C, molar

ratio Ac/F = 5.

conversion (Figure 11A) does not show a direct correlation
with the concentration of neither acid nor basic sites present in
these catalysts (Table 3), and it contrasts with what was usually
observed for HTC-derived MgAl mixed oxides (Di Cosimo
et al., 1998; Kustrowski et al., 2006; Kikhtyanin et al., 2017a).
Therefore, other characteristics of the catalysts should be also
considered. For instance, not only the number of active sites, but
also their accessibility plays a key role in the observed catalyst
activity. Figure 8A2 evidences that the size of the individual
platelets of MgGa-2C is lower than that of MgGa-3C. The smaller
platelets of MgGa-2C could facilitate the access of reactant
molecules to active sites and the removal of reaction products,
thus contributing to the increase in furfural conversion. Similarly,
Abelló et al. (2005) also discussed the accessibility of active sites
in the reconstructed MgAl materials differing in both the size of
the platelets and porosity.

Figure 11B shows the product selectivity at furfural
conversion ≈4% observed for MgGa mixed oxides with
different Mg/Ga ratio. For all catalysts, the selectivity toward
FAc is similar (3.9–5.2%), but the selectivity to F2Ac obviously
increased with the increasing gallium content in the catalysts.
In view of the smaller platelets in MgGa-2C, the favorable
formation of the second (larger) condensation product seems to
be reasonable.

Figure 12A demonstrates the dependence of furfural
conversion on the duration of catalytic experiment at T = 25◦C
observed for reconstructed MgGa-3R materials varied by
the rehydration time. The furfural conversion is significantly
higher compared to the corresponding MgGa mixed oxides
(Figure 11A). The observed change in the furfural conversion
is in agreement with results obtained earlier for MgAl-derived
materials (Kikhtyanin et al., 2017b) thus suggesting that,
independently on the chemical composition of LDHs, Brønsted
rather Lewis basic sites are favorable for aldol condensation of
furfural and acetone. Figure 12A also evidences that the increase
in rehydration time resulted in an increased furfural conversion.
Such behavior was earlier reported for reconstructed MgAl
hydrotalcites (Kikhtyanin et al., 2017b). Taken together, the
catalytic performance of both MgAl and MgGa reconstructed
LDHs is enabled by rehydration of the corresponding mixed

oxides. Regardless of rehydration duration, all reconstructed
MgGa LDHs exhibit same product distribution in dependence
on furfural conversion (Figure 12B) with selectivity to FAc,
FAc-OH, and F2Ac being in the range of 8.7–9.8, 76.7–79.2,
and 7.8–9.2%, respectively at furfural conversion ≈30%. The
similarity in the composition of reaction products regardless
the rehydration time allows suggesting that the acid-base
characteristics of the catalysts are identical. Consequently, the
incomplete reconstruction of HTC framework has no impact on
the selectivity but affects the catalytic behavior of the catalysts.

Figure 12C depicts the dependence of furfural conversion on
Mg/Ga ratio of reconstructedMgGamaterials. The reconstructed
MgGa materials with Mg/Ga ratio in the range of 2–4 exhibit
the high furfural conversion of 56.6–59.7% after 120min of the
reaction at 25◦C. Nevertheless, despite the observed similarity
at the end of experiment, the furfural conversion over MgGa-
2R10 is lower than that over the other two catalysts, particularly
at the beginning of the experiment indicating a lower activity of
MgGa-2R10. The observed tendency does not correlate totally
with the CO2-TPD results for the reconstructed MgGa materials
(Figure 10 and Table 3). Indeed, provided that the amount of
CO2 removed from the samples in CO2-TPD experiments in
the range of 230–450◦C characterizes the amount of interlayer
hydroxyls which are Brønsted basic sites, i.e., the active sites of
the reaction, the furfural conversion for the reconstructed MgGa
LDHs in the reaction should increase in the following order:
MgGa-3R10 ≈ MgGa-2R10 < MgGa-4R10. Actually, furfural
conversion observed on MgGa-2R10 and MgGa-3R10 differs. As
with MgGa mixed oxides, also in the case of reconstructed MgGa
LDHs the accessibility of active sites could play a crucial role. In
this case a difference in the size of CO2 and organic molecules
which is responsible for their diffusion to Brønsted basic sites
should be taken into account.

A change in Mg/Ga ratio had practically no effect on the
composition of reaction products obtained on the reconstructed
MgGa LDHs. At furfural conversion of about 30% MgGa-2R10
all reconstructed materials have FAc-OH selectivity of 71–73.5%,
FAc selectivity of 8.1–9.3% and F2Ac selectivity of 12.1–12.9%
(Figure 12D). The obtained results show that, independently
on chemical composition, the basic sites in the reconstructed
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FIGURE 12 | (A) The change in furfural conversion in the course of experiment observed on MgGa-3R samples prepared by different rehydration time. (B) The
dependence of product selectivity on furfural conversion observed on MgGa-3R-X catalysts (• – FAc-OH, 1 - FAc, x – F2Ac). (C) Influence of Mg/Ga in reconstructed

MgGaXR-10 samples on furfural conversion. (D) Influence of Mg/Ga in reconstructed MgGaXR-10 samples on product selectivity at furfural conversion ≈30%.

T = 25◦C, molar ratio Ac/F = 5.

MgGa LDHs act similarly in aldol condensation of acetone with
furfural (Scheme 1). Thus, the prepared reconstructed MgGa
LDHs exhibit similar trends in catalytic performance in aldol
condensation reaction that have been previously observed for
MgAl hydrotalcite-derived materials, i.e., the enhanced activity
compared to corresponding mixed oxides and the dependence
of reaction product composition on the acid-base and textural
characteristics of the catalysts. Nevertheless, a direct comparison
of the physico-chemical properties and the catalytic performance
of MgAl and MgGa mixed oxides and reconstructed LDHs could
be considered as the subject of a separate study.

CONCLUSION

The results obtained in this paper demonstrate that the synthesis
and the characterization approaches developed earlier for Mg-Al
LDH-derived materials can be successfully applied in the case of
MgGa samples. The heat treatment of as-prepared MgGa LDHs
leads to the destruction of HTC structure and the formation
of MgGa mixed oxides. These oxidic materials have both acidic
and basic sites and they demonstrate an intersiting values of
furfural conversion in the aldol condensation of furfural and
acetone. The contact of freshly calcined MgGa mixed oxides
with pure water results in the fast recovery of HTC structure
of MgGa materials, as it is evidenced by XRD, TGA, and
DRIFT. The XRD study of the reconstructed MgGa LDHs
suggests that after the rehydration process only part of Ga atoms

occupy the crystallographic sites of the HTC crystal framework.
Nevertheless, the reconstructed MgGa LDHs have significantly
higher values of furfural conversion in the aldol condensation
of furfural and acetone compared to the corresponding MgGa
mixed oxides. Being catalyzed by Brønsted basic sites more
effectively, the reaction proves presence of interlayer hydroxyls in
the reconstructedMgGa LDHs. Nevertheless, the basic properties
of the reconstructed materials cannot be properly characterized
by such routine method as CO2-TPD because during the
experiment CO2 as a probe molecule reacts with the interlayer
hydroxyls forming interlayer carbonates rather than adsorbed
CO2 species on basic sites. By the combination of physico-
chemical properties and catalytic performance, MgGa mixed
oxides and reconstructed MgGa LDHs are analogous to the
corresponding Mg-Al counterparts. However, a difference in the
nature of the M3+ element, Al vs. Ga, which are present in HTC
structure should have a significant effect in other applications
of these materials, which can be identified in forthcoming
studies.
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a  b  s  t  r  a  c  t

In this  article,  properties  of  laboratory  and  industrially  prepared  Mg–Al  layered  double  hydroxides  (LDH)
with  Mg:Al  molar  ratios  varied  in the range  from  2 to  4 were  compared.  Physico-chemical  properties  of
the  studied  materials  were investigated  with  XRD,  SEM,  N2 physisorption,  TGA  and  CO2-TPD methods.
Catalytic  behavior  of  the  LDH  samples  was  examined  in the  liquid  phase  aldol  condensation  of furfural  and
acetone  at  20  and  60 ◦C. It  was  found  that LDH  from  the small-scale  preparation  have  different  physico-
chemical  characteristics  than the  LDH  materials  originating  from  the  large-scale  (industrial)  preparation
which  is  also  reflected  in their  catalytic  behavior.  As-synthesized  laboratory  LDH  catalysts  are  phase-
pure  crystalline  samples  with  hydrotalcite  structure  while  the industrial  materials  also  possess  MgO  as
admixture.  The  laboratory  samples  possess  larger  BET  surface  area  and  mesopore  volume  in comparison
fural
tone

with  the industrially  prepared  ones.  Despite  the  similarity  in  basic  properties  of the  studied  materials,  the
samples  with  molar  ratio  Mg:Al  =  3  in both  groups  of LDH  using  different  method  of preparation  possess
the  best  activity  in  aldol  condensation.  Generally,  the  calcined  laboratory  samples  are more  active  than
the  industrial  materials  in  the  reaction.  This  is  explained  by the  better  textural  properties  of  the former
ones  and  their  susceptibility  to in-situ  reconstruction  in  the  presence  of  water  formed  during  the  reaction.
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Introduction

Layered double hydroxides (LDH) are formed by substitution
atoms of the matrix crystalline framework on atoms of elements
th different valence. Among them, hydrotalcites (HTC) are mostly
own, which possess a brucite-like [Mg(OH)2] network wherein
morphous substitution of Mg2+ ion by a trivalent cation M3+

curs and the excess positive charge is compensated by anions
ich are located in the interlayer along with water molecules.

nsequently, they exhibit basic properties and could be used in
umber of reactions of organic synthesis, including C–C bond

mation, isomerization, cyclization, etc. [1–4].
Synthesis of fine chemicals from biomass by heterogeneously

talyzed reactions is a recent topic of great importance partic-
rly in the view of the finite reserves of fossil resources and
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e connected adverse environmental impacts of the use of these
n-renewable resources [5,6]. Among them, aldol condensation
an important reaction as it allows obtaining compounds with
ger number of C atoms starting from simple organic molecules

,7,8] that are typical intermediates in biomass processing. More-
er, it makes possible the evaluation of the catalysts from the
wpoint of the peculiarities of their physicochemical character-
ics. As a result, the attention is focused on the search of efficient
talysts for aldol condensation due to the prospect of creating
w technologies for the synthesis of fine chemicals, pharma-
uticals, plasticizers and fragrances from renewable chemicals
,9,10]. Until now the industrial aldol condensation technologies
ly on the use of NaOH as a catalyst, which results in high opera-
n costs and serious environmental problems [11,12]. Hence, the

velopment of basic heterogeneous catalysts, for example HTC,

 this field is essential. A lot of publications accessible in open
erature deal with different methods of preparation of HTC mate-
ls on laboratory scale [13–16], as well as with study of their
ysico-chemical and catalytic properties [17,18]. Nevertheless,
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an objective assessment of the prospects of a new technology is
hardly possible without estimation of the possibility to move from
the laboratory synthesis of catalysts to the large-scale industria
preparation. However, publications on comparing the properties
of laboratory and industrially prepared HTC samples in aldol con-
densation are missing. Therefore, the main objective of the present
study is to provide information about differences between lab-
oratory and industrially prepared hydrotalcites with respect to
their physico-chemical and catalytic properties. Both groups of the
materials were characterized by a number of methods (XRD, N2
physisorption, ICP, TGA, CO2-TPD and SEM). Their catalytic proper-
ties were compared in aldol condensation of furfural and acetone
which was chosen as a commonly used test reaction for evaluating
basic properties of solids.

2.  Experimental

2.1. Preparation of the samples

2.1.1. Preparation of catalysts precursor
Industrially prepared Mg–Al hydrotalcites with Mg/Al molar

ratio ranging from 2:1 to 4:1 were provided by Eurosupport Man-
ufacturing Czechia (ESMC) as dried samples at temperature 150 ◦C
They were denoted HTC Mg/Al molar ratio-I; e.g. HTC 3:1-I denotes
industrially prepared hydrotalcite sample having Mg/Al molar ratio
equal approximately to 3:1.

Laboratory prepared Mg–Al hydrotalcites with Mg/Al the same
molar ratio ranging from 2:1 to 4:1 were synthesized by co-
precipitation at constant pH value. They were denoted HTC Mg/A
molar ratio-L; e.g. HTC 3:1-L denotes laboratory prepared hydrotal-
cite sample having Mg/Al molar ratio equal approximately to 3:1
The preparation procedure involves mixing of an aqueous solution
of magnesium nitrate Mg(NO3)2·6H2O, p.a. (Lach-Ner) and alu-
minum nitrate Al(NO3)2·9H2O, p.a. (Lach-Ner), solution A, and a
basic solution of potassium carbonate K2CO3, p.a. (Lachema) and
potassium hydroxide KOH, p.a. (Lach-Ner), solution B. Solution A
contained always the same concentration of Mg(NO3)2 8.2 wt% and
the appropriate amount of Al(NO3)3 in order to obtain hydrotalcite
with the desired Mg/Al molar ratio. Solution B used as precipita-
tion agent was prepared by dissolving relevant amount of K2CO3
and KOH in order to obtain content 5.9 wt% of K2CO3 and 14.4 wt%
of KOH.

In the synthesis procedure, 500 ml  of demineralized water was
placed in a 4000 ml  baker and heated to temperature 60 ◦C. This
temperature was  stayed constant for the duration of the precip-
itation procedure. Solution A was dropped via membrane pump
(STEPDOS FEM 08) into the baker under vigorous stirring. Flow rate
of solution A was 10 ml  per minute. At the same time, solution B
was added into the baker via membrane pump (KNF Liquidport NF
100 FT.18RC) connected with pH controller (OMEGA INFCPH PHCH-
37) which set up flow rate of solution B for constant pH value 9.5
maintaining.

After that, the obtained suspension was stirred at 60 ◦C for 1 h
Then the solid LDH was separated by filtration, washed with dem-
ineralized water and dried at temperature 60 ◦C for 12 h.

2.1.2. Catalyst activation
The  following calcination procedure was applied to transform

the as supplied LDH materials into catalysts. As-prepared LDH
◦
materials were calcined at 450 C in air and mixed Mg–Al oxide

catalysts were obtained. The temperature during calcination was
raised at the rate of 5 ◦C/min to reach 450 ◦C and maintained for
16 h. The calcined mixed oxides were used as catalysts in aldol
condensation reaction directly.

ART - 13
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2.2.  Physico-chemical methods

The crystallographic structures of dried LDH catalysts were
determined by X-ray powder diffraction using a Philips MPD  1880
working with the Cu-K� line (� = 0.154 nm)  in the 2� range of 5–70◦

at a scanning rate of 2� of 2.4◦/min. The size and shape of hydro-
talcite crystals were determined by scanning electron microscopy
(Jeol, JSM-5500LV). The elemental composition was determined
by ICP-OES equipment (HPST, Agilent 725). The textural proper-
ties of the catalysts (specific surface area and pore volume) were
measured by nitrogen physisorption at 77 K using a Micromeritics
TRISTAR 3000 surface area and porosity analyzer. Thermogravi-
metric analysis (TGA) of dried LDH catalysts were obtained using
a TA Instruments TGA Discovery series operating at heating ramp
10 ◦C/min from room temperature to 900 ◦C in flowing of nitrogen
(20 ml/min, Linde 5.0). Approximately 15 mg  of sample was  heated
in an open alumina crucible.

Temperature programmed desorption of carbon dioxide as
probe molecule (TPD-CO2) was  carried out on AutoChem equipped
with a TPD detector and mass spectrometry using quadrupole spec-
trometer (MS  OmniStar). Approximately 100 mg  of catalyst (grain
of 0.25–0.5 mm)  was  placed in quartz reactor. Before TPD exper-
iments the catalysts were outgassed at 450 ◦C for 4 h in a flow of
helium. Subsequently the catalysts were cooled down to 0 ◦C and
treated with a CO2 flow (99% purity) for 30 min. Weakly adsorbed
CO2 was  removed by flushing with He at 0 ◦C for 30 min. The desorp-
tion of CO2 was measured by heating the catalyst from 0 to 900 ◦C at
a heating rate of 10 ◦C/min in He flow. The desorbed products were
analyzed by mass spectrometry. The number of basic sites was cal-
culated from the CO2 peaks (the molecular ion, m/z = 44) with help
of calibration using a known amount of CO2 desorbed from CaCO3
[19].

2.3. Reaction studies

The  experiments were carried out in a 100 ml  stirred batch reac-
tor (a glass flask reactor) at temperatures 20 and 50 ◦C. Before the
start of an experiment, 2 g of catalyst was  mixed together with a
stirred mixture of 39.5 g acetone and 6.5 g furfural (acetone/furfural
molar ratio 10:1, dried with molecular sieve 3A, pre-heated to the
desired reaction temperature) and kept at this temperature for 6 h
under intensive stirring. Before performing the series of exper-
iments, it has been established that under the chosen reaction
conditions the reaction is limited neither by external nor internal
mass transfer by changing the stirring rate and catalyst particle size
As synthesized and calcined catalyst agglomerates with particle
size less than 350 �m were used in the experiments. Samples were
withdrawn from the reactor during the experiment (one sample
per 1 h), filtered, and analyzed by Agilent 7890A gas chromato-
graph equipped with a flame ionization detector (FID), using a
HP 5 capillary column (30 m/0.32 mm ID/0.25 �m). Reaction path-
way of aldol condensation of furfural with acetone is shown in
Scheme 1.

Catalytic results of aldol condensation of furfural and acetone
have been described by conversion and selectivity parameters that
have been calculated as follows:

reactant conversion (t) (mol%) = 100 × (reactantt=0–reactantt)
reactantt=0

;

selectivity to product i = (mole of reactant converted to product i)
(total number of mole of reactant converted)

.
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Scheme 1. Mechanism of the condens

The carbon balance calculated as the carbon atoms detected in
ch sample (C3, C5, C8 and C13) divided by the initial carbon atoms

and C5 fed) has been preserved during all experiments:

alance % = (3 mol  C3 + 5 mol  C5 + 8 mol  C8 + 13 mol  C13)
(3 mol  C3t=0 + 5 mol  C5t=0)

Results and discussion

.  XRD study

Fig.  1 depicts XRD patterns of the samples under study. Three
oratory prepared samples, HTC 2:1-L, HTC 3:1-L and HTC 4:1-L
g. 1A), possess the typical diffractograms of hydrotalcite-like
terials. The intensive peaks at 2� ≈ 11◦, 23◦ and 34◦ corre-

ond to the (0 0 3), (0 0 6) and (0 0 9) planes [14,20], indicating
ell-formed crystalline layered structure. A small shift of these

aracteristic peaks of HTC structure toward low-angle region is

served with the increasing Mg/Al molar ratio. This shift may
ggest the basal spacing expansion due to e.g. a difference in
ture of the intercalated anions which are presented in the
erlayer space [21]. Unlike the laboratory samples, the XRD
tterns of the materials prepared in an industrial large-scale basis

str
of 

mi
or 

tha

Fig. 1. XRD patterns of the laboratory and industrially prepared samples with d

ART - 13
(F2Ac)

eactions of furfural and acetone.

icate presence of more than one crystalline phase. Along with
 presence of XRD peaks corresponding to the HTC structure,
re are also reflexes from magnesium oxide and magnesium

droxide. It may  be assumed that in the course of large scale
eparation an incomplete interaction of the initial reactants has
curred. As a result the content of the desired HTC structure
creased at the expense of the simultaneous formation of MgO
d Mg(OH)2 admixture phases. It is clearly seen that the intensity
the characteristic peaks of the HTC structure is lower in the
ustrial samples in comparison with for the laboratory ones.
ong the large-scale prepared materials, the intensity of the

aks attributed to both HTC and MgO  phases is the highest for
 HTC 2:1-I sample while the intensity of the peaks of Mg(OH)2

ase is the highest for HTC 4:1-I and HTC 3:1-I samples.
The  XRD patterns of the calcined samples (Fig. 1B) exhibit

aks at 2� ≈ 37◦, 43◦ and 62◦ which correspond to diffraction
 the (1 1 1), (2 0 0) and (2 2 0) planes of periclase MgO  phase
]. The change of diffractograms reveals that the layered HTC
ucture was  completely transformed after the heat treatment
the samples. It is believed that after the calcination the alu-
nium compounds should be well-dispersed in the MgO  phase
should form a separate amorphous phase [22]. It is also seen
t peaks reflections of MgO  structure are higher and sharper for

ifferent Mg/Al molar ratio. (A) Raw materials, (B) calcined materials.
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Table  1
Chemical composition of the laboratory and industrially prepared samples and crystallite size of the calcined materials.

Parameter/sample Unit HTC 2:1-I HTC 3:1-I HTC 4:1-I HTC 2:1-L HTC 3:1-L HTC 4:1-L

Mg wt%  11.3 13.2 14.9 10.5 14.8 11.8
Al  wt%  5.6 4.5 4.0 5.7 5.4 3.2
Si  wt%  0.1 0.06 0.05 0.04 0.04 <0.02
Ca  wt%  0.12 0.08 0.11 0.02 0.02 0.01
Fe  wt%  0.05 0.03 <0.02 <0.02 <0.02 <0.02

K  wt%  <0.02 <0.02 

Mg:Al  mol/mol 2.24 3.28 

L200 nm 17.1 15.5 

the calcined industrially prepared samples in comparison with the

laboratory ones. The crystallite size of the mixed oxides was  esti-
mated from the plane (2 0 0) (2� ≈ 43◦) using the Debye–Scherrer
equation [23], and the calculated values are presented in
Table 1.

Fig. 2. SEM images of laboratory and large-scale prepa

ART - 13
<0.02 0.03 0.02 0.08
4.14 2.06 3.03 4.09

21.4 7.1 7.1 7.1

3.2. SEM
Fig. 2 shows SEM images of the prepared samples. It is seen that
the large-scale prepared samples represent large agglomerates of
10–15 �m,  which consist of tightly compacted sheets of a layered

red HTC samples with different Mg:Al molar ratio.
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Table  2
Textural properties of laboratory and industrially prepared LDH samples.

Sample BET surface area (m2/g) Pore volume* (cm3/g) Pore volume1–4 nm (cm3/g) Pore volume4–10 nm (cm3/g) Pore volume10–50 nm (cm3/g)

HTC 2:1-I 167 0.41 0.09 0.16 0.15
HTC  3:1-I 164 0.34 0.11 0.13 0.08
HTC  4:1-I 159 0.33 0.1 0.14 0.07
HTC  2:1-L 247 1.18 0.03 0.07 0.96
H
H

* BJ

ma
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TC  3:1-L 213 1.08 0.02 

TC  4:1-L 200 0.96 0.05 

H method.

terial. At the same time, small particles of micron size also pos-
sing a layered structure can be determined. These are likely to

 fragments of the large agglomerates. Laboratory samples also
resent large agglomerates up to 10 �m,  which consist of small

apeless particles of 1–2 �m in size. A more detailed analysis of
 images of the laboratory prepared samples reveals that these
all particles possess a well-developed layered structure which

characteristic of the LDH materials [24].

. Chemical analysis
Chemical  composition of all the materials in the as-dried form
s determined by the ICP method. Results presented in Table 1

ow that Mg/Al molar ratio in the samples is close to the claimed
ntent of these elements. The main impurities in the industrially
epared samples include small amounts of Fe, Ca and Si, while

th
to
be
tiv
ab

Fig. 3. TGA/DTG curves of the fresh laboratory an

ART - 13
0.10 0.91
0.10 0.74

e  laboratory samples occasionally contain a detectable amount
potassium.

. Textural properties

Table  2 presents data on textural properties of the samples. The
tained results show that in the two groups of differently pre-
red samples both BET specific surface area (BET SSA) and the
tal pore volume increase as Mg/Al molar ratio decreases. BET SSA

 the laboratory samples increases from 200 m2/g for HTC 4:1-L
 247 m2/g for HTC 2:1-L while the total pore volume increases in

e same direction from 0.89 cm3/g to 1.06 cm3/g. BET SSA and the
tal pore volume of the industrially prepared samples are lower
ing in the range of 159–167 m2/g and 0.31–0.4 cm3/g, respec-
ely. The pore size distribution provides additional information
out the difference in the textural properties of the two  groups of

d industrially prepared LDH catalysts.
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Table  3
Weight loss at different stages of heat treatment of the laboratory and industrially prepared LDH samples.

Sample Temperature range (◦C) Maximum of peak (◦C) Weight loss (%)

HTC 2:1-L 20–220  116, 193 16.5
220–500 309, 379 25.1
≥500  650 1.9

HTC  3:1-L 20–220  106, 193 17.3
220–500  335, 390 26.3
≥500  – 0

HTC  4:1-L 20–220  130 15.7
220–500  375 25.7
≥500 530  2.2

HTC  2:1-I 20–250  160, 219 11.8
250–500  382 21.5
≥500  – 0

HTC  3:1-I 20–240  125 7.5
240–500  412 24.1
≥500  555 1.8

117 6.7
406 24.3
563  1.7

-

.

-

.
-

-

r
f

-

f

.
-

-
f
,

)

2 2
TPD spectra of the samples indicate presence of at least two  types
of basic sites located in low temperature (T = 20–500 ◦C) and high
temperature (T ≥ 500 ◦C) regions. It is known that the basic sites
can be classified according to their different strengths (i.e. different

Table 4
Concentration of basic sites in the samples.

Sample CBS* 20–485 ◦C [�mol/CO2/gcat]

HTC 2:1-L 640
HTC 3:1-L 642
HTC  4:1-I 20–240  

240–500  

≥500

HTC samples (Table 2). For the industrial materials the pore size dis
tribution in the range of 1–50 nm is quite uniform and amounts to
0.07–0.16 cm3/g. Apparently, a relatively large contribution of the
small pores of 1–4 nm in the industrially prepared samples could
be a result of close packing of the layers which make up the large
agglomerates, as evidenced by the SEM images (Fig. 2–left column)
In contrast, most of the pores in the laboratory samples are in the
range of 10–50 nm,  which is a consequence of the specific morphol
ogy of the hydrotalcite materials (Fig. 2—right column) [24].

3.5.  Thermal decomposition of LDH materials

The process of the transformation of a hydrotalcite structure into
mixed oxides was  investigated by thermal analysis of the samples
TGA/DTG profiles of decomposition of the laboratory and industri
ally prepared materials are presented in Fig. 3. All of the studied
samples show three general decomposition steps that are accom
panied by weight loss. The first step occurs at 50–200 ◦C and is
ascribed to the loss of physically adsorbed and interlayer wate
molecules [20,24]. The second step takes place in the range o
200–500 ◦C and corresponds to the loss of layer OH− groups and
decomposition of the interlayer carbonates [24]. Due to this stage
a transformation of the layered structure to the mixed oxide takes
place [25]. At temperatures above 500 ◦C, the DTG curves of sev
eral samples contain an additional peak which could be possibly
attributed to removal of the residual interlayer species.

Table 3 summarizes the weight losses observed at each step o
the thermal treatment of LDH samples. The amount of desorbed
water is higher for the laboratory samples in comparison with the
industrially prepared ones, 15.7–17.3% and 6.7–11.8%, respectively
The observed difference in water amount may  be attributed to dif
ferent HTC content in the samples what is proved by XRD data
(Fig. 1A). The asymmetrical shape of the curve at this stage observed
for several samples could be explained by the co-existence of two
modes of the water adsorption, namely loosely surface-adsorbed
and bound interlayer water. The weight loss at the second step
amounts to 25.1–26.3% for the laboratory samples and 21.5–24.3%
for the industrial samples. It is seen that in the case of HTC 2:1
L, and to a lesser degree, HTC 3:1-L, the signal in the range o
T = 300–400 ◦C is splitted to two different peaks. According to [14]
the loss of OH− groups is observed at lower temperatures than CO2

removal. So, the observed splitting of the signal at the second step
may be attributed to the dehydroxylation of the interlayer space
followed by decarbonation. On the other hand, the thermal decom-
position of the industrially prepared samples (Fig. 3) as well as
of the HTC 4:1-L sample exhibits only one dominant peak at the

ART - 13
Fig. 4. CO2-TPD spectra of laboratory (HTC 2:1-L (1), HTC 3:1-L (2), HTC 4:1-L (3)
and industrially (HTC 2:1-I (4), HTC 3:1-I (5), HTC 4:1-I (6)) prepared samples.

temperature in the range of 375–412 ◦C. When comparing the
obtained results of the thermal analysis it may  be concluded that
the difference between the samples originates not only from the
amount of the desorbed species but also from their nature.

3.6.  CO2-TPD

The  results of the investigation of basicity of the LDH samples by
means of CO -TPD method are presented in Fig. 4 and Table 4. CO -
HTC 4:1-L 753
HTC 2:1-I 718
HTC 3:1-I 549
HTC 4:1-I 547

* CBS—concentration of basic sites.
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bon dioxide desorption temperature). In accordance with this
pendence peaks located in the two above-mentioned tempera-
e regions indicate presence of weak/moderate and strong basic

es, respectively. However, as pointed out in [26], information
tained from CO2 desorbed at temperatures above the calcination

perature of the solids should be carefully considered since
uctural transformations could occur on the samples. Since the

ples of the present work were calcined at T = 450 ◦C, the high
perature peak at T ≥ 500 ◦C in the CO2-TPD curve was excluded

m the discussion of the obtained results. CO2-TPD spectra
sented in Fig. 4 show that the shape of all the low-temperature

aks in the range of 25–485 ◦C is essentially the same for different
ples and does not reveal any significant dependence neither

 the preparation method nor on the chemical composition of the
ples. Table 4 gives total amount of desorbed CO2 detected in

D-CO2 profiles of Mg–Al mixed oxides in the range of 25–485 ◦C.
e obtained results show that the highest concentration of
sic sites in the laboratory samples is observed for HTC 4:1-L
3 �mol  CO2/g), while this value for HTC 2:1-L and HTC 3:1-L is

proximately the same and amounts to 640–642 �mol  CO2/g. For
ustrially prepared samples a reverse tendency is observed. The
hest concentration of basic sites is observed for HTC 2:1-I with

 highest Al content (718 �mol/CO2/g), while for HTC 3:1-I and
C 4:1-I this value is 547–549 (�mol  CO2/g).

. Catalytic experiments

Fig.  5 depicts catalytic behavior of the calcined laboratory and
ustrially prepared samples. Experiments at two  different reac-

n temperatures, T = 20 ◦C and 50 ◦C, show that all the samples
ssess good activity in aldol condensation of furfural and acetone
g. 5A and B). Already after 1 h of the experiment furfural conver-
n reaches 10–17% at T = 20 ◦C and 40–83% at T = 50 ◦C. After 6 h of

 reaction furfural conversion is 17–36% and 79–100% at T = 20◦ C
d T = 50◦ C, respectively. As a result of reaction between furfural
d acetone the formation of C8 alcohol, FAc and F2Ac takes place,
ich is in full agreement with the commonly accepted scheme of
ol condensation of F and Ac over basic catalysts (see Scheme 1).
e selectivity toward C8 alcohol (Fig. 5C and D), FAc (Fig. 5E and
and F2Ac (Fig. 5G and H) shows a dependence on both furfural
version and the type of the used catalyst. The compounds

med due to self-condensation of acetone to diacetone alcohol
th its further transformation are also observed among the reac-
n products, but here we exclude them from the consideration
their overall concentration among all reaction products does
t exceed 8 wt% and furfural is not involved in their formation.
A steep increase of FAc selectivity at high F conversion (>80%)

observed at Treac .= 50 ◦C (Fig. 5F). The comparison of FAc and
-OH selectivities indicates that with the increase of the TOS

 ability of the catalyst to dehydrate the intermediate alcohol is
hanced. It can assumed that consecutive changes in the catalytic
perties of the catalyst are the result of the partial reconstruction

HTC structure due to the interaction of the catalyst with water
eased during the reaction, as discussed below. Fig. 5 shows that
50 ◦C the overall selectivity to (FAc + FAc-OH) decreases gradu-
y with the increasing TOS, while the selectivity to F2Ac increases
owing an almost linear dependency on the F conversion.
In  both groups of HTC catalysts, i.e. laboratory and industrially
pared HTC catalysts, the samples with molar ratio Mg:Al = 3:1

 the most active in aldol condensation. However, there is not any
vious dependence of the catalytic behavior of the samples on

ir chemical composition. For the laboratory prepared samples

 conversion of furfural decreases in the order: HTC 3:1-L > HTC
-L > HTC 4:1-L, whereas for the industrially prepared samples
ecreases in a different order: HTC 3:1-I > HTC 4:1-I > HTC 2:1-
evertheless, Fig. 5 shows that laboratory samples are clearly

dia
ble
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re  active in furfural conversion than the industrially prepared
es. To explain this result it is necessary to take into account in
dition to chemical composition also the collected data on the
ysico-chemical characterization of the samples.
The XRD patterns of the as-prepared dried laboratory sam-
s show the characteristic peaks corresponding to HTC structure.

ter calcination this layered material is completely transformed
o highly disordered structure of periclase (MgO) as proved by
D. According to N2 physisorption this disordered mixed oxide,
ependently on chemical composition, possesses high degree of
soporosity. Contrary to that, the industrially prepared samples

fore calcination consist of a mixture of at least two crystalline
ases, HTC and MgO, but after calcination the XRD patterns
these materials contain only peaks characteristic for highly-
stalline MgO  phase which is made of large crystals (Table 1). As
onsequence, these materials possess small mesopore volume, as
oved by N2 adsorption measurements (Table 2). Apparently, the
all dimensions of the particles and high mesopores volume are

ry favorable for easy access of reactant molecules to the active
es of the disordered calcined LDH, i.e. the mixed oxide. Indeed,

 improved textural properties of the laboratory samples show
od correlation with the high activity of these samples in aldol
ndensation. So, generation of transport pores with dimensions

 nm formed during the calcination process ensures improved
nsport of both reactants and reaction products, which is essen-
l for preparing highly active catalysts. Despite this consideration,
re is a disagreement between the textural characteristics of the

epared materials and their catalytic properties. Fig. 5 shows that
tivity of HTC 3:1-I sample is almost similar to that of HTC 4:1-L

ple. At the same time, the textural data presented in Table 2
ove that BET SSA and mesopores volume is significantly higher

 HTC 4:1-L when compared with HTC 3:1-I. It means that other
tor(s) that affect the catalytic behavior of the studied catalysts
ed to be taken into account.
Among these factors basicity of the materials is an obvious

rameter that might affect significantly the catalytic behavior of
C materials in aldol condensation. It is known [27] that calcined
–Al hydrotalcites can contain basic sites with pKa values up to

.5. These sites act, in fact, as weak Lewis acid/strong Lewis base
talysts due to the presence of O2− basic sites. Indeed, Fig. 4 and
ble 4 confirm the presence of basic sites in all the studied sam-
s. Their concentration measured by CO2-TPD is in the range of

7–753 �mol/g. Additionally, it seems that their strength is also
proximately the same, as the temperature at the CO2 desorption
ak maximum as well as the shape of the signals are approxi-
tely the same and show neither dependence on the chemical

mposition of the samples nor the method of their preparation.
 comparing the obtained CO2-TPD data and catalytic results it
hardly possible to introduce a definite correlation between the
sic properties of the mixed oxides and their behavior in aldol
ndensation. It may  be concluded that in this case basicity of the

ples is an important but not a determining factor which could
ambiguously explain the obtained experimental results.
Investigating influence of basic properties of HTC materials on
ir catalytic behavior in aldol condensation of furfural and ace-
e it is necessary to consider conformity of the interlayer distance

HTC materials with dimensions of reactant molecules. A distance
tween layers of HTC structure is 2.9 Å [28], and kinetic diameter
CO2 is 3.9 Å [29]. Taking into account a linearity of CO2 molecule
ould be assumed that determination of basic sites in the inter-
er space of HTC with CO2-TPD is reasonable. However, molecular

meter of acetone is larger, 6.16 Å [30], and it is hardly possi-

 that this molecule could interact with interlayer active sites.
, concentration of basic sites measured by CO2-TPD should be
her than amount of active sites accessible to acetone molecules.

nsequently, one should be careful in finding correlation between

7/10
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C (righ
Ac, (G

.

Fig. 5. Catalytic properties of calcined LDH samples at T = 20 ◦C (left) and T = 50 ◦

selectivity in dependence on furfural conversion ((C) and (D) FAc-OH, (E) and (F) F

basic properties of HTC materials and their catalytic properties in
reactions between large organic molecules.

In order to obtain additional information to explain the obtained
catalytic results, we investigated the properties of the materials
after the reaction. It is seen (Fig. 6) that the XRD patterns of the
spent laboratory samples, HTC 2:1-L, HTC 2:1-L and HTC 4:1-L, con-
tain very small peaks characteristic to the layered HTC structure
This observation indicates that during the reaction a partial recon-

struction of the highly disordered mixed oxide to HTC phase takes
place for these samples. As this can be achieved only by rehydra-
tion, the local reconstruction of the HTC structure is made possible
only by water released during the reaction which reacts with the
surface of the mixed oxide (as both raw materials were dried prior

ART - 13
t). (A) and (B) Furfural conversion in dependence on reaction time. C–H-products
) and (H) F2Ac).

to  the experiments using a molecular sieve). Simultaneously, the
interaction of O2− basic sites present in the calcined material with
water formed due to aldol condensation results in the formation
of OH− Brønsted basic sites which provide higher activity to the
reconstructed LDH materials in aldol condensation in comparison
with the calcined ones [18,31]. Thus, the presented XRD results
prove that samples HTC 2:1-L and HTC 3:1-L are the most suscepti-
ble catalytic materials to the presence of water formed during the

reaction. As a result they exhibit higher catalytic activity in aldol
condensation than the other studied materials.

At present it is difficult to reveal the underlying reason of the
observed discrepancy. The reason could be that the aldol conden-
sation reaction over HTC materials occurs with the participation of

8/10
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. 6. XRD patterns of the laboratory and industrially prepared spent catalysts with
erent Mg:Al molar ratio.

se basic OH− sites present in the reconstructed HTC which are
dily accessible for the reactants, i.e. with the hydroxyl groups
ated at the edges of the platelets. Apparently, under the reac-
n conditions the water molecules interact only with the most
essible O2− basic sites, i.e. with those located at the edges of the
telets. This limited interaction between these sites and water
lecules may  explain the observed low degree of reconstruction

the calcined material. As pointed out in [27], the amount of such
essible sites is connected with the presence of smaller and more

egular platelets which exhibit a higher proportion of the edges.
erefore, the possibility of formation of OH− ions is determined

 the degree of irregularity of the morphology of the materi-
. Hence, the samples 2:1-L and HTC 3:1-L should possess an
reased degree of irregularity of the structure, which is indirectly

nfirmed by the low intensity of the reflections in the XRD patterns
the calcined laboratory prepared materials (Fig. 1). However,
ilar effect of the partial re-hydration is not observed for the
ustrially prepared samples, possibly due to decreased meso-

rosity and larger crystal size of these materials, thus limiting the
mber of the sites available for interaction with water molecules.
e laboratory sample HTC 4:1-L exhibits worse catalytic behavior
n the other laboratory HTC sample which can be explained only

 performing additional experiments. A detailed study of the re-
dration process in a dependence on the method of preparation
the samples and their chemical composition will be the subject
our forthcoming research.

Conclusions

Comparative study of properties of laboratory and industrially
epared Mg–Al LDH materials revealed that these two groups of
lids differed in their physico-chemical characteristics. Accord-

 to XRD study, as-synthesized laboratory samples represented

ase-pure hydrotalcite structure that distinguished them from
ustrial samples which represented a mixture of hydrotalcite

d MgO  phases. Accordingly, the morphology and texture char-
eristics of the samples varied in the method of their preparation
re also different. On the other hand, a study of the samples

[21
[22
[23
[24

[25

ART - 13
41 (2015) 221–230 229

th  CO2-TPD showed that their basic properties did not reveal
y dependence on the method of preparation. Besides, within
ch group of the materials no correlation between basic proper-
s and chemical composition was  observed. Catalytic experiments
owed that all the samples exhibited good activity in aldol con-
nsation of acetone and furfural. Catalysts with a molar ratio of 3:1
re the most active for both, laboratory and industrial, groups of

e materials. Nevertheless, when comparing the samples of the
me chemical composition, it was  seen that laboratory samples
ssessed better properties in aldol condensation. The observed
ference could be attributed to the increased mesoporosity of
e laboratory samples. It was also proved by XRD method that
reaction conditions the calcined laboratory materials showed

 increased susceptibility to reconstruction of mixed oxide phase
ck to hydrotalcite structure. As a consequence, this reconstruc-
n resulted to a change in the structure of the active sites in

e samples what could be also a reason of increased activity
the laboratory LDH materials. However, the received experi-
ntal results have showed that other factors that influence the

talytic properties of LDH materials may  also exist, and elicita-
n of such factors is considered as a task for the forthcoming
dy.
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] D. Kubička,  I. Kubičková,  J. Čejka,  Catal. Rev. Sci. Eng. 55 (2013) 1–78.
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ABSTRACT: The influence of chemical composition of Mg−Al mixed oxides on their properties and catalytic performance in
aldol condensation of furfural and acetone was studied. Pure alumina, Mg−Al layered double hydroxides with a wide range of
Mg/Al molar ratios from 0.5 to 15, and pure magnesia were prepared by the same synthesis method, and corresponding oxides
were produced by calcination of the as-prepared samples at T = 450 °C. The physicochemical properties of the samples were
investigated by XRD, N2 physisorption, SEM, CO2-TPD, and NH3-TPD, and their catalytic performance was evaluated in aldol
condensation of furfural and acetone. SEM images revealed that the Al content in the samples influenced the size and the
morphology of both large agglomerates and plate-like crystals. The CO2-TPD measurements proved that the concentration of
basic sites and the distribution of their strengths was determined by the Mg/Al molar ratio in the Mg−Al mixed oxides. However,
over the whole range of Mg/Al compositions studied here, no clear correlation between the chemical composition and the
number and strength of basic sites was found. Nonetheless, the change in the strength and in the density of basic sites affected
the catalytic performance of calcined Mg−Al mixed oxides. Additionally, morphology and crystal size also influenced the
performance of the catalysts. Finally, the composition of reaction products was affected by acid−base and textural properties of
the prepared Mg−Al-mixed oxides.

1. INTRODUCTION

Hydrotalcite-like materials (HTC) are solids with a structure
closely related to that of the mineral hydrotalcite which is a
stoichiometric double magnesium−aluminum hydroxide with
the rhombohedral structure, i.e., Mg6Al2(OH)16CO3·4H2O.
Synthetic Mg−Al hydrotalcites have chemical compositions
[M2+

1−xM
3+

x(OH)2]
b+[An‑]b/n·mH2O, where M2+ and M3+ are

divalent and trivalent metal cations (mostly Mg2+ and Al3+),
respectively, A is interlayer anion, and b is equal to x or 2x − 1
for n = 2 or 1, respectively. The degree of partial substitution of
Mg2+ by Al3+ (denoted as x in the above formula) usually varies
in the range of 0.1−0.51 or 0.2−0.5.2 Nevertheless, it is

suggested1 that HTC pure phases may form only for a narrow
range (0.20 < x < 0.34): for higher x values, the formation of
Al(OH)3 occurs, while lower x values result in segregation of
Mg(OH)2. However, these admixture phases are amorphous in
most cases, therefore not detectable by XRD.
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Thermal treatment of as-prepared Mg−Al HTCs produces
corresponding Mg−Al mixed oxides. These mixed oxides have
been reported to be active in different base-catalyzed organic
reactions such as transesterification,3 condensations,4,5 alkyla-
tion,6 and Michael addition.7 They are characterized by
homogeneously interdispersed oxide phases having a strong
surface basicity, high surface area, and high quantity of defects
that are formed due to the incorporation of Al3+ into the M2+

lattice.8 In addition, the synthesis of mixed oxides is cheap, and
they exhibit sufficiently high thermal stability.
The catalytic performance of Mg−Al mixed oxides is

generally determined by the concentration and the strength
of their basic sites. Hence, many studies have dealt with the
characterization of basic sites of HTCs and the related mixed
oxides. Several species, such as monodentate, bidentate, and
bicarbonate anions, could be detected by IR spectroscopy after
the CO2 adsorption on Mg−Al mixed oxides, reflecting three
different types of surface basic sites, namely, strong Lewis (low
coordination O2− anions), medium Lewis (Mg2+−O2− or Al3+−
O2−), and weak Brønsted (OH− groups) basic sites.8,9

Nevertheless, the influence of the chemical composition of
Mg−Al mixed oxides on the amount and the strength of their
basic/acid sites as well as their catalytic performance is still a
matter of discussion.4,5,10,11 Considering the performance of
Mg−Al mixed oxides in the condensation reactions, authors
have generally reported that the activity increases with
increasing both the total number of basic sites and their
density.5,10,11 In contrast, some authors4 did not observe any
clear relation between the activity and the basicity of Mg−Al
mixed oxide. Additionally, the performance of the Mg−Al
mixed oxide catalysts in condensation reactions was attributed
either to the distribution of basic and acid sites12 or to the
susceptibility of Mg−Al mixed oxides to be reconstructed into
hydrotalcite structures.13 The discrepancy in the reported
results implies a dependence of the catalytic performance of
Mg−Al mixed oxides in condensation reactions on a complex
effect of different factors, such as crystallinity, basicity, specific
surface area, particle size, and coherence length of the MgO-like
phase. These factors are clearly connected with the preparation
method, Mg/Al molar ratio, and postsynthesis thermal
treatment of the as-prepared hydrotalcite-like materials.
Aldol condensation of aldehydes and ketones is a well-known

reaction of organic synthesis aiming to prepare complex
molecules starting from relatively simple ones. Among others,
aldol condensation of furfural with acetone (Scheme 1)
followed by the hydrogenation/deoxygenation of aldol-
condensation products represents an attractive way to produce
bioderived C8 and C13 alkanes.

14 Furfural can be obtained by
acid hydrolysis of sugar cane bagasse, a residue from sugar cane
processing, followed by extraction,15 while acetone may be
obtained by ketonization of acetic acid16 that is an important
product of biomass pyrolysis. According to the general reaction

scheme (Scheme 1), reaction between furfural and acetone
results in the formation of C8 aldol which undergoes
dehydration to 4-(2-furyl)-3-buten-2-one (FAc). This product
can react with another furfural molecule giving the C13
compound, 1,4-pentadien-3-one, 1,5-di-2-furanyl (F2Ac). Be-
sides aldol condensation with furfural, acetone is also converted
by a self-condensation reaction route producing diacetone
alcohol, mesityl oxide, etc. Different catalytic materials have
been proposed for these reactions.17−21 Among other catalysts,
Mg−Al mixed oxides derived from hydrotalcite precursors
attract a special attention since they are relatively cheap, do not
contain toxic metals, and possess high activity and enhanced
stability both at high temperatures and in aqueous medium.12,22

Nevertheless, more studies are necessary to understand the
correlation between their chemical composition and acido-basic
properties, such as the nature and density of acid and basic
sites, on the one hand, and their catalytic performance in aldol
condensation, on the other hand.
This work follows our previous study,13 where we have

successfully developed Mg−Al mixed oxides active in aldol
condensation of furfural and acetone from hydrotalcites. In the
present study, we go beyond the generally used hydrotalcite-
precursor concept of mixed oxides and focus on Mg−Al mixed
oxides derived from Mg−Al layered double hydroxides (LDH)
over the whole range of compositions, i.e., from pure MgO to
pure Al2O3, and synthesized in the same way. This allows us to
address the relation between the chemical composition of Mg−
Al mixed oxides, their acido-basic properties, their morphology,
and their activity in aldol condensation of furfural and acetone.
Hence, we answer the following questions over the whole range
of Mg/Al ratios: How does the concentration of basic sites and
the distribution of their strengths change? How is the
morphology of mixed oxides affected? How are these changes
reflected in the catalytic performance of mixed oxides in aldol
condensation of furfural and acetone? To the best of our
knowledge, this has not been done before.

2. EXPERIMENTAL SECTION
2.1. Preparation of Mg−Al Mixed Oxides. Mg−Al

layered double hydroxides with different Mg/Al molar ratios
were prepared by a coprecipitation method. An aqueous
solution of Mg(NO3)2·6H2O and Al(NO3)3·9H2O (total metal
ion concentration of 1 mol·l−1) was slowly added to 200 mL of
redistilled water. The flow rate of a simultaneously added
alkaline solution of K2CO3 (0.5 mol·l−1) and KOH (3 mol·l−1)
was controlled to maintain the reaction pH at the desired value
(9.5 ± 0.5). The coprecipitation was carried out under vigorous
stirring (1400 rpm) at 75 °C. The resulting suspension was
then maintained at 75 °C and pH 9.5 ± 0.5 with stirring for 1 h.
The product was filtered, washed with distilled water several
times until filtrate pH was 7, and dried for 12 h at room
temperature. Finally, Mg−Al LDHs were grained to 0.25−0.50

Scheme 1. General Reaction Pathway of Aldol Condensation of Furfural with Acetone
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mm particle size and calcined in static air at 450 °C for 4 h in a
muffle oven. The calcined samples were transferred into a
desiccator at the end of the calcination procedure to avoid
contamination by CO2 during cooling. As-prepared Mg−Al
LDHs and Mg−Al mixed oxides with various Mg/Al molar
ratios were denoted as MgAl-X-HTC and MgAl-X, respectively,
where X refers to the Mg/Al molar ratio in the synthesis
mixture. Pure alumina and magnesia prepared by the same
synthesis method were denoted as PAl/PAlC and PMg/PMgC
in as-prepared and calcined forms, respectively.
2.2. Physico-Chemical Characterization. Chemical

composition was determined by using of XRF analysis
(recorded with X-ray fluorescence spectrometer Philips
PW1404).
X-ray diffractograms were recorded with a Bruker AXS D8-

Advance diffractometer using Cu Kα radiation (λ = 0.154056
nm) with a secondary graphite monochromator. The relative
crystallinity (%) of both as-prepared Mg−Al LDHs and Mg−Al
mixed oxides was estimated from the area of signals at the
diffraction angle 2θ ≈ 34.5° and 43°, respectively. In this case,
the sample with the highest crystallinity was used as the
reference.
Samples for scanning electron microscopy (SEM) observa-

tions were mounted on a holder and sputter-coated (Q150R
ES, Quorum Technologies Ltd., UK) by 10 nm of gold to
neutralize charging effects and to increase an SE yield at final
micrographs. Further, the images of coated samples were
acquired using a field emission scanning electron microscope
(Lyra3 GMU, Tescan Orsay Holding a.s., Czech Republic) at
an accelerating voltage of 12 kV and absorbed current ranging
from 200 to 300 pA. For imaging, the SE detection was used to
investigate the morphology of the samples.
The temperature-programmed desorption of carbon dioxide

(CO2-TPD) was performed using a Micromeritics AutoChem
II 2920 (Micromeritics Instrument Corp., USA). Prior to the
test, 50 mg of sample was placed in a quartz reactor heated (10
°C·min−1) to 450 °C in a flow of helium (25 mL·min−1).
Subsequently, the sample was cooled to 25 °C and saturated by
CO2 using flow of a gas mixture containing 10 vol % of CO2 in
helium (25 mL·min−1) for 30 min. Then, the sample was
purged by helium for 60 min to remove the physically absorbed
CO2. Finally, the TPD experiment was carried out with a linear
heating rate of 10 °C·min−1 in a flow of He (25 mL·min−1).
The desorbed products were analyzed by a mass spectrometer
(the molecular ion m/z = 44 was analyzed). The total basicity
was estimated from the area below the curve due to CO2
desorption (the molecular ion, m/z = 44) with the help of
calibration using a known amount of CO2 desorbed from the

decomposition of NaHCO3 as the standard in the flow of
helium (25 mL·min−1). As the position and shape of TPD-CO2
curves are generally influenced by chosen experimental
conditions, we used the same experimental conditions as in
our previous works23 and as used by other authors.11,24

The temperature-programmed desorption of ammonia
(NH3-TPD) was performed using the same equipment used
for the CO2-TPD experiments and similar preactivation
procedure. The sample was cooled to 70 °C and saturated by
ammonia using flow of a gas mixture containing 5 vol % of NH3
in helium (15 mL·min−1) for 15 min. Then, the sample was
purged by helium (25 mL·min−1) for 60 min to remove the
physically absorbed NH3, and the TPD experiment was carried
out with a linear heating rate of 10 °C·min−1 in a flow of He
(25 mL·min−1).

2.3. Catalytic Test. Aldol condensation of furfural with
acetone was carried out in a 100-mL stirred batch reactor (a
glass flask reactor) at temperature of 50 °C. Prior to the
catalytic tests, the mixture of 19.7 g of acetone and 6.5 g of
furfural (acetone to furfural molar ratio 5/1), both predried
with molecular sieve 3A, was stirred at 200 rpm and heated to
the reaction temperature of 50 °C. After that, 0.5 g of studied
catalyst (grain of 0.25−0.5 mm, freshly calcined in a muffle
oven at 450 °C) was added, and the reaction was carried out at
50 °C for 120 min at 200 rpm. It was previously established
that the reaction is limited neither by external nor internal mass
transfer under the chosen reaction conditions (in tests with
changing stirring rate and catalyst particle size25). Samples of
liquid products were periodically withdrawn from the reactor
during the experiment, filtered, and analyzed by Agilent 7890A
GC unit equipped with a flame ionization detector (FID), using
a HP-5 capillary column (30 m/0.32 mm ID/0.25 μm).
Catalytic results of aldol condensation of furfural and acetone
were described by conversion and selectivity parameters that
were calculated as follows:

= × −

=

= =

reactant conversion (t) (mol%)
100 (reactant reactant )/reactant

selectivity to product i
(mole of reactant converted to product i)/
(total moles of reactant converted)

t 0 t t 0

Carbon balance was monitored in all experiments as the total
number of carbon atoms detected in each organic compound
with Cn atoms (where n = 3, 5, 8, ..., etc.) divided by the initial
number of carbon atoms in F+Ac feed:

Table 1. Phase Composition and BET Surface of the As-Prepared Mg−Al Materials

Sample Phase composition HTC crystallinity, % HTC basal spacing d, Å Unit cell a, Å Crystallite size, nm BET surface, m2/g

PAl Boehmite − − − − 373
MgAl-0.5-HTC HTC+MgAl2(OH)8 7 7.57 3.015 1.8 151
MgAl-1-HTC HTC 56 7.58 3.017 3.2 84
MgAl-1.5-HTC HTC 70 7.58 3.032 4.2 91
MgAl-2.5-HTC HTC 100 7.73 3.058 5.3 74
MgAl-4-HTC HTC 64 7.92 3.075 3.6 78
MgAl-5-HTC HTC 42 7.98 3.089 2.7 68
MgAl-7-HTC HTC 8 − − − 72
MgAl-10-HTC HTC+Mg(OH)2 5 − − − 64
MgAl-15-HTC HTC+Mg(OH)2 − − − − 70

PMg Mg(OH)2 − − − − 157
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= + +

+= =

C balance (%) (3 mol C 5 mol C ...n mol C )

/(3 mol C 5 mol C )
3 5 n

3(t 0) 5(t 0)

3. RESULTS AND DISCUSSION
3.1. Effect of Mg/Al Molar Ratio on Structure of As-

Prepared Mg−Al LDHs and Mg−Al Mixed Oxides. Table
1 gives the nominal chemical composition of as-prepared Mg−
Al materials, BET surface area, and crystalline phases of both
as-prepared Mg−Al LDHs and Mg−Al mixed oxides. XRF
proved that the experimental Mg/Al molar ratio was close to
that presented in a reactive synthesis gel with Mg/Al ratios in
the range of 0.5−3, while at higher Mg/Al ratios the samples
had a lack of magnesium (SI, Figure 1S), suggesting the
precipitation of this element was not completed during the
precipitations. The potassium content was below 0.08 wt % and
confirmed that K+ cations were successfully removed by
filtration and washing of the precipitates.
3.1.1. XRD Data and BET Surface of Mg−Al As-Prepared

Materials. The XRD patterns of as-prepared Mg−Al materials
with Mg/Al molar ratios in the range of 0.5−15 as well as pure
alumina and magnesia prepared by the same synthesis
procedure are presented in Figure 2S of the SI. The as-
prepared pure alumina (PAl) had a low crystalline boehmite
structure (JCPDS Card No. 21-1307), while the as-prepared
pure magnesia (PMg) had XRD pattern of a phase-pure brucite
material (JCPDS Card No. 44-1482). Most of the as-prepared
Mg−Al materials in the broad range of the Mg/Al ratios can be
considered as hydrotalcites with a different degree of
crystallinity and phase purity. The as-prepared MgAl-0.5-
HTC with the lowest Mg content is in fact a mixture of
hydrotalcite with magnesium−aluminum hydroxide MgA-
l2(OH)8 (JCPDS card No. 35-1274). According to XRD, the
as-prepared Mg−Al materials with Mg/Al molar ratios in the
range of 1−7 were phase-pure hydrotalcites (JCPDS card No.
22-0700) as evidenced by the intensive diffraction lines at 2θ ≈
11°, 22.5°, 34.5°, 39°, 46°, 60°, and 61.5°, which are typical for
HTC layered structures.26,27 The diffraction peaks at 2θ ≈ 11°,
22.5°, and 60° are ascribed to the (003), (006), and (110)
reflections. The peaks assigned to (003) and (110) reflections
were used to calculate the basal spacing between the layers (d)
and unit cell dimension a (as a = 2 d110), respectively. Both the
d and a values increase with increasing Mg/Al molar ratios
(Table 1), which agrees with the results reported by other
authors.8,28 The observed changes in the XRD values can be
attributed to a difference in the ionic radii for A13+ and Mg2+

being 0.53 and 0.72 Å, respective1y,28 proving the isomorphous
substitution of Mg2+ by Al3+ atoms within the “brucite”-like
layers. The XRD patterns of Mg-rich Mg−Al materials, MgAl-
10-HTC and MgAl-15-HTC, exhibited the diffraction lines of
both HTC and brucite structures.
In general, Mg−Al hydrotalcites are prepared with Mg/Al

molar ratio in the range of 2−4.22 Outside this ratio, XRD
patterns of synthesized materials may indicate the presence of
admixture phases, for example, gibbsite, bayerite, or hydro-
magnesite.8,29−31 Data from Table 1 (see also SI, Figure 2S)
prove that the applied synthesis method ensures the
preparation of phase-pure HTCs without XRD-detectable
admixtures, i.e., without crystalline admixtures, in a broader
range of Mg/Al of 1−7. Nonetheless, the presence of the
amorphous phase cannot be completely excluded. The obvious
variation in HTC lattice parameters suggests a change in the

chemical composition of the brucite-like layers. Table 1 also
shows that despite the absence of admixture crystalline phases,
the relative crystallinity of HTC phase in the as-prepared Mg−
Al materials with Mg/Al = 1−7 substantially varies, reaching
the highest value of 100% for the as-prepared MgAl-2.5-HTC.
The decrease in the relative crystallinity observed for other
phase-pure as-prepared Mg−Al materials allows suggesting the
growing defectiveness of the HTC crystalline framework with
increasing either Al or Mg content. Additionally, part of Al
atoms (at low Mg/Al molar ratio) or Mg atoms (at high Mg/Al
molar ratio) in these Mg−Al hydrotalcite-like materials might
be excluded from the formation of the HTC crystalline
framework composing either an amorphous or a well-dispersed
alumina or magnesia crystalline phases not visible by the XRD
method. Average crystallite size of phase pure hydrotalcites was
calculated from the half-widths of diffraction peaks at 2θ ≈ 11°
and 22.5° using Scherrer’s formula: D = 0.9λ/β cos θ.32 The
broadness of the XRD peaks indicated the smaller average size
of HTC crystallites with low or high Mg/Al molar ratio, i.e.,
with a less ordered HTC structure (Table 1).
Pure alumina (PAl) and magnesia (PMg) as-prepared

materials possessed maximum BET surface areas, 373 and
157 m2/g, correspondingly (Table 1). The values of BET
surface areas were slightly larger for as-prepared Mg−Al
materials with higher Al content, while most of the rest of
the samples had the values in the range of 64−78 m2/g.

3.1.2. XRD Data and BET Surface of Mg−Al Mixed Oxides.
The powder XRD patterns of Mg−Al mixed oxides prepared by
calcining the corresponding as-prepared Mg−Al materials at
450 °C evidenced the disappearance of diffraction lines due to
HTC and brucite structures after the heat treatment (SI, Figure
2S). Two intensive diffraction lines observed in XRD patterns
of all the Mg−Al mixed oxides at 2θ ≈ 43.0° and 62.5° are
typical for an MgO periclase-type structure (JCPDS card No.
45-0946). No crystalline AlOx phase was observed in XRD
patterns of calcined samples suggesting the formation of Mg−
Al mixed oxides with extra-framework Al highly dispersed in
MgO lattice.8,33 Nevertheless, the relative crystallinity of the
MgO phase exhibited a clear dependence on the chemical
composition of Mg−Al mixed oxides. It had a maximum value
of 90−100% for calcined PMgC and Mg−Al mixed oxides with
Mg/Al ≥ 10 (Table 2) but declined with the decrease in Mg/Al
molar ratio suggesting the presence of amorphous phase in
Mg−Al mixed oxides with high Al content. Additionally, part of
the tetrahedrally coordinated Al atoms can be present in the
MgO crystalline framework after calcination, as proposed in ref

Table 2. Phase Composition and BET Surface of Mg−Al
Mixed Oxides under Study

Sample
Phase

composition
Crystallinity,
HTC/MgO, %

MgO
d(200), Å

BET surface,
m2/g

PAlC γ-Al2O3 − − 344
MgAl-0.5 MgO 6 − 376
MgAl-1 MgO 16 2.073 275
MgAl-1.5 MgO 25 2.084 269
MgAl-2.5 MgO 38 2.090 219
MgAl-4 MgO 55 2.097 239
MgAl-5 MgO 74 2.101 207
MgAl-7 MgO 87 2.104 215
MgAl-10 MgO 92 2.108 243
MgAl-15 MgO 96 2.109 201
PMgC MgO 100 2.114 234
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34. It was evidenced by a change in the position of a diffraction
(200) peak at 2θ ≈ 43.0°. At decreasing Al content in the Mg−
Al mixed oxides, it shifted to a lower angles range, while the
corresponding d spacing increased (Table 2). Derouane et al.35

also showed that both the crystallinity and the unit cell of pure
MgO decreased with the Al content. They attributed the
observed trends to the migration of Al3+ cations into the MgO
framework.
The BET surface area of Mg−Al mixed oxides increased in

comparison with the as-prepared Mg−Al materials. It was 234
m2/g for pure PMgC and 243 m2/g for the MgAl-10 mixed
oxide, but it increased to 343−376 m2/g with the growth of Al
content and declining crystallinity. The trends observed in the
present study agree well with results from ref 8 where higher
surface areas and decreased crystallinity also correlated with
increasing Al content in the Mg−Al mixed oxide.

3.2. Scanning Electron Microscopy. SEM images were
recorded to investigate the morphology of as-prepared and
calcined samples with different Mg/Al ratios. The micrographs
of the as-synthesized Mg−Al materials with Mg/Al molar ratios
in the range of 1−7 (Figure 1) showed a well-developed layered
structure; however, the Al content in the samples influenced
the size and the morphology of the particles. MgAl-2.5-HTC
with the highest crystallinity possessed a well-developed platelet
structure typical of layered materials. It was formed by
aggregates with the size in the range of 5−10 μm consisting
of thin, hexagonal, plate-like crystals 0.3−0.6 μm in size (Figure
1B). MgAl-1.5-HTC with a higher Al content was formed by
smaller aggregates of ≤5 μm in size (Figure 1A). They were
composed of plate-like crystals which were smaller in size (0.1−
0.3 μm) and significantly thinner than those in Mg/Al = 2.5.
Besides, the micrograph of MgAl-1.5-HTC allows assuming the
presence of an amorphous constituent in this sample. The

Figure 1. Scanning electron micrographs of the as-synthesized samples: (A) MgAl-1.5-HTC, (B) MgAl-2.5-HTC, (C) MgAl-7-HTC, and (D) PMg.
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increase in Mg/Al molar ratio also influenced the size and the
morphology of the particles. Mg/Al = 7 was built of

agglomerates with the size of 0.5−3 μm, while constituent
plate-like crystals had the size of 0.1−0.2 μm (Figure 1C).

Figure 2. Scanning electron micrographs of the calcined samples: (A) MgAl-1.5, (B) MgAl-2.5, (C) MgAl-7, and (D) PMgC, E-PAlC.
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Taken together, the morphology of the as-prepared Mg−Al
materials determined by SEM correlates well with XRD data:
the higher the crystallinity of hydrotalcite phase is, the larger
the sizes of the agglomerates and the constituent platelets are.
The micrograph of as-prepared PMg showed the absence of a
layered structure. It was formed by particles with an irregular
surface and without a well-defined shape with the size of 5−10
μm (Figure 1D). Because of the irregularity, PMg was X-ray
amorphous and possessed the highest BET surface among all
as-prepared samples except PAl.
The mixed oxides with Mg/Al ratios in the range of 1−7

obtained upon calcination at 450 °C maintained a lamellar
structure (Figure 2A−C). Moreover, the morphology and the
size of plate-like crystals and agglomerates were similar to that
of the as-prepared samples. In contrast, the morphology of
calcined PMg changed compared to its as-prepared counterpart
(Figure 2D). PMgC was formed by large agglomerates with the
size of ≥5 μm consisting of very small plate-like crystals with
the size of 50−100 nm. Additionally, the scanning electron
micrograph of the calcined PAl indicated that this sample was
composed of irregular particles without a well-defined size and
shape (Figure 2E).
3.3. Basicity of Mg−Al Mixed Oxides Determined by

CO2-TPD. The total concentration of basic sites and their
distribution by their relative strength in Mg−Al mixed oxides
with different Mg/Al molar ratios were determined by CO2-
TPD measurements. The profiles of CO2 temperature-
programmed desorption from PAlC, MgAl-X, and PMgC are
shown in Figure 3S of the SI. The total evolved CO2 (per
catalyst weight) was obtained by integration of areas under the
curves, and the resulting values as well as the density of basic
sites (per unit surface area) are reported in Table 3. The total
concentration of basic sites in PMgC was 267 μmol/g giving
the highest basic sites density among all samples of 1.14 μmol/
m2. This value is slightly lower than that determined for MgO
by Di Cosimo et al.8 in the range of 1.63−2.33 μmol/m2. The
difference is possibly concerned with the differences in sample
preparation procedures and measuring techniques. Both the
total evolved CO2 and the density of basic sites notably
decreased when small amounts of Al were present in the
samples (Table 3). Basic site densities on MgAl-7 and MgAl-10
with values in the range of 0.54−0.56 μmol/m2 were less than
half of the corresponding values measured on pure MgO. A
similar trend in the basicity of Mg−Al mixed oxides with the
change of Al content was observed by Di Cosimo et al.8 and
Fishel et al.36 who observed that basic site density in MgO
decreased when small amounts of Al were added, but it
increased for higher Al contents. Based on XPS results, Di

Cosimo et al.8 explained the decrease in basic site density
observed on the samples with low Al content by a significant Al
surface enrichment. They suggested the presence of more
electronegative amorphous AlOy structures or isolated Al
centers on MgO surface blocks CO2 chemisorption sites.
The consistent increase in Al content in Mg−Al mixed oxides

resulted in the growth of the total evolved CO2, from 197 to
329 μmol/g in MgAl-2.5 and MgAl-0.5, respectively. Corre-
spondingly, the density of basic sites attained the high value of
0.875−0.918 μmol/m2 for samples with Mg/Al molar ratios in
the range of 0.5−2.5, but it did not exceed the value observed
for PMgC. Based on XPS data, Di Cosimo et al.8 suggested that
at higher Al contents the surface segregation of Al is less likely
to occur; thus, the solid solution displays higher basicity
concurrently with an increase in surface oxygen concentrations.
A decrease in the crystallinity of high alumina mixed oxides
could be an additional factor which influences the basicity of
these samples. Indeed, the structural defects in the MgO
crystalline framework may contribute to the increased
accessibility of basic sites in the Mg−Al mixed oxides for
CO2. In contrast, PAlC had low values for both the total
evolved CO2 and basic sites density, 156 μmol/g and 0.45
μmol/m2, respectively, indicating a change in the chemical and
phase composition of this sample.
As evidenced by FTIR, adsorption of CO2 on Mg−Al mixed

oxides results in several forms of carbonate species, namely,
monodentate carbonates, bidentate carbonates, and bicarbon-
ates, which are generally described as strong (surface O2− ions)
and medium (Mg2+−O2−) pairs and weak (OH groups) basic
sites, correspondingly.5,8,37−39 Accordingly, the CO2-TPD
profiles are usually deconvoluted in three (arbitrary) desorption
peaks to evaluate their relative contribution and, consequently,
to characterize basic sites varied in their strength.5,8,11 These
desorption peaks have their maxima at about 100, 170, and 270
°C, and their appearance in the TPD curve is the most obvious
for PMgC (SI, Figure 3S). The density of basic sites calculated
from the amount of evolved CO2 for each individual desorption
peak obtained by deconvolution of the overall TPD signal is
presented in Table 3. The general observation is that the
density of all basic sites independently on their strength
demonstrates two maximums: for PMgC and for Mg−Al mixed
oxides with high Al content. The density of strong basic sites
was more expressed on PMgC; it amounted to 0.487 μmol/m2.
The density of the strong basic sites sharply decreased to
0.152−0.163 μmol/m2 for low-alumina mixed oxides. It showed
that surface amorphous AlOy structures or isolated Al centers
on the MgO surfaces of low-alumina Mg−Al mixed oxides
decreased the population of the strongest basic sites, as

Table 3. Concentration and Density of Basic and Acid Sites in Prepared Mg−Al Mixed Oxides Determined by TPD of Adsorbed
CO2 and NH3, Correspondingly

Density of basic sites, μmol/m2

Sample
Concentration of basic sites,

μmol/g Total
Weak
(l.t.p)

Medium
(m.t.p.)

Strong
(h.t.p.)

Concentration of acid sites,
μmol/g

Density of acid sites,
μmol/m2

PAlC 156 0.453 0.134 0.302 0.017 272 0.791
MgAl-0.5 329 0.875 0.234 0.463 0.178 203 0.540
MgAl-1.5 247 0.918 0.190 0.416 0.312 215 0.629
MgAl-2.5 197 0.900 0.178 0.484 0.238 106 0.484
MgAl-4 164 0.686 0.167 0.326 0.193 99 0.414
MgAl-7 134 0.623 0.158 0.302 0.163 96 0.447
MgAl-10 130 0.535 0.124 0.259 0.152 73 0.300
PMgC 267 1.141 0.209 0.445 0.487 4 0.017
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proposed by Di Cosimo et al.8 Further growth in Al content
resulted in the gradual increase in the density of strong basic
sites, and it reached the second maximum of 0.312 μmol/m2 in
MgAl-1.5. This can be attributed to the increased number of
surface defects and the high concentration of surface oxygen
atoms in high-Al mixed oxides due to incorporation of Al3+ ions
into the MgO matrix along with the less pronounced surface
segregation of Al atoms.8 The density of medium strength basic
sites was in the range of 0.416−0.484 μmol/m2 for PMgC and
high-Al mixed oxides with Mg/Al of 0.5−2.5 with a decrease to
0.259−0.326 μmol/m2 for samples with Mg/Al = 4−10. The
density of weak basic sites gradually decreased from 0.234 to
0.124 μmol/m2 as the Mg/Al ratio increased from 0.5 to 10
followed by a sharp increase to 0.209 μmol/m2 for PMgC. At
last, the density of strong basic sites in PAlC was as low as
0.017 μmol/m2, and this sample predominantly contained
weakly basic OH-groups and Al3+−O2− pairs with medium
strength, as proposed in ref 8.
3.4. Acidity of Mg−Al Mixed Oxides Determined by

NH3-TPD. The NH3-TPD profiles of the calcined samples with
a different Mg/Al ratio are shown in Figure 4S of the SI, while
Table 3 reports the values of the total evolved NH3. The total
concentration of acid sites gradually decreased with declining Al
content in the samples from 272 to 4 μmol/g in PAlC and
PMgC, correspondingly. Accordingly, the density of the total
acid sites decreased from 0.791 to 0.017 μmol/m2. The shape
of the NH3-TPD profile for PAlC allows suggesting the
existence of several constituent peaks with maxima at about 180
and 280 °C (SI, Figure 4S), which implies the presence of acid
sites with different strengths. The contribution of the high-
temperature peak may be detected in the NH3-TPD profile of
MgAl-0.5 with the largest Al content, but it is negligible for
other samples. The NH3-TPD results indicate that PAlC is the
most acidic among all prepared samples, while PMgC is the
least acidic both in the total concentration and in the strength
of acid sites.
3.5. Catalysis. Two parallel reactions take place when

contacting a mixture of furfural and acetone with a catalyst:
aldol condensation of furfural and acetone and acetone self-
condensation. Acetone conversion by self-condensation afford-
ing mainly diacetone alcohol was very low (below 2%) and was
therefore not considered further. The carbon balance was
estimated to be close to 100% based on the carbon balance
including only reactants, the main acetone self-condensation
products (diacetone alcohol and mesityl oxide), and the main
aldol condensation products (FAcOH, FAc, and F2Ac) that
exceeded always 92%. In addition to these products, heavier
aldol condensation products were observed as well but could
not be quantified precisely due to their low concentration and
poor chromatographic resolution and thus used in carbon
balance calculation.
Additionally, special experiments with MgAl-1.5 and MgAl-

10 were performed to evaluate the possibility of leaching, i.e.,
the partial dissolution of catalysts in a reaction medium and, as
a consequence, the occurrence of a homogeneous reaction. The
comparison of Mg/Al molar ratio in the mixed oxides before
and after catalytic run by XRF method proved a similarity in
their chemical compositions. Then, the analysis of the reaction
mixture at the end of a catalytic run and catalyst separation
showed the absence of Mg and Al elements in the organic
phase. Finally, in a special experiment, a catalyst was separated
from the reaction mixture after 20 min of the run followed by
the stirring of the mixture for additional 2 h. The composition

of the mixture determined by GC after 20 and after 2 h of the
experiment was similar, thus proving the absence of leaching
effect. Based on these results, it was concluded that furfural
conversion and the composition of reaction products
determined in the performed catalytic experiments were
exclusively due to the physicochemical characteristics of the
solid Mg−Al mixed oxides.
Figure 3 depicts furfural conversion observed on Mg−Al

mixed oxides with a different Mg/Al molar ratio in aldol

condensation of furfural and acetone after 120 min (the
dependence of furfural conversion on reaction time is presented
in Figure 5S of the SI). Furfural conversion did significantly
vary in the range of 3.4−30%, and it did not show any certain
dependence on the chemical composition of Mg−Al mixed
oxides. Among all studied catalysts, PAlC demonstrated the
lowest activity in the reaction with furfural conversion of 3.4%.
Even a small amount of Mg in the composition of Mg−Al
mixed oxides induced a significant growth in the furfural
conversion. It gradually increased from 16% for MgAl-0.5 to
30% for MgAl-1.5. Further increase in Mg content in the
catalysts resulted in a sharp decline in furfural conversion with
the minimum value of 6.9% observed for MgAl-4. The next and
gradual increase in the catalyst activity was observed for mixed
oxides with Mg/Al ≥ 5, and PMgC afforded the furfural
conversion of 27.9% (Figure 3).
Usually the catalytic performance of HTC-derived mixed

oxide materials in aldol condensation is correlated with their
acido-basic properties,4,5,10,11 more particularly, with the
density of basic sites.8,11,39,40 Our results are partially also in
agreement with these findings; a high furfural conversion was
observed for Mg−Al-0.5, Mg−Al-1.5, and PMgC (Figure 3)
which possessed the highest density of basic sites, while pure
alumina (PAlC) with the lowest density of basic sites exhibited
small activity in aldol condensation reaction compared with the
other catalysts (Table 3). The latter result proves that neither
Al3+ Lewis acid sites nor basic sites associated with Al atoms
(weak OH-hydroxyls and medium Al3+-O2− pairs) are able to
initiate aldol condensation by abstracting proton from an
acetone molecule. In contrast, furfural conversion over all Mg−
Al mixed oxides and PMgC was substantially higher, suggesting
that the catalytic activity of these samples originated from
basicity associated with Mg atoms, i.e., weak OH-hydroxyls,
medium Mg2+−O2− pairs, and isolated O2− basic centers.
Nevertheless, despite a general tendency for the growth of

Figure 3. Furfural conversion as a function of a Mg/Al molar ratio in
mixed oxides (A) and the density of basic sites (B) in Mg−Al mixed
oxides. Treac. = 50 °C, time = 120 min.
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furfural conversion with the increasing density of basic sites, a
linear correlation between these parameters in the whole range
of chemical compositions is not quite apparent (Figure 4A).
Hence, we compared the catalysts activity data of Figure 3 with
the density of weak, medium, and strong basic sites, obtained
by deconvolution of the CO2-TPD signal and given in Table 3.
A very weak increasing trend was observed when furfural

conversion was plotted versus the density of weak or medium
basic sites (Figure 4B and C). It is worth noting that desorption
peaks in the medium temperature range (at ≈170 °C)
represents a superposition of two peaks which characterize
basic sites associated with both Al and Mg atoms. As is shown
from the catalytic performance of PAlC, the medium basic sites
associated with Al (Al3+−O2− pairs) have a poor activity in the
reaction. Consequently, an accurate correlation between the
density of medium basic sites which are active in the reaction
(Mg2+−O2− pairs) and furfural conversion is difficult to
establish for samples with high Al content. The dependence
of furfural conversion on the density of strong basic sites is
more straightforward (Figure 4D) suggesting that these sites
mostly contribute to the activity of Mg−Al mixed oxides in
aldol condensation of furfural and acetone. A similar conclusion
was made by Diéz et al.40 who suggested that the rate-limiting
step of aldol condensation is the abstraction of proton from the
acetone molecule that is essentially promoted by strong basic
sites. Ordoñ́ez et al.12 also suggested that aldol condensation of
furfural and acetone required both acid−base pair sites and high
density of strong basic sites. Nevertheless, the contribution of
basic sites with medium strength (i.e., Mg2+-O2− pairs) to the
activity of Mg−Al catalysts in aldol condensation of furfural and
acetone cannot be totally excluded. Faba et al.41 proposed that
the rate-determining step of the reaction is promoted by
medium-strength base sites. A similar conclusion was recently
made by us42 for Zn(Mg)Al mixed oxides with a constant M2+/
Al3+ molar ratio, when higher furfural conversion was observed
for mixed oxides with higher population of Mg2+−O2− pairs

(sites with medium strength) that represented a dominant type
of basic sites in all that catalysts. Considering catalytic results of
the present study indicating an increase in furfural conversion
with the growth of the density of medium (a weaker
correlation, Figure 4C) and strong basic sites (a stronger
correlation, Figure 4D) as well as suggestions from the above-
mentioned references, both medium and strong basic sites can
contribute to the occurrence of aldol condensation.
The obtained results allow suggesting that a specific

correlation between the basicity of catalysts and their activity
can be additionally influenced by other factors related to the
preparation method. Our results suggest that the morphology
and the size of the plate-like crystals which form Mg−Al mixed
oxides should be taken into account when evaluating their
catalytic performance. Indeed, MgAl-2.5 and MgAl-7 demon-
strate similar activity in aldol condensation with furfural
conversion in the range of 9.4−9.8%, although the density of
strong basic sites in these catalysts varies 1.5 times, 0.15 and
0.10 μmol/m2, respectively (additionally, the density of
medium basic sites in these catalysts varies as well, 0.31 and
0.19 μmol/m2, respectively). At the same time, MgAl-2.5 is
formed of plate-like crystals of 0.3−0.6 μm in size, while the
crystals present in MgAl-7 have only 0.1−0.2 μm (Figure 3).
The similar activity of both materials, despite the lack in the
basicity of the latter catalyst, can be therefore explained by the
morphology and size of the crystals in MgAl-7. Similarly, Abello
et al.43 correlated the catalytic performance of differently
prepared hydrotalcites with their textural properties and
concluded that crystal size of the catalysts is the activity-
directing factor in aldol condensation reactions.
The composition of the reaction products provides addi-

tional information on the effect of the properties of Mg−Al
mixed oxides with different chemical composition on the
occurrence of aldol condensation. At similar furfural conversion
of 5%, the ratio between the selectivity to aldol (FAcOH, i.e., a
primary product of furfural−acetone interaction) and the

Figure 4. Furfural conversion in dependence on the density of total (A), weak (B), medium (C), and strong (D) basic sites. Treac. = 50 °C, time =
120 min.
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selectivity to FAc, which is the product of the aldol
dehydration, gradually increased with the growth in the Mg/
Al molar ratio of the samples (Figure 5). The obtained results
agree well with the conclusion of Tichit et al.44 that acidic sites
of Mg−Al mixed oxides were not strong enough to catalyze the
aldol condensation, but they were responsible for the
dehydrating activity of the catalysts. Indeed, the density of
acid sites in the prepared samples decreased successively with
the increasing Mg/Al ratio (Table 3) and did not contribute to
the catalysts activity. Simultaneously, it resulted in a decrease in
the dehydrating ability of the catalysts and, correspondingly, to
an increase in the FAc−OH/FAc selectivity ratio.
Figure 5 depicts that the selectivity to the second

condensation step which resulted in the formation of F2Ac
did not correlate unambiguously with the chemical composition
of Mg−Al mixed oxides. The FAc/F2Ac selectivity ratio reached
its maximum value for MgAl-2.5 and MgAl-4, but declined with
either increasing or decreasing aluminum content in the
samples. The observed trend can hardly be explained by the
acid−base characteristics of the prepared catalysts because it
does not follow a change in the density of either acidic or basic
sites. The second step of aldol condensation results in the
formation of F2Ac which is a more voluminous molecule
compared to FAc. Therefore, the existence of diffusion
limitations associated with the access of the reactants to the
active sites followed by the formation of the bulkier molecule
may be assumed. In contrast to the acido-base characteristics,
the FAc/F2Ac selectivity ratio (Figure 5) correlated well with
the size of the plate-like crystals determined by SEM (Figure
3): the smaller the size of plate-like crystals is, the higher the
ability of catalysts to form F2Ac is. Thus, when evaluating the
catalytic performance of Mg−Al mixed oxides in aldol
condensation of furfural and acetone, both acid−base and
textural properties of the prepared materials have to be taken
into account.

■ CONCLUSIONS

The results of the study show that Mg−Al mixed oxides
prepared from layered double hydroxides over a wide range of
Mg/Al compositions differ in a great extent in their textural and
basic properties. This difference is reflected in their catalytic
performance in aldol condensation of furfural and acetone. In

general, the catalytic activity of the Mg−Al mixed oxides in the
condensation reaction correlates with the density of basic sites,
in particular, strong (surface O2− ions) basic sites. Nevertheless,
the contribution of medium strength (Mg2+−O2− pairs) to the
occurrence of aldol condensation cannot be excluded. Besides,
morphology and the size of crystals affect the activity of Mg−Al
mixed oxides and the composition of reaction products. More
specifically, the existence of small-size crystals diminishes the
influence of diffusion limitations and favors the access of the
reactants to the active sites and, thus, the formation of bulkier
compounds, such as F2Ac. Finally, the presence of acid sites in
the Mg−Al mixed oxides determines their dehydrating
properties and, consequently, also influences the composition
of the reaction products. Hence, the understanding of the
catalytic performance of Mg−Al mixed oxides in aldol
condensation reactions requires to assess not only their basic
properties but also their acidic and textural properties and
morphology.
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(41) Faba, L.; Díaz, E.; Ordoñ́ez, S. Aqueous-phase furfural-acetone
aldol condensation over basic mixed oxides. Appl. Catal., B 2012, 113−
114, 201.
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a  b  s  t  r  a  c  t

Mg-Al  mixed  oxides  and  reconstructed  hydrotalcites  prepared  from  mixed  oxides  by rehydration  attract
much  attention  as  solid  basic  catalysts  for organic  reactions,  such  as  aldol  condensation.  Therefore,  the
understanding  of  parameters  that  govern  their  catalytic  performance  is  of great  importance.  Cannizzaro
reaction  in  the  presence  of  mixed  oxide  and  reconstructed  HTC as  basic  catalysts  was  used  as  a  model
reaction  to characterize  both  catalytic  systems  and  to  understand  their  behavior  in aldol  condensation.
The  performance  of  the  samples  was  investigated  in  the  conversion  of  aqueous  furfural  mixture  using
stirred  batch  reactor  operating  at T = 50 ◦C.  The  properties  of  both  initial  samples  and  catalysts  after
reaction  were  studied  by  different  physico-chemical  methods,  such  as  XRD,  DRIFT  and  TGA.  It  was  shown
that  both  mixed  oxide  and  reconstructed  HTC  possessed  poor  activity  in  the  conversion  of dried  furfural
proving  the importance  of water  presence  for the  reaction  to take  place.  Addition  of  water  to  the  reaction
mixture  resulted  in growth  of  the  yield  of  both  furfuryl  alcohol  and  furoyl  furoate  as reaction  products.

Furoic  acid  was  not identified  by GC analysis,  but  the  interaction  of the  acid  with  the  basic  sites  of  catalysts
was  confirmed  by  DRIFT  and  TGA analyses  indicating  that  at optimum  reaction  conditions,  most  of  the
basic  sites  were  involved  in  the formation  of  furoate  species.  The  formation  of  the  surface  furoate  species
influenced  the  behavior  of the  basic  catalysts  in  aldol  condensation  of furfural  and  acetone.  It allows
concluding  that  the  occurrence  of  Cannizzaro  reaction  should  be taken  into  account  when  considering
the  behavior  of basic  catalysts  in  organic  reactions  with  furfural  as  a  reactant.
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Introduction

In recent years hydrotalcites (HTCs) have found numerous
plications as adsorbents or ion exchangers, catalyst pre-
rsors or supports, etc. [1–4]. These materials represent a
ss of hydrated double hydroxides with a general formula
2+

nM3+
m(OH)2(n+m)]m+ (Ax−)m/x·yH2O. The most commonly used

-Al HTCs consist of a brucite-like [Mg(OH)2] network wherein
morphous substitution of Mg2+ ion by a trivalent Al3+ occurs
d the excess positive charge of the framework is compensated by
llery anions which are located in the interlayer along with water
lecules [4–6]. As-prepared HTCs typically contain carbonates as

mpensating anions which makes these materials inactive in base-
talyzed reactions [7]. Thermal treatment of Mg–Al HTCs results in

composition of carbonate groups accompanied by the release of
2 and the formation of a well-dispersed mixture of magnesium
d aluminum oxides (MgAlO). The calcined mixed oxides act as
ak Lewis acid/strong base catalysts and find various applications
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 effective catalysts in transesterification [8,9], alcohol elimina-
n [10] and condensation [11,12] reactions. A distinctive feature

 MgAlO materials is their ability to reconstruct the lamellar HTC
ucture (so-called memory effect) when contacted with water
por or liquid water in absence of carbon dioxide. This leads to
eixnerite (magnesium aluminium hydroxide hydrate), that is HTC
tercalated with OH− as compensating anions in the interlayer
1,12]. In addition, the treatment of MgAlO with aqueous reac-
n mixture (in situ rehydration) leading to reconstructed HTCs is
o known [12–14]. These rehydrated materials have been applied

 a number of base-catalyzed reactions which require Brønsted
sic character, including different self- and cross-condensations
2–15] Michael additions [16], etc.

Condensation reactions attract much attention because they
ow obtaining more complex compounds with more carbon
oms starting from relatively simple molecules. The interest

 these reactions stems from the fact that many of the initial

olecules for the syntheses can be obtained by biomass process-
g. For example, furfural can be obtained by acid hydrolysis of
gar cane bagasse, a residue from sugar cane processing, fol-

ed by extraction [17]. The needed acetone may be obtained
 ketonization of acetic acid [18] that is an important product
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of biomass pyrolysis. Aldol condensation of these relatively sim-
ple molecules allows increasing chain length to 8+ carbon atoms
This route has attracted significant interest, because hydrogena-
tion/hydrodeoxygenation of these aldol condensation products
leads to various hydrocarbons suitable for blending in conventiona
diesel fuel and kerosene [19]. A comprehensive study of aldol con-
densation over solid catalysts is thus necessary for designing the
pathway to components of motor fuels from renewable natura
resources.

Aldol condensation of furfural (F) and acetone (Ac) in the pres-
ence of a basic catalyst begins with the initial abstraction of the
�-proton from acetone, forming a carbanion that consecutively
attacks the carbonyl group of the nearby adsorbed furfural molecule
[20,21]. Additionally, acetone can be transformed on basic (or
acidic as well) sites by its own reaction pathway which is acetone
self-condensation resulting to the formation of diacetone alco-
hol, mesityl oxide, etc [11,13]. Both aldol condensation of furfura
with acetone and acetone self-condensation can proceed simulta-
neously; in this case the rate-determining step should be shared
by both reaction pathways and involve basic sites with similar
strength [20].

Much  less attention is paid to the transformation of furfura
on basic sites of a solid catalyst in absence of acetone, or gen-
erally in absence of carbonyl compounds having no �-hydrogen
atoms. Nevertheless, furfural can hardly be considered as an inert
component when contacted with basic sites and a specific paral-
lel reaction route has to be considered. Cannizzaro reaction (CR) is
a well-known base-induced redox reaction of an aldehyde lacking
a hydrogen atom in the alpha position. It represents the dispro-
portionation of an aldehyde into a carboxylic acid and an alcoho
catalyzed by a strong aqueous base, i.e. it takes two  aldehydes to
produce one acid and one alcohol. In case of furfural, two  furfura
molecules would produce furfuryl alcohol (F-OH) and furoic acid
(F-OOH) according to the reaction scheme below (Scheme 1).

The  mechanism of the CR is well postulated. The reaction begins
with the attack of hydroxide from basic NaOH on the carbony
carbon followed by deprotonation to give a dianion. This unsta-
ble intermediate releases a hydride anion which attacks another
molecule of aldehyde. In this process the dianion converts to a
carboxylate anion and the aldehyde to an alkoxide. The alkoxide
then picks up a proton from water to provide the alcohol fina
product, while the caboxylate is converted to the carboxylic acid
product after acid work-up [22]. It should be mentioned that in
aqueous basic solution carboxylic acid produced by CR can hardly
be detected in pure form as it immediately reacts with the base to
form a corresponding salt.

Taking into account the scheme of furfural transformation by
CR the occurrence of this reaction on a basic solid can also be
assumed provided that the catalyst possesses hydroxides of suffi-
cient strength as active sites and the reaction proceeds in aqueous
medium. Indeed, this reaction was proposed among others when
considering all possible reactions occurring during aqueous fur-
fural aldol condensation with acetone using base solid catalysts
[23]. Additionally, it was mentioned that MgO  in aqueous media
could catalyze the formation of the intermediate species for the
Cannizzaro reaction (furfuryl alcohol and furoic acid) resulting
in the formation of esterification product, 2-furancarboxylic 2-
furanmethyl ester (furoyl furoate, FF) [24]. Nevertheless, there is no
information available on the effect of CR on the physico-chemica
properties of a solid basic catalyst as well as on its impact on the
behavior of the catalyst in aldol condensation.
The scope of the present work is thus to understand the behavior
of calcined Mg-Al mixed oxide as a catalyst for converting aqueous
furfural mixture and to provide information on the extent of CR and
its impact on the catalyst performance in aldol condensation.

ART - 15
 A: General 525 (2016) 215–225

2. Experimental

Mg–Al layered double hydrotalcite (HTC) with a Mg:Al molar
ratio of 3:1 was prepared according to a procedure described in
[25]. The Mg-Al mixed oxide was prepared by calcination of the
dried as-prepared HTC at 450 ◦C for 3 h (heating rate 5 ◦C/min). The
rehydration of the mixed oxide was performed by its stirring in
water (2 g of freshly calcined material per 30 mL  of water) at room
temperature for 30 min, followed by the filtration of resulting solid
with a vacuum pump and drying in a rotary evaporator in N2 flow
during 40 min. The calcined HTC is further on referred to as Mg-Al
mixed oxide while the fully rehydrated mixed oxide is denoted as
reconstructed HTC.

The  crystallographic structures of the dried as-prepared HTC
sample, Mg-Al mixed oxide and materials obtained during rehy-
dration experiments were determined by X-ray powder diffraction
using a Philips MPD  1880 instrument with Cu K� irradiation
(� = 0.154 nm) in the 2� range of 5◦–70◦ at the 2� scanning rate
of 2.4◦/min. The relative content of present crystalline phases in
the solids was evaluated using the areas of diffraction peaks at
2� = 11.4 and 22.8◦ for the HTC phase and at 2� = 43.1◦ for the MgO
phase, wherein the relative content of the respective phases in
as-synthesized HTC and Mg-Al mixed oxide were taken as 100%
The textural properties of the samples (specific surface area and
pore volume) were measured by nitrogen physisorption at −196 ◦C
using an Autosorb surface area and porosity analyzer. The basic
properties of as-prepared HTC were evaluated by temperature pro-
grammed desorption (TPD) of carbon dioxide in a Micromeritics
Autochem 2950 apparatus. Before reduction, the sample was out-
gassed under a He flow of 25 cm3 min−1 with a heating ramp of
10 ◦C min−1 up to 500 ◦C. The sample was cooled down to 50 ◦C
and saturated under a CO2 flow (10 vol.% in He) of 50 cm3 min−1

for 30 min. Subsequently, the physically adsorbed carbon dioxide
was removed by flowing He (25 cm3 min−1) at 50 ◦C for 60 min
Finally, the chemically absorbed CO2 was desorbed by heating up
the sample to 850 ◦C (heating rate of 15 ◦C min−1) in flowing He
(25 cm3 min−1) and maintaining this temperature for 30 min. The
amounts of desorbed species were quantified using calibration
standards. Thermogravimetric analysis of the dried as-prepared
HTC catalysts was  performed using a TA Instruments TGA Discovery
series equipment operating with a heating ramp of 10 ◦C/min from
room temperature to 900 ◦C in N2 flow. TGA-MS experiments were
performed on the same TGA unit equipped with mass-spectrometer
OmniStar GSD 320 (Pfeiffer-Vacuum) with MID  (Multiple Ion
Detection) measurement mode, SEM (Secondary Electron Multi-
plier) detector and quadrupole mass analyzer. The DRIFT spectra
were recorded on a Nicolet IS 10 FTIR spectrometer equipped with
DTGS detector and KBr beam splitter. All spectra were collected
over the range of 4000–400 cm−1 at a spectral resolution of 4 cm−1

and number of scans 128 (both for the background and the sample
spectra).

Furfural (Sigma-Aldrich) used for the study was pre-dried with
a molecular sieve 3A to exclude the influence of moisture orig-
inating from the chemicals. All catalytic experiments on furfural
conversion using either water-free conditions or aqueous furfural
mixture were carried out in a 100 mL  stirred batch reactor (a
glass flask reactor) operating at T = 50 ◦C. Furfural conversion as a
function of reaction time was studied in experiments using 2 g of
freshly calcined HTC (or rehydrated HTC prepared from the same
amount of Mg-Al mixed oxide) and 30 g of furfural. To prepare aque-
ous furfural mixtures, different amount of water (ranging from 0

to 33%wt.) was  added to furfural. As the solubility of water and
F in each other is limited [26], aqueous furfural mixtures with
water content ≤6 wt.% were monophasic solutions while higher
water amounts resulted in the formation of a biphasic (water
and organic phases) mixtures if no stirring was  used. To ensure
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Scheme 1. Cannizzaro reaction in the prese

quasi-constant” reaction conditions, the reaction mixture was
rred at 300 RPM to afford aqueous organic emulsion. After adding

 catalyst to the reaction mixture, the reaction was  carried out
T = 50 ◦C for 180 min  at 300 RPM. Samples were periodically
thdrawn from the reactor during the experiment, filtered, and
alyzed by Agilent 7890A GC unit equipped with a flame ioniza-
n detector (FID), using a HP-5 capillary column (30 m/0.32 mm
/0.25 �m).  The obtained products were identified based on stan-
rd reference compounds as well as additional GC–MS analyses.
e catalytic results of furfural transformation over basic catalysts
re described in terms of product yield that was  calculated as
lows:

ield of producti(t)(mol%) = 100 × (mole of reactant

converted to product i)t/reactant t  = 0.

After the reaction the catalysts were separated from aqueous
fural mixture by filtration, washed with ethanol, dried in N2
w at room temperature and characterized by different methods.
talysts obtained from experiments with aqueous furfural mix-
es having different water content are denoted HTC-xx where xx
nds for the wt.% of water in the mixture, i.e. HTC-23 is a cata-
t obtained from reaction in which aqueous furfural containing

 wt.% of water was used as feedstock.
Aldol condensation of furfural and acetone was  performed by

ing the same stirred batch reactor operating at T = 50 ◦C. For
se experiments 0.5 g of freshly calcined HTC, 6.5 g of furfural

d 19.7 g of acetone (Ac:F = 5 mol/mol) were used. After adding
 catalyst to the reaction mixture, the reaction was carried out at

 50 ◦C for 180 min  under intensive stirring. Samples were period-
lly withdrawn from the reactor during the experiment, filtered
d analyzed by the same GC method. Catalytic results of aldol
ndensation of furfural and acetone were described by conver-
n parameter that was calculated from the corresponding molar

ncentrations as follows:

eactant  conversion (t)(mol%) = 100 × (reactantt = 0

–reactantt)/reactantt = 0.

Results

. Catalyst characterization
The  physico-chemical properties of as-prepared HTC, calcined
C (Mg-Al mixed oxide) and rehydrated HTCs investigated by
D, TGA/DTG and DRIFT are presented in Table 1 and the Sup-
mentary information (SI).
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 sodium hydroxide as a basic catalyst.

The  XRD pattern of the freshly synthesized sample used in this
dy (see SI) shows a pure hydrotalcite phase (JCPDS 22-700) with
ensive symmetrical peaks at 2� ≈ 11◦, 22.8◦, 36◦ and 60◦, which

 characteristic for the brucite-like layers. No additional crys-
line phases could be identified in the diffractogram proving the
h phase purity of the as-prepared hydrotalcite material. The
D pattern of the sample calcined at 450 ◦C (Mg-Al mixed oxide)
nfirms the disappearance of the layered HTC structure. The only

ections observed in the XRD pattern (see SI) correspond to the
O phase proving the formation of Mg-Al mixed oxide with the
O  periclase-type structure (JCPDS 87-0653). XRD pattern of a

mple obtained after interaction of the Mg-Al mixed oxide with
uid water evidences the presence of a reconstructed HTC phase
eixnerite, JCPDS 35-0965) (see SI). It is worth noting that the
D patterns of totally rehydrated samples shows neither a signif-
nt loss in intensity nor broadening of XRD peaks in comparison
th the as-prepared HTC., i.e. these samples can be considered to

 reconstructed HTCs. It also means that upon mechanical stirring
ring the rehydration process in liquid phase the hydrotalcite-
e platelets were not broken or exfoliated which would result in
ecrease in their particle size and in a change in their textural

operties.
The textural properties of the as-prepared and Mg-Al mixed

ide (Table 1) are similar to those obtained for similar materials in
r other studies [25]. According to chemical analysis, Mg/Al molar
io in as-prepared material is 3.8 (Table 1), i.e. slightly higher
en compared with the starting concentration of the elements

reactive synthesis gel. Assuming that each Al atom in the solid
ould produce one basic site, the theoretically possible concentra-
n of basic sites in the sample with Mg/Al = 3.8 (with respect to
lk Al content) is 4.9 mmol/g for calcined sample, i.e. Mg-Al mixed
ide, (Table 1) or 2.7 mmol/g for dried as-prepared HTC taking into
count its general formula and weight loss upon calcination (TGA
ta see below).
The  actual concentration of basic sites was  measured by CO2-

D technique. The uptake of CO2 was 0.85 mmol per one gram
dried as-prepared HTC sample used in the experiment, hence

e total concentration of basic sites determined by CO2-TPD was
5 mmol/g based on the as-prepared HTC or 1.54 mmol/g if recal-

lated for Mg-Al mixed oxide, i.e. nearly 31.5% of theoretical value
ble 1).
The  TGA profile for the as-prepared HTC sample (see SI) is in

od agreement with the profiles reported in literature for HTC-
e materials [27,28]. The total weight loss for this sample amounts
45.8 wt.% (Table 2) which is in accordance with previous results
,28]. The low temperature weight loss of 16.7 wt.% occurs in the

◦
ge of 20–200 C due to the removal of water molecules. It is
arly seen (see SI) that the signal in this range could be decon-
luted in two  peaks with maxima at ca. 100 and 200 ◦C which

 generally attributed to the loss of physically adsorbed and
erlayer water molecules, correspondingly [27]. The high tem-
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Table 1
Physico-chemical characteristics of Mg-Al samples used in the present study.

Sample Phase
composi-tion

BET  area (m2/g) Mg/Al in synthesis gel
(mol/mol)

Mg/Al  by XRF
(mol/mol)

Theoretical amount of
basic  sites (mmol/g)

Concentration of basic sites
by CO2-TPD (mmol/g)

HTCas-prep. HTC – 3 3.8 2.7 0.85
Mg-Alcalc. MgO  180 4.9 1.54
HTCreconstr. HTC – 2.7

Table 2
Results on the thermal analysis of the samples and their formula calculated from TGA-MS data.

Sample Weight loss (TGA), % Calculated formula (using TGA-MS)

Total 20–250 ◦C 250–800 ◦C
HTCas-prep. 45.8 16.7 

Mg-Alcalc. 10.2 4 

HTCreconstr. 45.4 17.1 

perature weight loss of 29.1 wt.% is observed at temperature above
200 ◦C and originated from the dehydroxylation of the brucite-like
sheets and the decomposition of carbonates in the interlayer [27].
To quantify the ratio between hydroxyl and carbonate groups in the
as-prepared HTC, TGA-MS technique was used to determine H2O
and CO2 evolution from the sample. Above 250 ◦C, the MS  spectra
show the presence of signals of H2O and CO2 (see SI) with the max-
ima at similar temperature, i.e. 395 and 404 ◦C, correspondingly,
which prevents their differentiation by a routine TGA analysis.
Using data from chemical and thermal analysis, the composition
of the as-prepared hydrotalcite was calculated being very close to
expectations from theory (Table 2).

In comparison with the as-prepared HTC, the weight loss of the
calcined material (i.e. Mg-Al mixed oxide) is, as expected, much
lower (only 10.2 wt.%) (Table 1). It corresponds to the loss of the
physically adsorbed water below 100 ◦C (4.0 wt.%) and the removal
of residual hydroxyls and carbonate groups at T ≥ 500 ◦C remained
present after the sample calcination at T = 450 ◦C (see SI). Total
weight loss in the rehydrated sample is 45.4 wt.% (Table 1), i.e.
very close to the value determined for the as-prepared HTC mate-
rial. The distribution and intensity of the signals observed in the
DTG spectra for the as-prepared and the reconstructed samples are
also similar. Nevertheless, the performed TGA-MS study of both
samples evidences a substantial decrease in the intensity of the
signal corresponding to the evolved CO2 (see SI). It proves that
as a result of the calcination-rehydration procedure most of the
carbonate groups are replaced by hydroxyls in the reconstructed
HTC as evidenced by the calculated formula of the reconstructed
HTC (Table 2). The observed presence of carbonate groups in the
reconstructed HTC results most probably from the interaction of
the rehydrated sample with CO2 from air before the TGA analysis.

The  DRIFT spectrum of the as-synthesized HTC material (see SI)
is similar to the spectra published elsewhere [1,12,29,30]. A typical
broad band at about 3460–3500 cm−1 is attributed to the stretching
vibrations of structural hydroxyl groups in the brucite-like layer. A
shoulder at 3000 cm−1 is assigned to hydrogen bonding between
water molecules and the interlayer carbonate anions. The bands
at around 1640 and 1370 cm−1 confirms the expected presence
of interlayer water molecules and carbonate (chelating or bridg-
ing bidentate) anions, respectively. The vibration at 1515 cm−1 is
ascribed to a reduction in the symmetry caused by the presence
of monodentate carbonates (�asymO–C–O) interacting with Mg2+, as
reported elsewhere [1,12,29,30]. The low frequency region shows
a band at about 560 cm−1, corresponding to the translation modes

of hydroxyl groups, influenced by Al3+ cations [12,31,32]. The band
at 870 cm−1 is characteristic for the out-of-plane deformation of
carbonate, whereas the in-plane bending is located at 680 cm−1

[12].

ART - 15
29.1 Mg7.6Al2CO3(1.08)OH19.6·6.2H2O
6.2 –
28.3 Mg7.6Al2CO3(0.16)OH21·8.2H2O

Calcination of the as-prepared HTC results in water removal that
is evidenced by the disappearance of the band at around 1640 cm−1

(water bending vibrations) and of the shoulder at 3000 cm−1 (inter-
action of H2O CO3

2− in the interlayer) (see SI). The intensity of
the bands at around 3460–3500 cm−1 also decreases due to the
surface dehydroxylation upon calcination. The band at 1370 cm−1

(interlayer carbonates) decreases in intensity and the two peaks
at about 1515 and about 1400 cm−1 evidencing the interaction
between CO3

2− and Mg2+ [12] are also present, but their intensity
decreases as well. The obtained FTIR spectrum proves that residual
carbonate and hydroxyls anions as well as small amount of water
(band at around 1640 cm−1) are still present in HTC sample cal-
cined at T = 450 ◦C, i.e. in the Mg-Al mixed oxide sample, most likely
due the adsorption of CO2 and moisture from air during the DRIFT
experiment.

The spectrum of the reconstructed HTC is substantially sim-
ilar to that of the as-prepared HTC (see SI). The broad band at
3460–3500 cm−1 evidences the recovery of the structural hydroxyl
groups in the brucite-like layers. The bands at 3050 and 1640 cm−1

also reappears in the spectra of this sample, indicating a signif-
icant amount of adsorbed water molecules in the reconstructed
material. The band at 1370 cm−1 which also reappears in the spec-
tra as a symmetric peak is usually attributed to the presence of
carbonates in reconstructed materials, even after rehydration step
[12,32]. In the latter case, the existence of these groups in the
rehydrated samples is explained by a probable introduction of
(CO3)2− from air during the reconstruction process [12]. How-
ever, the performed TGA-MS analysis of the reconstructed HTC
proves low concentration of carbonates in the reconstructed HTC,
so the band at 1370 cm−1 in DRIFT spectrum cannot be unequivo-
cally attributed to carbonate groups. Moreover, anionic OH-groups
should be inevitably identified in the DRIFT spectra of the recon-
structed HTC material as well. It is known that anionic groups other
than carbonates could be characterized by absorption bands in the
FTIR region close to 1370 cm−1. For example, a band at 1364 cm−1

was previously ascribed to the anti-symmetrical stretching mode of
nitrate ions [33] and a band observed at 1390 cm−1 was  attributed
to the symmetric stretching of the carboxylate group [34]. Hence,
hydroxyl groups formed due to the rehydration of Mg-Al mixed
oxide (calcined HTC), which compensate the positive charge of
the layers, could be also responsible for the observed band lying
in the same FTIR-region. This makes us to conclude that the
band at 1370 cm−1 could in fact signify the presence of any
extra-framework functional anionic groups, including OH−, which

compensate the positive charge of the inorganic framework origi-
nating from the Mg-Al isomorphous substitution.
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. Interaction of Mg-Al mixed oxide with aqueous furfural
xture

According to the reaction scheme (Scheme 1), water is a nec-
ary participant of Cannizzaro reaction donating a proton for an
ermediate alkoxide to be converted to a final alcohol. In other
rds, the absence of water makes the disproportionation of fur-
al to furfuryl alcohol (F-OH) and furoic acid (F-OOH) in the
sence of a basic catalyst impossible. Accordingly, in our experi-
nts we have studied the behavior of Mg-Al mixed oxide in CR of

ueous furfural solutions having different water content.
The  main reaction products obtained by reaction of aqueous fur-
al feedstock over calcined HTC, i.e. over Mg-Al mixed oxide, are
H and furoyl furoate (FF). Despite no F-OOH is found in reaction
ducts, the formation of F-OH and FF, a product of esterification
ction between F-OH and F-OOH, provides an indirect evidence
t furfural undergoes CR over the solid base catalyst. One-stage
ohol formation from aldehyde is only possible by using hydro-
n atmosphere and a hydrogenation catalyst which is not the case
our experiment. Moreover, due to the basic nature of the cat-
st used it is highly likely that F-OOH will react immediately
th the basic sites forming either salts, e.g. sodium furoate when
OH would be used as catalyst, or surface furoates in case of solid
se catalysts. This is confirmed by a titration experiment (see SI)
which F-OOH is successively added to Mg-Al mixed oxide (cal-
ed HTC) catalyst immersed in acetone followed by GC analysis

the liquid phase. A signal on the GC diagram belonging to F-OOH
pears only when the amount of acid added to the catalyst exceed

 g/gcat. The only plausible explanation of the performed titration
periment is that the acid remains adsorbed on the catalyst. It is
rth noting that the concentration of basic sites in the calcined
ple titrated with F-OOH is ≈2.7 mmol/g, which is higher than

t determined by CO2-TPD (based on Mg-Al mixed oxide). Pre-
ably, furoic acid could additionally adsorb on weak basic sites

ich do not interact with CO2 in the CO2-TPD experiment. Assum-
 the formation of surface furoates, we have introduced the yield

F-OH as the measure of catalyst activity in Cannizzaro reaction.
Fig.  1A depicts F-OH yield observed during reaction of aqueous
fural mixtures having different water content on Mg-Al mixed
ide in dependence on experiment duration. A clear dependence
catalyst activity on water content in the mixture is observed.
water-free conditions, F-OH yield is as low as 0.11 wt.% after

0 min  of the reaction. This result confirms the necessity of water
sence in the reaction mixture to facilitate the Cannizzaro reac-

n, which is in accordance with the reaction scheme (Scheme 1).
e catalyst activity observed in the water-free experiment can be
plained by the traces of moisture in the sample due to adsorption
m air during the transfer of the calcined catalyst into the reac-
. This explanation is also supported by TGA results. The observed
ohol yield corresponds to 0.15 mmol  of F-OH produced per 1 g of
-Al mixed oxide. Taking into account the reaction stoichiome-
, i.e. the equimolar formation of F-OH and F-OOH, and assuming
d-base interaction between the formed F-OOH and basic sites of

 catalyst, it can be inferred that about 10% of the basic sites in
 catalyst probed by CO2 (Table 1) participate in the reaction and
ct with the produced acid forming furoate species.
Fig.  1A shows that the increase in water content in the mixture
ults in the growth of F-OH yield proving thus the importance of
ter in the reaction (Scheme 1). For monophasic reaction con-
ions (water content in the range of 0–6 wt.%) the F-OH yield
below 0.5 wt.% after 180 min  of the reaction. Under biphasic

ction conditions (water content >12 wt.%) the F-OH yield sub-
ntially increases to 1.8-2.3 wt.% (Fig. 1A). The maximum alcohol
ld of 2.3 wt.% is observed for water content of 23 wt.% in the mix-
e while further increase in water content up to 33% results in a
ht decrease of F-OH yield to 1.9 wt.%.

pla
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fur
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The maximum F-OH yield of 2.3 wt.% (Fig. 1A) corresponds to
 mmol  of produced F-OH per 1 g of calcined catalyst. Hence,

 amount of the produced acid should also correspond to
 mmolF-OOH/gcat. Since F-OOH is not identified by GC among
ction products, the concentration of basic sites that interacted

th the acid should also be equal to 3.6 mmol/gcat. This value is
ger than that determined by the direct titration of Mg-Al mixed
ide with furoic acid (see SI) and substantially exceeds the value
termined by CO2-TPD (Table 1). On the other hand, the con-
ntration of basic sites in the catalyst evaluated from its activity
CR is still lower than the theoretical basicity derived from its
emical composition. It allows concluding that not all basic sites
the catalyst are involved in the reaction and the formation of
rface furoates. Nevertheless, the concentration of basic sites as
h as 3.6 mmol/g determined by the in-situ “titration” with furoic

id proves that physico-chemical characteristics of basic catalysts
luding the amount of basic sites can change during the rehydra-
n step as discussed below.
Besides  F-OH, furoyl furoate is observed as a reaction product

g. 1B), apparently as a result of esterification reaction between
furyl alcohol and furoic acid. In contrast to F-OH, the yield of

 FF ester exhibits a less pronounced dependence on water con-
t. Fig. 1B shows that after 180 min  of the reaction, the ester yield

0.16 wt.% for monophasic aqueous furfural mixture (≤6 wt.% of
ter) and only small increase to 0.18–0.2 wt.% is observed for
her water contents (biphasic reaction mixture). The observed

or dependence of the ester yield on water content allows assum-
 that the formation of this compound could be more preferable
water-free reaction conditions. Obviously, as water is a prod-
t of the esterification reaction, an increase in water content will
or hydrolysis over esterification, i.e. shift the reaction equilib-
m towards the reactants.

.  The properties of Mg-Al catalysts after reaction

The experimental results provide a strong indication that fur-
al is converted by Cannizzaro reaction over Mg-Al mixed oxide
en water is present. Whereas F-OH is observed in the reaction

oducts by GC, it is highly probable that F-OOH forms furoate
ecies on the catalyst surface, i.e. remains adsorbed on the basic
es of the catalyst. The formation of such species would definitely
ange physico-chemical properties of a basic catalyst and these
ve been monitored by different techniques.

.1. XRD
Fig.  2A depicts XRD patterns of catalysts after reaction in depen-

nce on water content in aqueous furfural mixture. XRD patterns
samples after experiments using a monophasic reaction mix-
e (water content of 0–6 wt.%) contain predominantly reflections

aracteristic for MgO  phase. As soon as the furfural mixture
comes biphasic (water content ≥12 wt.%), the intensity of the
ections due to the MgO  phase noticeably decreases while the

ensity of reflections corresponding to the HTC phase increases.
e calculated relative content of the crystalline phases (Fig. 2B)
idences that a dramatic step change in the phase composition of

 catalysts occurs when the monophasic reaction mixture turns
o a biphasic one due to the increase in water concentration. In the
nophasic aqueous-organic mixture the probability for the inor-

nic solid to interact with water molecules (a necessary step for
ydration to take place) is low because of high furfural concen-
tion because both molecules compete for the same adsorption

ces. As a consequence, the rehydration of the mixed oxide to
econstructed HTC is slow. In contrast, when the reaction mix-
e is biphasic, the catalyst is in contact with both organic (mostly
fural) and aqueous (mostly water) phases. The XRD data evi-
nce (Fig. 2) that such intermittent interaction of Mg-Al mixed
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Fig. 1. Yields of furfuryl alcohol (A) and furoyl furoate (B) observed during reaction of aqueous furfural mixture on Mg-Al mixed oxide in dependence on water content (in
wt.%):  1–0%, 2–3%, 3–6%, 4–12%, 5–18%, 6–23%, 7–33%. Treac. = 50 ◦C, mfurfural = 30 g, mcalc.cat. = 2 g.
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Fig. 2. XRD patterns (A) and the relative content of HTC and MgO phases (B) in cata
1–HTC-0, 2–HTC-3, 3–HTC-6, 4–HTC-12, 5–HTC-18, 6–HTC-23, 7–HTC-33 where th

oxide with either organic or aqueous phase under intensive stirring
ensures the transformation of the solid mixed oxide into recon-
structed HTC. The comparison of the catalytic results with the XRD
data allows concluding that the observed high activity of the cata-
lysts in CR is connected with the high rehydration degree of Mg-A
mixed oxide to a reconstructed HTC. This conclusion is in agreement
with the reaction scheme of CR: the disproportionation of furfura
to F-OH and F-OOH takes place with the participation of hydroxyls
which are Brønsted basic sites of the rehydrated HTC catalyst rather
than with the Lewis basic sites of Mg-Al mixed oxide.

3.3.2. TGA
Fig.  3A depicts TGA curves of the catalyst samples after Canniz-

zaro reaction of furfural aqueous mixtures having variable water
content. The catalysts were separated from reaction mixtures by
filtration followed by washing with ethanol and drying at 80 ◦C
for 4 h before TGA experiments to exclude the contribution of any
physisorbed organic species to the results. The increase in water
content results in a progressive increase in the total weight loss o
the samples (Fig. 3A) which correlates with the transformation o
the Mg-Al mixed oxide to reconstructed HTC materials as proved by
XRD (Fig. 2). The samples obtained from the reaction of monopha-
sic furfural-water mixtures possess low-to-moderate weight loss

in the range of 21–30 wt.%, due to the small rehydration degree
of the Mg-Al mixed oxide (<20%). In contrast, the weight loss of
the sample HTC-23 obtained after reaction of biphasic furfural-
water mixture amounts to 49 wt.% which is close to the values
for as-prepared or water-reconstructed HTC samples (Table 1). In

ART - 15
after reaction in dependence on concentration of water in aqueous furfural mixture:
bers denote wt.% of water in the mixture.

agreement with these results, the sample HTC-23 affords a nearly
fully reconstructed HTC after the reaction as evidenced by the XRD
results (Fig. 2).

The  DTG curves of the samples after reaction (Fig. 3B)
show two ranges of weight losses in accordance with the
results for as-prepared or reconstructed HTC samples. The low-
temperature region consists of two  signals at T = 80–100 ◦C and
180–200 ◦C attributed to physically adsorbed and interlayer water
respectively, the latter exhibiting a clear dependence on the recon-
struction degree of the rehydrated samples. In fact, the change in
phase composition is linearly proportional to the water content
in the aqueous furfural mixture. In agreement with the XRD data
(Fig. 2A) an obvious difference is observed between the TGA/DTG
curves for samples obtained from monophasic or biphasic reaction
mixture experiments.

In  the high-temperature region of DTG curves, the presence
of two well-distinguished signals at ∼320 and ∼400 ◦C can be
observed. The signal at T = 385–400 ◦C is similar to those observed
in both as-prepared and reconstructed HTC samples and corre-
sponds to the removal of carbonate and/or hydroxyl groups from
the samples [27]. For the catalysts after reaction the intensity of
this peak increases with the growth in water content in the reac-
tion mixture and, as a consequence, it is in line with the increase

in the rehydration degree of Mg-Al mixed oxide proved by XRD
(Fig. 2). Nevertheless, the signal with maximum at T = 320 ◦C was
not previously observed in DTG curves for as-prepared and water-
reconstructed HTC materials (see SI). Therefore, this signal has to
originate from other compounds than water, CO2 or contaminants
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. 3. TGA (A) and DTG (B) curves of catalysts obtained after reaction with aqueous f
TC-18, 6–HTC-23, 7–HTC-33.

m ambient air, i.e. from furfural or reaction products of fur-
al transformation including F-OH, F-OOH and FF. The intensity
this signal also increases with the increasing concentration of
ter in the reaction mixture. As the increase in the water content
ulted in an increase in the furfuryl alcohol yield (Fig. 1A), it can

 deduced that the signal at T = 320 ◦C is due to furfuryl alcohol
 more likely, due to surface furoates formed by adsorption of
oic acid that is produced from furfural by Cannizzaro reaction in
uimolar yields as furfuryl alcohol, but unlike F-OH is not detected
ong reaction products.

.3.  DRIFT
DRIFT spectra obtained after contacting Mg-Al mixed oxide

th aqueous furfural mixtures having different water content are
own in Fig. 4 (reconstructed HTC rehydrated with pure water
shown as a reference). With increasing water content, a broad
nd in the range of 2700–3700 cm−1 reappears in the spectra
oving the recovery of structural hydroxyl groups in the brucite-
e layers of the rehydrated samples (Fig. 4A). The bands in the
ge of 1300–1700 cm−1 which characterize the presence of inter-
er water molecules and compensating extra-framework anions
o appear in the spectra (Fig. 4B). The change of the DRIFT spec-

 for Mg-Al mixed oxide sample after its contact with aqueous
dium can be attributed to the HTC structure recovery and is
s in agreement with XRD and TGA results. However, compar-

 the DRIFT spectra for catalysts after reaction with the spectra
 both as-prepared and rehydrated HTC samples, it can be con-
ded that the composition of the functional groups in the samples
er reaction is different than in the fresh samples. First, shoul-
r at 3000 cm−1 usually observed in the DRIFT spectra of both
prepared and reconstructed HTC rehydrated with pure water is

sent in the DRIFT spectra of the spent catalysts. The absence of
s shoulder suggests that the H2O CO3

2− interaction in the inter-
er is weakened. Furthermore, the character of the bands in the
ge of 1300–1700 cm−1 differs: it becomes more complex for the
ples after reaction as additional bands appeared in the spectra

g. 4B). Instead of a single band at 1640 cm−1 which characterizes
 presence of water molecules in interlayer (Fig. 2) several bands

1561 and 1591 are present in the DRIFT spectra of catalysts after
ction. These bands suggest that other molecules than water are

esent in the interlayer of the rehydrated catalysts. Moreover, two
−1
w bands at 1363 and 1390 cm are also present in the spectra.

r as-prepared and reconstructed HTC rehydrated with pure water
 band at 1370 cm−1 characterizes the presence of compensating

ions, as discussed above. The appearance of the new bands at
63 and 1390 cm−1 can be related with the presence of new kind

Ca

T =
sit
T =

ART - 15
T, C

l mixture with different water content. 1–HTC-0, 2–HTC-3, 3–HTC-6, 4–HTC-12,

compensating anions, such as furoates. Besides, a well-expressed
nd at 1479 cm−1 not observed previously in the DRIFT spectra for
ither as-prepared nor rehydrated HTC samples is found in the
ectra of spent catalysts. Finally, several new bands appeared also
the range of 900–1250 cm−1 (Fig. 4B) which could be caused by
e presence of new surface species in the catalysts after reaction.
In  summary, the characterization data prove that the increase in
ter content in the aqueous furfural mixture promotes the rehy-

ation of the Mg-Al mixed oxide and facilitates the formation of
onstructed HTC. As soon as Brønsted basic sites are formed in the
onstructed material, its activity in furfural conversion increases

 demonstrated by the increase in both F-OH and furoyl furoate
ld. After the reaction, the catalyst contains additional species
ich differ from carbonate or OH− anions as well as from water
lecules. Taking into account the concentration of F-OH in the

uid reaction products together with the absence of furoic acid
ong these products, it is highly probable that these newly formed

ecies found in the catalysts after reaction are surface furoate
ecies. To support this claim, a specific study of furoic acid inter-
tion with the rehydrated catalysts was undertaken.

. The study of interaction between rehydrated HTC and furoic
id

Different  amounts of furoic acid were added to the mixture of
ter and reconstructed HTC after the completion of the rehydra-
n procedure (see the Experimental), and the resulting mixture
s stirred for 10 min. The solids treated with furoic acid were then

parated by filtration using a vacuum pump, dried in N2 flow at
om temperature and investigated by TGA and DRIFT.
A  gradual growth in the DTG signal with the maximum at

 330–340 ◦C is observed for rehydrated HTC after its treatment
th furoic acid as the ratio of mFOOH/msample increases from 0 to

 (Fig. 5). The filtrate solution was analyzed by GC, but no furoic
id was  detected. This strongly suggests that it was adsorbed on
e catalyst and hence the signal at T = 330–340 ◦C may be unequiv-
ally attributed to the surface furoate species. The position of this
nal agrees well with the observed unknown signal in the DTG
rves obtained for spent catalysts after their treatment with aque-
s furfural mixture (Fig. 3). Consequently, it can be concluded that
oate species are indeed present in the spent rehydrated HTC after

nnizzaro reaction.
Additionally, the observed increase in the signal intensity at

 330–340 ◦C is in line with a gradual decrease in the inten-
y of signals at T = 200–210 ◦C and T = 390–410 ◦C. The signal at

 200–210 ◦C characterizes interlayer water molecules which are
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Fig. 4. DRIFT spectra of calcined Mg-Al mixed oxide after its interaction with aqueous fu
2–HTC-6; 3–HTC-23; 4–reconstructed HTC rehydrated with pure water (reference mater

.

,

.

,

Fig. 5. DTG curves for rehydrated HTC treated with different amounts of Furoic acid
mFOOH/mcalcinedsample = 0 (1); 0.1 (2); 0.3 (3) and 0.5 (4).

stabilized in interlayer due to hydrogen bonding between them and
interlayer compensating anions while the signal at 390–410 ◦C is
characteristic for the removal of structural hydroxyls and compen-
sating anions [12]. The interaction of furoic acid with basic sites
and the generation of furoic species should in fact decrease the
total amount of structural hydroxyls and compensating anions and
thus result in weakened hydrogen bonding between the anions and
water molecules. As a consequence, the amount of interlayer water
would decrease as would the corresponding signal in DTG data
which is apparent in the experimental data (Fig. 5).

Fig.  6 depicts total DRIFT spectra for rehydrated HTC samples
treated with furoic acid in the range of 500–4000 cm−1 (A) and in
the specific range of 800–1800 cm−1 (B). The intensity of a shoulder
signal at 2700–3200 cm−1 assigned to hydrogen bonding between
water molecules and the interlayer anions decreases in intensity
with the increase in acid content from 0 to 0.5 gacid/gcat. (Fig. 6A)
The behavior of this band correlates well with the decrease in the
intensity of the DTG signal in the range of T = 100–200 ◦C and proves
the loss of water (including interlayer water) in the samples as
a consequence of the formed furoate species. A large difference

in the DRIFT spectra between the untreated rehydrated HTC and
the samples treated with furoic acid (Fig. 6) is observed in the
range of 1300–1700 cm−1. The peak at 1640 cm−1 attributed to the
presence of interlayer water has very low intensity in the spectra
of F-OOH-treated rehydrated samples suggesting low water con-

ART - 15
rfural mixture in the range of 400–4000 cm−1 (A) and 800–1800 cm−1 (B). 1–HTC-0;
ial).

tent  in the interlayer. Instead, two  peaks appear in this range at
1594 and 1563 cm−1 (Fig. 6B). A peak at 1365 cm−1 which is usu-
ally attributed to carbonate cations [12] or, as supposed in the
present study, to compensating OH−-groups decreases in inten-
sity with the increase in acid content in the mixture while a new
band at 1390 cm−1 has appeared. Finally, a very distinctive band at
1481 cm−1 is observed in the samples, and its intensity correlates
well with the amount of acid in the treatment solution. In summary
the observed changes and the appearance of new bands in the DRIFT
spectra of HTC samples treated with F-OOH can be unequivocally
attributed to the surface furoate species formed by adsorption of
furoic acid on the basic sites. The formation of furoate species in
the treated materials could be also related with the appearance of
new small bands in DRIFT spectra in the range of 900–1250 cm−1. In
total, the similarity in the positions of the bands observed in DRIFT
spectra of samples either treated with furoic acid or those obtained
after reaction with aqueous furfural mixture (Figs. 4 and 6B) allows
concluding that the formed surface species on the catalysts are
indeed furoates.

3.5.  Reconstructed HTC as a catalyst for Cannizzaro reaction

Catalytic results presented above indicate that the increased cat-
alyst activity in CR is observed when reconstructed HTC is formed
as a result of complete rehydration of the Mg-Al mixed oxide. This
reconstruction is achieved provided large water amount is present
in the reaction mixture. On the other hand, the catalytic results
indicate that water could have a negative effect on the reaction
resulting in a decrease in furfural conversion (Fig. 1). Using a recon-
structed HTC prepared by a pre-treatment of mixed oxide with
liquid water allows avoiding large water content in the reaction
mixture. In addition, these experiments reveal more accurately the
effect of water on the course of Cannizzaro reaction, i.e. it allows
decoupling the influence of water on catalyst reconstruction (and
its activity) from its influence on the reaction.

In these sets of experiments 2 g of freshly calcined HTC was
used in rehydration procedure as described in the Experimen-
tal to prepare reconstructed HTC sample as a catalyst for the
reaction. It allows making an accurate comparison between the
catalytic activity of mixed oxide and reconstructed samples based
on their calcined form. Fig. 7 depicts F-OH yield obtained dur-
ing the interaction of reconstructed HTC with aqueous furfural

mixture. The catalyst possesses poor activity in the conversion of
water-free furfural evidencing the necessity of water for the Can-
nizzaro reaction to take place. In this experiment F-OH yield of
∼0.1 wt.% could be attributed to the residual water in the dried
reconstructed HTC catalyst. Addition of water to furfural promotes

8/11



O. Kikhtyanin et al. / Applied Catalysis A: General 525 (2016) 215–225 223

Fig. 6. DRIFT spectra of rehydrated HTC treated with different amounts of Furoic acid. mFOOH

range of 800–1800 cm−1.
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. 7. The yield of furfuryl alcohol in experiments with aqueous furfural solu-
 having different water content using dried reconstructed HTC as catalyst.

ac.  = 50 ◦C, t = 3 h, mcat. = 2 g (calcined base), mF = 30 g.

 activity of the reconstructed HTC: alcohol yield increases from
8 wt.% to 0.76 wt.% as the water content in aqueous furfural
xture grows from 1.5% to 6%, respectively. Nevertheless, fur-
r increase in water content in the mixture does not result in
orresponding growth in the furfuryl alcohol yield (Fig. 7). It is
rth noting that the maximum F-OH yield observed in experi-
nts with the reconstructed HTC (Fig. 7) is significantly lower
n that for Mg-Al mixed oxide (calcined HTC) treated with aque-

s reaction mixture (Fig. 1). The observed difference in catalytic
havior suggests that the number of basic sites which are accessi-

 to furfural molecules in the catalyst rehydrated with pure water
ower compared with the catalyst rehydrated in situ with biphasic
ueous-organic mixture. Indeed, calculations show that the max-
um alcohol yield of 0.76 wt.% produced on reconstructed HTC
responds to 1.19 mmol  of alcohol per 1 g of the catalyst (cal-
ed base). Consequently, 1.19 mmol/g of furoic acid produced by

 is bound with 1.19 mmol/g of basic sites in the catalyst, which
4.3 wt.% with respect to the bulk Al content. This concentration

basic sites titrated with the acid is much lower than that eval-
ted from the results of catalytic experiments with Mg-Al mixed
ide. Moreover, it is also slightly lower than that determined by
2-TPD (1.57 mmol/g, calcined base, Table 1). On the other hand,

 concentration of basic sites evaluated in rehydrated HTC by
ans of Cannizzaro reaction agrees well with the results from

] that 24.5% of the OH− sites with respect to the bulk Al con-
t in HTC rehydrated in liquid water are evaluated by CO2-TPD.

summary, the obtained catalytic results make us suggest that the
centration of basic sites in the reconstructed HTC depends on

3 h
of 

me
cat
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/m sample = 0 (1); 0.1 (2); 0.3 (3); 0.5 (4). A – the range of 400–4000 cm−1, B – the

 properties of a liquid medium used for rehydration of Mg-Al
xed oxide, i.e. calcined HTC. Nonetheless, further fundamental
dies are necessary to understand the relationship between the

sic sites formation and the properties of the media used.

.  The impact of CR on aldol condensation of furfural and
tone

Aldol  condensation (AC) of furfural and acetone takes place in
 presence of basic catalysts, for example activated HTC. In gen-
l, any of the two  components of the reaction mixture interacts

th the active centers of the catalyst. Basic sites promote the acti-
tion of acetone which is necessary for AC to take place [20,21],
ile furfural is also transformed by CR, as shown in the present
dy. Both reactions, AC and CR, proceed simultaneously and share

 same active centers; therefore, the deactivation of basic sites
th furoic acid formed by CR should influence the conversion of
ctants by AC. The following model experiments represent exam-
s aimed to demonstrate the degree of this influence. Three series

catalytic runs with Mg-Al mixed oxide were carried out:
Example  I. Mg-Al mixed oxide is added at once to prepared F + Ac
xture (a reference run).
Example  II. Mg-Al mixed oxide is initially stirred in acetone for

90 min  and then furfural is added.
Example III. Mg-Al mixed oxide is initially stirred in furfural for

90 min  and then acetone is added.
The results of these experiments are presented in Fig. 8. In the
erence run (Fig. 8A, Example I) furfural conversion is 20.7% after

 of the reaction. Along with compounds formed by aldol conden-
ion, the formation of furfuryl alcohol with the yield of 0.06 wt.%
er 3 h is observed. Its presence among other products evidences

 simultaneous occurrence of AC and CR, i.e. the formation of
oic acid. As shown above, furoic acid interacts with the basic
es of the catalyst resulting in the formation of surface furoate
ecies. As a consequence, the amount of active sites which are
le to participate in both reactions is reduced thus leading to a
s of activity.
The  initial stirring of catalyst in acetone for 0, 30, 60 and 90 min,
pectively, (Example II) does not introduce any significant effect

 its performance in either AC or CR reaction routes. Regardless
 of its addition to the acetone + catalyst mixture is in the range
18.6-21% while the yield of F-OH is 0.05-0.06 wt.%. These experi-
nts (Example II) evidence that the contact between acetone and
alyst does not contribute to any change in the catalytic activ-
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Fig. 8. Furfural conversion (A) and the yield of F-OH (B) observed after 3 h of the aldol condensation of furfural and acetone over Mg-Al mixed oxide. I – Catalyst is added to
the  mixture of acetone and furfural (Reference run); II – Catalyst is stirred in acetone for 0, 30, 60, 90 min  followed by furfural addition; III – Catalyst is stirred in furfural for
0,  30, 60, 90 min  followed by acetone addition. Reaction conditions: mcat. = 0.5 g, F:Ac = 6.5/19.7 g/g (1/5 mol/mol), Treac. = 50 ◦C.
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Fig. 9. Furfural conversion (A) and the yield of F-OH (B) observed during the ald
the  mixture of acetone and furfural (Squares); II – Catalyst is stirred in acetone 

30 min  followed by acetone addition (Triangles). Reaction conditions: mcat. = 0.5 g (c
reaction mixtures (I–III) are mixed with 0.4 g of water to promote CR.

ity in AC, so the behavior of the catalyst is comparable with that
observed in the reference run (Example I).

In contrast, the initial stirring of catalyst in furfural (Example
III) leads to unique results (Fig. 8A). Even a brief contact between
furfural and catalyst decreases the activity of the catalyst in aldo
condensation which is evidenced by furfural conversion of 11.9%
after 3 h of the reaction (Fig. 6A). When increasing the time of
the initial stirring of the catalyst in furfural up to 90 min, a fur-
ther decrease in furfural conversion in aldol condensation down
to 3.4% is observed. Simultaneously with the decline in the overal
activity of the catalyst, the increase in the yield of furfuryl alco-
hol from 0.12 to 0.23 wt.% is observed as the duration of the first
stage of the experiment increases from 0 to 90 min, respectively
(Fig. 8B). As postulated above, the presence of F-OH indicates that
F-OOH is formed because these two compounds are related with
each other by the stoichiometry of Cannizzaro reaction. Being pro-
duced by Cannizzaro reaction, F-OOH generates surface furoate
species by reacting with the basic sites and, consequently, the
basic sites become catalytically inactive. It could be also assumed
that the organic salts being formed on the catalyst surface would
result in selective leaching of the corresponding catalyst compo-
nents. To evaluate the plausible leaching, we have analyzed the
reaction mixture after catalytic experiment (Example III) by ICP
However, we did not detect any traces of Mg  or Al in the solution

after reaction. It allows concluding that the catalyst is chemically
stable and the organic salts, if formed, stay bound on the catalyst
surface. Therefore, the decrease in furfural conversion observed in

ART - 15
densation of furfural and acetone over reconstructed HTC. I – Catalyst is added to
 min  followed by furfural addition (Circles); III – Catalyst is stirred in furfural for
d base), F:Ac = 6.5/19.7/ g/g (1/5 mol/mol), Treac. = 25 ◦C. Prior to catalyst addition the

these experiments (Example III), can be explained by the gradual
poisoning of the catalyst with products formed by CR.

Similar  experiments investigating the influence of mixing order
of reactants during aldol condensation on furfural conversion were
performed with reconstructed HTC (Fig. 9). As expected, the activity
of the reconstructed HTC in the reaction was higher in comparison
with Mg-Al mixed oxide, so to observe any differences in conver-
sion the catalytic experiments were carried out at T = 25 ◦C

In agreement with the results obtained for Mg-Al mixed oxide
furfural conversion is similar when the rehydrated catalyst is either
added to the mixture of acetone and furfural (Example I) or stirred
in acetone for 30 min  followed by furfural addition (Example II)
(Fig. 9A). In contrast, the activity of the reconstructed HTC in aldol
condensation is significantly lower when the rehydrated catalyst
is initially in contact with furfural (Example III). In all three cases
F-OH is detected among reaction products proving the occurrence
of CR, as discussed above. Nevertheless, its yield is much lower in
Examples I and II being 0.10–0.14 wt.% in comparison with Example
III (0.64–0.72 wt.%). These experiments give an additional evidence
that CR proceeds simultaneously with AC and definitely influences
the performance of a basic catalyst in the latter reaction.

CR  may  contribute not only to the observed activity of basic cata-
lysts in aldol condensation reaction involving furfural but may also
affect re-using of the catalysts. The loss of the activity of hydro-

talcites and mixed oxides in several successive catalytic runs of
condensation reactions has been reported repeatedly. In general,
two different deactivation causes have been considered: fouling
caused by subsequent aldol condensations and leaching of active
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O. Kikhtyanin et al. / Applied Cataly

mpounds from the catalyst in the aqueous medium [20]. The
ults presented in this study evidence that other reasons could

plain the loss of catalyst activity in condensation reactions, for
ample, the occurrence of Cannizzaro reaction. Under the real
perimental conditions of AC, a catalyst is in contact with both
mponents of the reaction mixture (acetone and furfural) and the
ction is usually carried out in excess of acetone. Therefore, the
bability of furfural interacting with basic sites that is neces-
y for CR to take place is low under high Ac to F molar ratio in
ction mixture. As a consequence, the influence of CR on catalyst

rformance in AC is not pronounced and conventional solid basic
alysts exhibit good activity in AC. Nevertheless, it is not possible
avoid a contact between furfural and basic sites, so the AC and CR
e place simultaneously, as evidenced by the formation of furfuryl
ohol even at conventional reaction conditions (Figs. 8 and 9B,
ample I). Even the small contribution of CR would result in the
gressive deactivation of the catalyst thus decreasing its activity

AC and making it difficult to recycle/reuse the catalyst without an
idative regeneration step. Therefore, the optimization of catalytic
perties and the determination of optimum reaction conditions

perform AC which would allow reducing the influence of CR on
alyst behavior are important objectives of forthcoming studies.

Conclusions

The rehydration of Mg-Al mixed oxide (calcined as-prepared
drotalcite) using pure water results in the formation of recon-
ucted hydrotalcite that possesses OH− groups rather than
bonates in interlayer as proved by TGA-MS results. The com-

rison of DRIFT spectra of the as-prepared and the reconstructed
terials allowed concluding that these newly formed hydroxyls

 characterized by the band at 1370 cm−1 which is usually con-
ered as a characteristic band of carbonate groups. The results
o show that Mg-Al mixed oxide can be successively rehydrated
th aqueous furfural mixture resulting in the formation of recon-
ucted hydrotalcite structure. The amount of water in the mixture
uences the rehydration degree and the total reconstruction of

 hydrotalcite structure is observed only when using biphasic
ater-organic) reaction conditions. The catalytic data allow con-
ding unequivocally that Brønsted basic sites of the reconstructed
C catalyze furfural transformation by Cannizzaro reaction. Both
furyl alcohol and furfuryl furoate formed during the reaction

 evidenced by GC analysis. On the contrary, furoic acid is not
tected among reaction products by routine GC analysis because
emains adsorbed on the basic sites of the catalyst forming surface
oates. These species can be detected by both TGA (a peak in the
ge of T = 320 ◦C) and DRIFT (characteristic band at 1481 cm−1)
thods. The formation of the surface furoates leads to a grad-

l catalyst deactivation, as evidenced by the time dependency of
fural conversion and yield of furfuryl alcohol.
The rehydration of Mg-Al mixed oxide (calcined HTC) with

ueous furfural mixture affords a reconstructed HTC possessing
igher amount of basic sites in comparison with a reconstructed
C prepared by rehydration of the same Mg-Al mixed oxide with
re water. This is demonstrated by the yield of reaction products
med by CR. It can thus be inferred that the rehydration procedure
s a significant influence on the basic properties of the resulting
onstructed material.
The  performed comparative experiments show that the Can-

zaro reaction also influences aldol condensation of furfural and
tone. The longer is the contact time between furfural molecules

d the basic sites of a catalyst, the lower is the furfural conversion
aldol condensation. Consequently, Cannizzaro reaction would
ult in the gradual deactivation of the catalyst thus making it diffi-
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lt to recycle/reuse the catalyst without an oxidative regeneration
p.
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rfural
ldol condensation of furfural with acetone (molar ratio 1:10) was carried out in a flow fixed bed setup at 50 °C
sing calcined hydrotalcite with Mg/Al of 3 as a catalyst. Complete conversion of furfural and stable catalyst
erformance was obtained during the initial 50 h on stream. This period was followed by a rapid catalyst deacti-
ation. In contrast to previous reports, higher molecular weight products that were identified as products of
ccessive aldol condensation of acetone with furfural were observed. Their concentration was time-dependent
ith a maximum formation after 10 to 30 h on stream.
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. Introduction

Biomass-derived short-chain aldehydes and ketones originating
om pyrolysis of lignocellulosic biomass have rather limited direct
plicability. Aldol condensation has been proposed to valorize these

rimary products by combining them intomore complex reaction prod-
cts with higher molecular weight. The reaction between furfural and
etone, which are suitable model compounds, results in the formation
f ketoneswith 8 or 13 carbon atoms [1] (Scheme1).Moreover, acetone
olecule can interact not only with aldehydes (e.g. furfural) but also
ith ketones, hence also with another acetone molecule. This acetone
lf-condensation produces compounds with 6 or 9 carbon atoms [2].
oth acetone self-condensation and aldol condensation of furfural and
etone can be competitive reactions and proceed over the same cata-
st at the same reaction conditions [1]. Industrially, homogenous base
talysts, such as sodium and calcium hydroxide, are used for aldol con-
ensation. However, due to ecological and economic considerations the
troduction of heterogeneous basic catalysts becomes very relevant [3].
mong these catalysts, layered double oxides, for example hydrotalcites
TC), seem to be themost promising [4]. CalcinedMg–Al hydrotalcites

ossess high activity in the aldol condensation of furfural and acetone
en at reaction temperatures below 100 °C [1]. Aldol condensation

ver heterogeneous basic catalysts, similar to a homogeneous process,
usually investigated in a batch reactor (a glass reactor or an autoclave)
uippedwith a stirring system. Nevertheless, to our best knowledge no
formation has been provided to date on the behavior of HTC as a
urfural and acetone in eq
(3
p
ev

0 475 212 079.
ow reaction systems which are more favorable from a practical point
f view. Moreover, only the application of a flow reactor system
akes it possible to investigate the long-term stability (durability) of
TC materials in aldol condensation, which is essential for evaluating
eir prospects in industrial applications. In the present work we have
udied aldol condensation of furfural and acetone using a flow reactor
stem with a fixed bed of a catalyst, a Mg–Al hydrotalcite with a
olar ratio of Mg:Al = 3:1 calcined at 450 °C.

. Experimental

Mg–Al layered double HTC with a Mg:Al molar ratio of 3:1 was pre-
ared according to a procedure described in [1]. The crystallographic
ructure of thedriedHTC catalystwasdetermined byX-raypowder dif-
action using a Philips MPD 1880 instrument. Aldol condensation of
rfural and acetone was carried out in a fixed-bed continuous-flow
actor with a catalyst loading of 10 g. The catalyst with a particle size
f 0.125–0.150 mm was placed in the isothermal zone of the reactor,
tivated at 450 °C for 16 h under nitrogen flow, and then cooled
own to 50 °C. The liquid feed, consisting of furfural (Acros Organics,
9%) and acetone (Lach:Ner, p.a.) in the molar ratio of 1:10 was fed
to the reactor by a micro-metering pump at weight hourly space
elocity (WHSV) of the total reaction feed equal to 2 h−1. The reaction
nditions were T = 50 °C and P = 0.5 MPa. During the experiment,
quid reaction products were withdrawn from a cooler-condenser
= 0 °C) every 2 h, weighed and analyzed by an Agilent 7890A GC
uippedwith a flame ionization detector and anHP-5 capillary column
0 m/0.32mm ID/0.25 μm). The yield of liquid products during the ex-
eriment was 98% which can be explained by losses due to acetone

aporation. Finally, the carbon balance in GC analyses was calculated
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monly accepted reaction route of the aldol condensation of furfural
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Scheme 1. Reaction pathways of aldol condensation of furfural and acetone showing only the main products.

Scheme 2. Tentative reaction network leading to the formation of heavier condensation
products of furfural (F) and acetone (Ac). The shaded areas correspond to acetone self-
condensation (blue) and the main reactions of furfural and acetone condensation (pink).
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as the number of carbon atoms analyzed in each GC sample (C3, C5, C8,
C13, etc.) divided by the number of carbon atoms (C3 and C5) in the
feedstock.

3. Results and discussion

In accordance with the generally accepted reaction route, aldol con-
densation of furfural and acetone over basic catalysts results in the suc-
cessive formation of the following reaction products: FAc-OH, FAc and
F2Ac (Scheme 1). GC analyses of mixtures obtained under flow reaction
conditions revealed, however, the presence of additional reaction prod-
ucts. Their combined selectivity was as high as 35%. Using GC-MS anal-
ysis the following molecular weights (MWs) of the unknown products
were established: 176, 218, 254, 272, 312 and 350. By combining the
MWs of acetone and furfural while taking into account that furfural
and acetone can interact not only with each other, but also with the
products of acetone self-condensation and themain aldol condensation
products, i.e. FAc-OH, FAc and F2Ac, it was possible to identify plausible
until now unknown reaction products. The classical products of the
aldol condensation of furfural and acetone (FAc-OH, FAc and F2Ac) can
participate in the successive condensation reactions either with furfural
or with acetone owing to the presence of α-H atoms in their structure.
Based on the GC-MS results, the formation of the following products
can be deduced: FAc2 (MW 176), FAc3 (MW 218), F2Ac2-OH (MW
272), F2Ac2 (MW 254), F2Ac3 (MW 312) and F3Ac2 (MW350). More-
over, the involvement of acetone self-condensation products in aldol
condensation with furfural is probable as well as these by-products
were found in the reaction products too. The reaction between furfural
and Ac2 or Ac3 would yield FAc2 (MW176) and FAc3 (MW218), respec-
tively. The verification of both the exact molecular structure of
these products and the proposed reaction pathways leading to their
formation is an objective of our forthcoming study. There is no doubt,
however, that aldol condensation of acetone and furfural is more com-
plex than the reaction route presented in Scheme 1, resulting in a
large number of products having high molecular weight that have not
yet been reported and that could be attractive as automotive fuel com-
ponents or their precursors. A tentative simplified reaction network
leading to the formation of these products is depicted in Scheme 2.
As it will be shown further, these products might affect the long-term
stability of the catalytic activity of HTC catalysts.

Fig. 1 shows that complete furfural conversion was obtained during
the initial 45 h of TOS (Fig. 1(A)). The observed high activity of the HTC
sample during a long period proves that aldol condensation can be
successfully carried out using a flow reactor with a fixed catalyst bed.
Nevertheless, after TOS = 45 h furfural conversion has rapidly de-
creased and reached ca. 50% after 64 h. This indicates a rapid HTC cata-
lyst deactivation. Fig. 1 also shows changes in selectivity to the reaction
productswith the increasing TOS. These changes reflect the alteration of
the catalyst performance with TOS. At the very beginning, the composi-
tion of reaction products is limited to two compounds, FAc and F2Ac

(Fig. 1), which is in accordance with the commonly accepted reaction
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scheme. The primary reaction product, FAc-OH, is completely absent
during the initial 45 h of TOS indicating good dehydrating properties
of fresh HTC catalyst. FAc is the main reaction product of aldol conden-
sation of furfural and acetone, and selectivity to this compound exhibits
an intricate dependence on TOS. At the beginning of the experiment the
selectivity to FAc is 62–63%; it decreases to 54% at TOS = 20 h but
reaches a maximum value of 73–74% at TOS = 42–44 h, i.e. at the
very end of the range of total furfural conversion. Further, as the conver-
sion of furfural rapidly drops, FAc selectivity tends to decrease to
66–67%. Fig. 1(A) shows that this decrease is accompanied by an
increase in selectivity to primary reaction product, FAc-OH, proving a
weakening of the dehydrating properties of the catalyst and, according-
ly, a reduction of its total activity. A consecutive interaction of FAc with
furfural results in F2Ac formation. Fig. 1(A) shows that the selectivity to
this product is equal to 33% at the start of experiment, but decreases to
5.6% after 20 h of TOS. As TOS further grows, the selectivity to F2Ac also
increases followed by a stabilization at 16–18%.

The peculiar selectivity dependence can be attributed to the forma-
tion of heavier condensation products. Fig. 1(B) shows that the group
of heavier condensation products, i.e. F2Ac2-OH, F2Ac2, F2Ac3 and
F3Ac2, is almost absent in the reaction mixture at low TOS. Their selec-
tivity increases with the increasing TOS and reaches a maximum value
at TOS = 10–30 h followed by a continuous decrease. Finally, these
compounds totally disappear in reaction products at TOS N 60 h. Fig. 1
shows that the selectivities to FAc and F2Ac, on the one hand, and to
F2Ac2-OH, F2Ac2, F2Ac3 and F3Ac2, on the other hand, can be described
as “inverse volcano” and “volcano” curves, respectively. Apparently,
the increase in F2Ac2-OH, F2Ac2, F2Ac3 and F3Ac2 formation takes place
at the expense of FAc and F2Ac formation in the range of TOS=10–30 h.

The observed variation in the composition of the reaction products
during the experiment clearly has to reflect a change in the properties
of the catalyst. At the initial phase (0–4 h), the pre-calcined HTC sample
promotes the formation of FAc and F2Ac in accordance with the com-
For the sake of clarity, only dehydrated products are shown.

2/4

image of Scheme�1
image of Scheme�1
image of Scheme�2
image of Scheme�2


an
on

a
A
ca
th
ac
ta
st
de
in
tr

[9
ba
ba
in
α
bu
th
fo
bu
al
Th
H
on
ta
of
ca

ab
A
co
Th
17
ca
an
in
A
by
ra
40
un
ac
Th
dy
w
an
re
th

se
(t
fu
le
it
Th
th
in
XRD (Fig. 2). As a consequence, at the initial time the equilibrium

Fig. 1. A—Furfural conversion and selectivity to main reaction -FAc, FAc-OH and F2Ac.
B—Selectivity to heavier reaction products.
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d acetone (Scheme1). In the course of the reactionwater is formed as
e of the products of dehydration of a reaction intermediate, FAc-OH.
According to [5], сalcined hydrotalcites can be reconstructed back to

layered structure if put in contact with water and appropriate anions.
comparison of the XRD patterns of as-synthesized HTC, the material
lcined at 450 °C and the catalyst after long-term run (Fig. 2), proves
at during the reaction the reconstruction ofMgO phase which is char-
teristic of the calcined material to the layered HTC structure really
kes place. Also, rehydration enhances the catalytic activity of recon-
ructed HTCmaterials in base-catalyzed reactions, including aldol con-
nsation [1,6–8]. Thus,water formeddue to FAc-OHdehydration could
duce the reconstruction of HTC and cause a Lewis-to-Brønsted site

2−
ansformation resulting from the reaction of O basic sites with H2O

g. 2.XRDpatterns of the initial as-synthesizedhydrotalcite (A), calcinedmaterial (B) and
talyst after long-run test (C). ★—HTC phase, —MgO phase.

Fi
co
in
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]. This process results in the enhancement of the catalytic activity of
se-catalyzed reactions, for which OH− sites act as active Brønsted
se sites [4,6,8,10]. Our results show that these Brønsted basic sites
the reconstructed material have a pronounced ability to activate
-H atoms in ketones thus promoting an additional formation of
lky compounds and changing the product selectivity. However,
ese strong basic sites have been recently suggested to be responsible
r catalyst deactivation in this kind of reactions [2]. The formation of
lkier compounds than F3Ac2 and F2Ac3 determined by GC may be
so expected due to the further interaction of reaction products.
ese bulkier compounds would be less prone to desorption from the
TC surface resulting in the gradual deactivation of the catalyst as the
e observed here, i.e. due to restricting/preventing the access of reac-
nts to active sites. Nonetheless, further investigations of the formation
the heavier compounds and particularly of their interaction with the
talyst surface are needed.
Important supporting information for the conclusions presented
ove can be obtained fromdetailed analysis of acetone transformation.
cetone conversion and selectivity to the products of acetone self-
ndensation observed during the long-term run are shown in Fig. 3.
e initial conversion of acetone is ≈15% with its slight increase to
% after 12–14 h of the experiment. This increase in catalyst activity
n be again explained by HTC reconstruction due to its re-hydration
d the formation of Brønsted basic sites, which appear to have an
creased ability to the abstract the α-proton in acetone molecule.
cetone conversion remains constant during the next ca. 30 h followed
its sharp decrease, which is in line with the trend observed for furfu-
l conversion. Moreover, as the acetone conversion is stable for about
–45 h at around 15–17% it can be unequivocally concluded that
der the selected reaction conditions the HTC catalyst exhibits stable
tivity followed by a sharp deterioration of the catalyst performance.
is conclusion is supported by the comparison of the reported thermo-
namic equilibrium of acetone self-condensation to mesityl oxide,
hich is ca. 20% at 120 °C [11], and the conversion to mesityl oxide
d diacetone alcohol reported here, which is about 5% (Fig. 3). As a
sult, it is concluded that the acetone conversion is not limited by the
ermodynamical equilibrium.
Ac2-OH is the main product of acetone self-condensation with a

lectivity of 23–27%, and this compound gives Ac2 upon dehydration
he remaining converted acetone yields condensation products with
rfural described above). Fig. 3 depicts the complex behavior of Ac2 se-
ctivity during the experiment. At the beginning of the runAc2 selectiv-
y exceeds 5%, followed by a sharp decrease to b1% at TOS = 8–10 h.
is drop in selectivity may be explained by the increased affinity of
e freshly calcined HTC catalyst to interaction with water resulting
the formation of the reconstructed HTC material as proved by
g. 3. Acetone conversion and selectivity to the reaction products of acetone self-
ndensation (the rest of selectivity is due to the formation of compounds of F + Ac
teraction).
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s Co
Ac2OH↔ Ac2+H2O is shifted to the right. As the process of HTC recon-
struction is completed, the formedmaterial does not reactwithwater as
easily thus resulting in the drop of Ac2 selectivity.

However, with the further increase of TOS Ac2 selectivity starts to
increase and attains 2% at TOS = 20 h. The observed increase in the
dehydration ability of the catalyst reflects the gradual changes in
the properties of the active sites in reconstructed HTC, possibly, due to
the increase of their strength. Obviously, a detailed investigation of the
change of the properties of calcined hydrotalcite during the reaction
under flow reaction conditions requires a separate study.

92 O. Kikhtyanin et al. / Catalysi
2

selectivity and selectivities to bulky products of acetone/furfural aldol
condensation observed at TOS = 10–50 h is very similar. It could be
concluded that the formation of these compounds takes place on the
strong sites which are responsible for both Ac2-OH dehydration and
α-proton activation in ketones. However, the same sites could be also
responsible for the formation of non-desorbed reaction products
which result in catalyst deactivation and the sharp decrease of its
activity after 50 h of TOS.

4. Conclusions

It has been demonstrated for thefirst time that aldol condensation of
furfural and acetone under flow conditions over calcined hydrotalcite
catalyst results in the formation on a much wider variety of products
than those typically reported for aldol condensation in a batch setup.
While total furfural conversion could be obtained over the initial 40 h
on stream, this period was followed by sharp decrease in activity due
to rapid catalyst deactivation. The heavier products were identified as

ART - 16
successive condensation products of acetone and furfural and they
could be plausibly exploited as valuable diesel fuel components, partic-
ularly after deoxygenation.
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a  b  s  t  r  a  c  t

Mg-Al  mixed  oxides  and  reconstructed  hydrotalcites  prepared  from  mixed  oxides  by rehydration  attract
much  attention  as  solid  basic  catalysts  for organic  reactions,  such  as  aldol  condensation.  Therefore,  the
understanding  of  parameters  that  govern  their  catalytic  performance  is  of great  importance.  Cannizzaro
reaction  in  the  presence  of  mixed  oxide  and  reconstructed  HTC as  basic  catalysts  was  used  as  a  model
reaction  to characterize  both  catalytic  systems  and  to  understand  their  behavior  in aldol  condensation.
The  performance  of  the  samples  was  investigated  in  the  conversion  of  aqueous  furfural  mixture  using
stirred  batch  reactor  operating  at T = 50 ◦C.  The  properties  of  both  initial  samples  and  catalysts  after
reaction  were  studied  by  different  physico-chemical  methods,  such  as  XRD,  DRIFT  and  TGA.  It  was  shown
that  both  mixed  oxide  and  reconstructed  HTC  possessed  poor  activity  in  the  conversion  of dried  furfural
proving  the importance  of water  presence  for the  reaction  to take  place.  Addition  of  water  to  the  reaction
mixture  resulted  in growth  of  the  yield  of  both  furfuryl  alcohol  and  furoyl  furoate  as reaction  products.

Furoic  acid  was  not identified  by GC analysis,  but  the  interaction  of the  acid  with  the  basic  sites  of  catalysts
was  confirmed  by  DRIFT  and  TGA analyses  indicating  that  at optimum  reaction  conditions,  most  of  the
basic  sites  were  involved  in  the formation  of  furoate  species.  The  formation  of  the  surface  furoate  species
influenced  the  behavior  of the  basic  catalysts  in  aldol  condensation  of furfural  and  acetone.  It allows
concluding  that  the  occurrence  of  Cannizzaro  reaction  should  be taken  into  account  when  considering
the  behavior  of basic  catalysts  in  organic  reactions  with  furfural  as  a  reactant.
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Introduction

In recent years hydrotalcites (HTCs) have found numerous
plications as adsorbents or ion exchangers, catalyst pre-
rsors or supports, etc. [1–4]. These materials represent a
ss of hydrated double hydroxides with a general formula
2+

nM3+
m(OH)2(n+m)]m+ (Ax−)m/x·yH2O. The most commonly used

-Al HTCs consist of a brucite-like [Mg(OH)2] network wherein
morphous substitution of Mg2+ ion by a trivalent Al3+ occurs
d the excess positive charge of the framework is compensated by
llery anions which are located in the interlayer along with water
lecules [4–6]. As-prepared HTCs typically contain carbonates as

mpensating anions which makes these materials inactive in base-
talyzed reactions [7]. Thermal treatment of Mg–Al HTCs results in

composition of carbonate groups accompanied by the release of
2 and the formation of a well-dispersed mixture of magnesium
d aluminum oxides (MgAlO). The calcined mixed oxides act as
ak Lewis acid/strong base catalysts and find various applications
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 effective catalysts in transesterification [8,9], alcohol elimina-
n [10] and condensation [11,12] reactions. A distinctive feature

 MgAlO materials is their ability to reconstruct the lamellar HTC
ucture (so-called memory effect) when contacted with water
por or liquid water in absence of carbon dioxide. This leads to
eixnerite (magnesium aluminium hydroxide hydrate), that is HTC
tercalated with OH− as compensating anions in the interlayer
1,12]. In addition, the treatment of MgAlO with aqueous reac-
n mixture (in situ rehydration) leading to reconstructed HTCs is
o known [12–14]. These rehydrated materials have been applied

 a number of base-catalyzed reactions which require Brønsted
sic character, including different self- and cross-condensations
2–15] Michael additions [16], etc.

Condensation reactions attract much attention because they
ow obtaining more complex compounds with more carbon
oms starting from relatively simple molecules. The interest

 these reactions stems from the fact that many of the initial

olecules for the syntheses can be obtained by biomass process-
g. For example, furfural can be obtained by acid hydrolysis of
gar cane bagasse, a residue from sugar cane processing, fol-

ed by extraction [17]. The needed acetone may be obtained
 ketonization of acetic acid [18] that is an important product
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of biomass pyrolysis. Aldol condensation of these relatively sim-
ple molecules allows increasing chain length to 8+ carbon atoms
This route has attracted significant interest, because hydrogena-
tion/hydrodeoxygenation of these aldol condensation products
leads to various hydrocarbons suitable for blending in conventiona
diesel fuel and kerosene [19]. A comprehensive study of aldol con-
densation over solid catalysts is thus necessary for designing the
pathway to components of motor fuels from renewable natura
resources.

Aldol condensation of furfural (F) and acetone (Ac) in the pres-
ence of a basic catalyst begins with the initial abstraction of the
�-proton from acetone, forming a carbanion that consecutively
attacks the carbonyl group of the nearby adsorbed furfural molecule
[20,21]. Additionally, acetone can be transformed on basic (or
acidic as well) sites by its own reaction pathway which is acetone
self-condensation resulting to the formation of diacetone alco-
hol, mesityl oxide, etc [11,13]. Both aldol condensation of furfura
with acetone and acetone self-condensation can proceed simulta-
neously; in this case the rate-determining step should be shared
by both reaction pathways and involve basic sites with similar
strength [20].

Much  less attention is paid to the transformation of furfura
on basic sites of a solid catalyst in absence of acetone, or gen-
erally in absence of carbonyl compounds having no �-hydrogen
atoms. Nevertheless, furfural can hardly be considered as an inert
component when contacted with basic sites and a specific paral-
lel reaction route has to be considered. Cannizzaro reaction (CR) is
a well-known base-induced redox reaction of an aldehyde lacking
a hydrogen atom in the alpha position. It represents the dispro-
portionation of an aldehyde into a carboxylic acid and an alcoho
catalyzed by a strong aqueous base, i.e. it takes two  aldehydes to
produce one acid and one alcohol. In case of furfural, two  furfura
molecules would produce furfuryl alcohol (F-OH) and furoic acid
(F-OOH) according to the reaction scheme below (Scheme 1).

The  mechanism of the CR is well postulated. The reaction begins
with the attack of hydroxide from basic NaOH on the carbony
carbon followed by deprotonation to give a dianion. This unsta-
ble intermediate releases a hydride anion which attacks another
molecule of aldehyde. In this process the dianion converts to a
carboxylate anion and the aldehyde to an alkoxide. The alkoxide
then picks up a proton from water to provide the alcohol fina
product, while the caboxylate is converted to the carboxylic acid
product after acid work-up [22]. It should be mentioned that in
aqueous basic solution carboxylic acid produced by CR can hardly
be detected in pure form as it immediately reacts with the base to
form a corresponding salt.

Taking into account the scheme of furfural transformation by
CR the occurrence of this reaction on a basic solid can also be
assumed provided that the catalyst possesses hydroxides of suffi-
cient strength as active sites and the reaction proceeds in aqueous
medium. Indeed, this reaction was proposed among others when
considering all possible reactions occurring during aqueous fur-
fural aldol condensation with acetone using base solid catalysts
[23]. Additionally, it was mentioned that MgO  in aqueous media
could catalyze the formation of the intermediate species for the
Cannizzaro reaction (furfuryl alcohol and furoic acid) resulting
in the formation of esterification product, 2-furancarboxylic 2-
furanmethyl ester (furoyl furoate, FF) [24]. Nevertheless, there is no
information available on the effect of CR on the physico-chemica
properties of a solid basic catalyst as well as on its impact on the
behavior of the catalyst in aldol condensation.
The scope of the present work is thus to understand the behavior
of calcined Mg-Al mixed oxide as a catalyst for converting aqueous
furfural mixture and to provide information on the extent of CR and
its impact on the catalyst performance in aldol condensation.
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2. Experimental

Mg–Al layered double hydrotalcite (HTC) with a Mg:Al molar
ratio of 3:1 was prepared according to a procedure described in
[25]. The Mg-Al mixed oxide was prepared by calcination of the
dried as-prepared HTC at 450 ◦C for 3 h (heating rate 5 ◦C/min). The
rehydration of the mixed oxide was performed by its stirring in
water (2 g of freshly calcined material per 30 mL  of water) at room
temperature for 30 min, followed by the filtration of resulting solid
with a vacuum pump and drying in a rotary evaporator in N2 flow
during 40 min. The calcined HTC is further on referred to as Mg-Al
mixed oxide while the fully rehydrated mixed oxide is denoted as
reconstructed HTC.

The  crystallographic structures of the dried as-prepared HTC
sample, Mg-Al mixed oxide and materials obtained during rehy-
dration experiments were determined by X-ray powder diffraction
using a Philips MPD  1880 instrument with Cu K� irradiation
(� = 0.154 nm) in the 2� range of 5◦–70◦ at the 2� scanning rate
of 2.4◦/min. The relative content of present crystalline phases in
the solids was evaluated using the areas of diffraction peaks at
2� = 11.4 and 22.8◦ for the HTC phase and at 2� = 43.1◦ for the MgO
phase, wherein the relative content of the respective phases in
as-synthesized HTC and Mg-Al mixed oxide were taken as 100%
The textural properties of the samples (specific surface area and
pore volume) were measured by nitrogen physisorption at −196 ◦C
using an Autosorb surface area and porosity analyzer. The basic
properties of as-prepared HTC were evaluated by temperature pro-
grammed desorption (TPD) of carbon dioxide in a Micromeritics
Autochem 2950 apparatus. Before reduction, the sample was out-
gassed under a He flow of 25 cm3 min−1 with a heating ramp of
10 ◦C min−1 up to 500 ◦C. The sample was cooled down to 50 ◦C
and saturated under a CO2 flow (10 vol.% in He) of 50 cm3 min−1

for 30 min. Subsequently, the physically adsorbed carbon dioxide
was removed by flowing He (25 cm3 min−1) at 50 ◦C for 60 min
Finally, the chemically absorbed CO2 was desorbed by heating up
the sample to 850 ◦C (heating rate of 15 ◦C min−1) in flowing He
(25 cm3 min−1) and maintaining this temperature for 30 min. The
amounts of desorbed species were quantified using calibration
standards. Thermogravimetric analysis of the dried as-prepared
HTC catalysts was  performed using a TA Instruments TGA Discovery
series equipment operating with a heating ramp of 10 ◦C/min from
room temperature to 900 ◦C in N2 flow. TGA-MS experiments were
performed on the same TGA unit equipped with mass-spectrometer
OmniStar GSD 320 (Pfeiffer-Vacuum) with MID  (Multiple Ion
Detection) measurement mode, SEM (Secondary Electron Multi-
plier) detector and quadrupole mass analyzer. The DRIFT spectra
were recorded on a Nicolet IS 10 FTIR spectrometer equipped with
DTGS detector and KBr beam splitter. All spectra were collected
over the range of 4000–400 cm−1 at a spectral resolution of 4 cm−1

and number of scans 128 (both for the background and the sample
spectra).

Furfural (Sigma-Aldrich) used for the study was pre-dried with
a molecular sieve 3A to exclude the influence of moisture orig-
inating from the chemicals. All catalytic experiments on furfural
conversion using either water-free conditions or aqueous furfural
mixture were carried out in a 100 mL  stirred batch reactor (a
glass flask reactor) operating at T = 50 ◦C. Furfural conversion as a
function of reaction time was studied in experiments using 2 g of
freshly calcined HTC (or rehydrated HTC prepared from the same
amount of Mg-Al mixed oxide) and 30 g of furfural. To prepare aque-
ous furfural mixtures, different amount of water (ranging from 0

to 33%wt.) was  added to furfural. As the solubility of water and
F in each other is limited [26], aqueous furfural mixtures with
water content ≤6 wt.% were monophasic solutions while higher
water amounts resulted in the formation of a biphasic (water
and organic phases) mixtures if no stirring was  used. To ensure
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Scheme 1. Cannizzaro reaction in the prese

quasi-constant” reaction conditions, the reaction mixture was
rred at 300 RPM to afford aqueous organic emulsion. After adding

 catalyst to the reaction mixture, the reaction was  carried out
T = 50 ◦C for 180 min  at 300 RPM. Samples were periodically
thdrawn from the reactor during the experiment, filtered, and
alyzed by Agilent 7890A GC unit equipped with a flame ioniza-
n detector (FID), using a HP-5 capillary column (30 m/0.32 mm
/0.25 �m).  The obtained products were identified based on stan-
rd reference compounds as well as additional GC–MS analyses.
e catalytic results of furfural transformation over basic catalysts
re described in terms of product yield that was  calculated as
lows:

ield of producti(t)(mol%) = 100 × (mole of reactant

converted to product i)t/reactant t  = 0.

After the reaction the catalysts were separated from aqueous
fural mixture by filtration, washed with ethanol, dried in N2
w at room temperature and characterized by different methods.
talysts obtained from experiments with aqueous furfural mix-
es having different water content are denoted HTC-xx where xx
nds for the wt.% of water in the mixture, i.e. HTC-23 is a cata-
t obtained from reaction in which aqueous furfural containing

 wt.% of water was used as feedstock.
Aldol condensation of furfural and acetone was  performed by

ing the same stirred batch reactor operating at T = 50 ◦C. For
se experiments 0.5 g of freshly calcined HTC, 6.5 g of furfural

d 19.7 g of acetone (Ac:F = 5 mol/mol) were used. After adding
 catalyst to the reaction mixture, the reaction was carried out at

 50 ◦C for 180 min  under intensive stirring. Samples were period-
lly withdrawn from the reactor during the experiment, filtered
d analyzed by the same GC method. Catalytic results of aldol
ndensation of furfural and acetone were described by conver-
n parameter that was calculated from the corresponding molar

ncentrations as follows:

eactant  conversion (t)(mol%) = 100 × (reactantt = 0

–reactantt)/reactantt = 0.

Results

. Catalyst characterization
The  physico-chemical properties of as-prepared HTC, calcined
C (Mg-Al mixed oxide) and rehydrated HTCs investigated by
D, TGA/DTG and DRIFT are presented in Table 1 and the Sup-
mentary information (SI).

ran
cle
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are
int
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 sodium hydroxide as a basic catalyst.

The  XRD pattern of the freshly synthesized sample used in this
dy (see SI) shows a pure hydrotalcite phase (JCPDS 22-700) with
ensive symmetrical peaks at 2� ≈ 11◦, 22.8◦, 36◦ and 60◦, which

 characteristic for the brucite-like layers. No additional crys-
line phases could be identified in the diffractogram proving the
h phase purity of the as-prepared hydrotalcite material. The
D pattern of the sample calcined at 450 ◦C (Mg-Al mixed oxide)
nfirms the disappearance of the layered HTC structure. The only

ections observed in the XRD pattern (see SI) correspond to the
O phase proving the formation of Mg-Al mixed oxide with the
O  periclase-type structure (JCPDS 87-0653). XRD pattern of a

mple obtained after interaction of the Mg-Al mixed oxide with
uid water evidences the presence of a reconstructed HTC phase
eixnerite, JCPDS 35-0965) (see SI). It is worth noting that the
D patterns of totally rehydrated samples shows neither a signif-
nt loss in intensity nor broadening of XRD peaks in comparison
th the as-prepared HTC., i.e. these samples can be considered to

 reconstructed HTCs. It also means that upon mechanical stirring
ring the rehydration process in liquid phase the hydrotalcite-
e platelets were not broken or exfoliated which would result in
ecrease in their particle size and in a change in their textural

operties.
The textural properties of the as-prepared and Mg-Al mixed

ide (Table 1) are similar to those obtained for similar materials in
r other studies [25]. According to chemical analysis, Mg/Al molar
io in as-prepared material is 3.8 (Table 1), i.e. slightly higher
en compared with the starting concentration of the elements

reactive synthesis gel. Assuming that each Al atom in the solid
ould produce one basic site, the theoretically possible concentra-
n of basic sites in the sample with Mg/Al = 3.8 (with respect to
lk Al content) is 4.9 mmol/g for calcined sample, i.e. Mg-Al mixed
ide, (Table 1) or 2.7 mmol/g for dried as-prepared HTC taking into
count its general formula and weight loss upon calcination (TGA
ta see below).
The  actual concentration of basic sites was  measured by CO2-

D technique. The uptake of CO2 was 0.85 mmol per one gram
dried as-prepared HTC sample used in the experiment, hence

e total concentration of basic sites determined by CO2-TPD was
5 mmol/g based on the as-prepared HTC or 1.54 mmol/g if recal-

lated for Mg-Al mixed oxide, i.e. nearly 31.5% of theoretical value
ble 1).
The  TGA profile for the as-prepared HTC sample (see SI) is in

od agreement with the profiles reported in literature for HTC-
e materials [27,28]. The total weight loss for this sample amounts
45.8 wt.% (Table 2) which is in accordance with previous results
,28]. The low temperature weight loss of 16.7 wt.% occurs in the

◦
ge of 20–200 C due to the removal of water molecules. It is
arly seen (see SI) that the signal in this range could be decon-
luted in two  peaks with maxima at ca. 100 and 200 ◦C which

 generally attributed to the loss of physically adsorbed and
erlayer water molecules, correspondingly [27]. The high tem-
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Table 1
Physico-chemical characteristics of Mg-Al samples used in the present study.

Sample Phase
composi-tion

BET  area (m2/g) Mg/Al in synthesis gel
(mol/mol)

Mg/Al  by XRF
(mol/mol)

Theoretical amount of
basic  sites (mmol/g)

Concentration of basic sites
by CO2-TPD (mmol/g)

HTCas-prep. HTC – 3 3.8 2.7 0.85
Mg-Alcalc. MgO  180 4.9 1.54
HTCreconstr. HTC – 2.7

Table 2
Results on the thermal analysis of the samples and their formula calculated from TGA-MS data.

Sample Weight loss (TGA), % Calculated formula (using TGA-MS)

Total 20–250 ◦C 250–800 ◦C
HTCas-prep. 45.8 16.7 

Mg-Alcalc. 10.2 4 

HTCreconstr. 45.4 17.1 

perature weight loss of 29.1 wt.% is observed at temperature above
200 ◦C and originated from the dehydroxylation of the brucite-like
sheets and the decomposition of carbonates in the interlayer [27].
To quantify the ratio between hydroxyl and carbonate groups in the
as-prepared HTC, TGA-MS technique was used to determine H2O
and CO2 evolution from the sample. Above 250 ◦C, the MS  spectra
show the presence of signals of H2O and CO2 (see SI) with the max-
ima at similar temperature, i.e. 395 and 404 ◦C, correspondingly,
which prevents their differentiation by a routine TGA analysis.
Using data from chemical and thermal analysis, the composition
of the as-prepared hydrotalcite was calculated being very close to
expectations from theory (Table 2).

In comparison with the as-prepared HTC, the weight loss of the
calcined material (i.e. Mg-Al mixed oxide) is, as expected, much
lower (only 10.2 wt.%) (Table 1). It corresponds to the loss of the
physically adsorbed water below 100 ◦C (4.0 wt.%) and the removal
of residual hydroxyls and carbonate groups at T ≥ 500 ◦C remained
present after the sample calcination at T = 450 ◦C (see SI). Total
weight loss in the rehydrated sample is 45.4 wt.% (Table 1), i.e.
very close to the value determined for the as-prepared HTC mate-
rial. The distribution and intensity of the signals observed in the
DTG spectra for the as-prepared and the reconstructed samples are
also similar. Nevertheless, the performed TGA-MS study of both
samples evidences a substantial decrease in the intensity of the
signal corresponding to the evolved CO2 (see SI). It proves that
as a result of the calcination-rehydration procedure most of the
carbonate groups are replaced by hydroxyls in the reconstructed
HTC as evidenced by the calculated formula of the reconstructed
HTC (Table 2). The observed presence of carbonate groups in the
reconstructed HTC results most probably from the interaction of
the rehydrated sample with CO2 from air before the TGA analysis.

The  DRIFT spectrum of the as-synthesized HTC material (see SI)
is similar to the spectra published elsewhere [1,12,29,30]. A typical
broad band at about 3460–3500 cm−1 is attributed to the stretching
vibrations of structural hydroxyl groups in the brucite-like layer. A
shoulder at 3000 cm−1 is assigned to hydrogen bonding between
water molecules and the interlayer carbonate anions. The bands
at around 1640 and 1370 cm−1 confirms the expected presence
of interlayer water molecules and carbonate (chelating or bridg-
ing bidentate) anions, respectively. The vibration at 1515 cm−1 is
ascribed to a reduction in the symmetry caused by the presence
of monodentate carbonates (�asymO–C–O) interacting with Mg2+, as
reported elsewhere [1,12,29,30]. The low frequency region shows
a band at about 560 cm−1, corresponding to the translation modes

of hydroxyl groups, influenced by Al3+ cations [12,31,32]. The band
at 870 cm−1 is characteristic for the out-of-plane deformation of
carbonate, whereas the in-plane bending is located at 680 cm−1

[12].

ART - 17
29.1 Mg7.6Al2CO3(1.08)OH19.6·6.2H2O
6.2 –
28.3 Mg7.6Al2CO3(0.16)OH21·8.2H2O

Calcination of the as-prepared HTC results in water removal that
is evidenced by the disappearance of the band at around 1640 cm−1

(water bending vibrations) and of the shoulder at 3000 cm−1 (inter-
action of H2O CO3

2− in the interlayer) (see SI). The intensity of
the bands at around 3460–3500 cm−1 also decreases due to the
surface dehydroxylation upon calcination. The band at 1370 cm−1

(interlayer carbonates) decreases in intensity and the two peaks
at about 1515 and about 1400 cm−1 evidencing the interaction
between CO3

2− and Mg2+ [12] are also present, but their intensity
decreases as well. The obtained FTIR spectrum proves that residual
carbonate and hydroxyls anions as well as small amount of water
(band at around 1640 cm−1) are still present in HTC sample cal-
cined at T = 450 ◦C, i.e. in the Mg-Al mixed oxide sample, most likely
due the adsorption of CO2 and moisture from air during the DRIFT
experiment.

The spectrum of the reconstructed HTC is substantially sim-
ilar to that of the as-prepared HTC (see SI). The broad band at
3460–3500 cm−1 evidences the recovery of the structural hydroxyl
groups in the brucite-like layers. The bands at 3050 and 1640 cm−1

also reappears in the spectra of this sample, indicating a signif-
icant amount of adsorbed water molecules in the reconstructed
material. The band at 1370 cm−1 which also reappears in the spec-
tra as a symmetric peak is usually attributed to the presence of
carbonates in reconstructed materials, even after rehydration step
[12,32]. In the latter case, the existence of these groups in the
rehydrated samples is explained by a probable introduction of
(CO3)2− from air during the reconstruction process [12]. How-
ever, the performed TGA-MS analysis of the reconstructed HTC
proves low concentration of carbonates in the reconstructed HTC,
so the band at 1370 cm−1 in DRIFT spectrum cannot be unequivo-
cally attributed to carbonate groups. Moreover, anionic OH-groups
should be inevitably identified in the DRIFT spectra of the recon-
structed HTC material as well. It is known that anionic groups other
than carbonates could be characterized by absorption bands in the
FTIR region close to 1370 cm−1. For example, a band at 1364 cm−1

was previously ascribed to the anti-symmetrical stretching mode of
nitrate ions [33] and a band observed at 1390 cm−1 was  attributed
to the symmetric stretching of the carboxylate group [34]. Hence,
hydroxyl groups formed due to the rehydration of Mg-Al mixed
oxide (calcined HTC), which compensate the positive charge of
the layers, could be also responsible for the observed band lying
in the same FTIR-region. This makes us to conclude that the
band at 1370 cm−1 could in fact signify the presence of any
extra-framework functional anionic groups, including OH−, which

compensate the positive charge of the inorganic framework origi-
nating from the Mg-Al isomorphous substitution.

4/11



sis A: 

3.2
mi

ess
int
wo
fur
pre
me
aq

fur
F-O
pro
rea
tha
alc
ge
in 

aly
wi
Na
ba
in 

cin
of 

ap
0.3
ex
wo
sam
tha
sum
wh
ing
of 

fur
ox
of 

At 

18
pre
tio
Th
ex
fro
tor
alc
Mg
try
aci
the
the
rea

res
wa
dit
is 

rea
sta
yie
tur
slig

3.6
the
3.6
rea
wi
lar
ox
de
ce
in 

ch
in 

su
hig
ac
inc
tio

(Fi
fur
the
ten
is 

wa
hig
po
ing
in 

uc
fav
riu

3.3

fur
wh
pr
sp
sit
ch
ha

3.3

de
of 

tur
ch
be
refl
int
Th
ev
the
int
mo
ga
reh
tra
O. Kikhtyanin et al. / Applied Cataly

. Interaction of Mg-Al mixed oxide with aqueous furfural
xture

According to the reaction scheme (Scheme 1), water is a nec-
ary participant of Cannizzaro reaction donating a proton for an
ermediate alkoxide to be converted to a final alcohol. In other
rds, the absence of water makes the disproportionation of fur-
al to furfuryl alcohol (F-OH) and furoic acid (F-OOH) in the
sence of a basic catalyst impossible. Accordingly, in our experi-
nts we have studied the behavior of Mg-Al mixed oxide in CR of

ueous furfural solutions having different water content.
The  main reaction products obtained by reaction of aqueous fur-
al feedstock over calcined HTC, i.e. over Mg-Al mixed oxide, are
H and furoyl furoate (FF). Despite no F-OOH is found in reaction
ducts, the formation of F-OH and FF, a product of esterification
ction between F-OH and F-OOH, provides an indirect evidence
t furfural undergoes CR over the solid base catalyst. One-stage
ohol formation from aldehyde is only possible by using hydro-
n atmosphere and a hydrogenation catalyst which is not the case
our experiment. Moreover, due to the basic nature of the cat-
st used it is highly likely that F-OOH will react immediately
th the basic sites forming either salts, e.g. sodium furoate when
OH would be used as catalyst, or surface furoates in case of solid
se catalysts. This is confirmed by a titration experiment (see SI)
which F-OOH is successively added to Mg-Al mixed oxide (cal-
ed HTC) catalyst immersed in acetone followed by GC analysis

the liquid phase. A signal on the GC diagram belonging to F-OOH
pears only when the amount of acid added to the catalyst exceed

 g/gcat. The only plausible explanation of the performed titration
periment is that the acid remains adsorbed on the catalyst. It is
rth noting that the concentration of basic sites in the calcined
ple titrated with F-OOH is ≈2.7 mmol/g, which is higher than

t determined by CO2-TPD (based on Mg-Al mixed oxide). Pre-
ably, furoic acid could additionally adsorb on weak basic sites

ich do not interact with CO2 in the CO2-TPD experiment. Assum-
 the formation of surface furoates, we have introduced the yield

F-OH as the measure of catalyst activity in Cannizzaro reaction.
Fig.  1A depicts F-OH yield observed during reaction of aqueous
fural mixtures having different water content on Mg-Al mixed
ide in dependence on experiment duration. A clear dependence
catalyst activity on water content in the mixture is observed.
water-free conditions, F-OH yield is as low as 0.11 wt.% after

0 min  of the reaction. This result confirms the necessity of water
sence in the reaction mixture to facilitate the Cannizzaro reac-

n, which is in accordance with the reaction scheme (Scheme 1).
e catalyst activity observed in the water-free experiment can be
plained by the traces of moisture in the sample due to adsorption
m air during the transfer of the calcined catalyst into the reac-
. This explanation is also supported by TGA results. The observed
ohol yield corresponds to 0.15 mmol  of F-OH produced per 1 g of
-Al mixed oxide. Taking into account the reaction stoichiome-
, i.e. the equimolar formation of F-OH and F-OOH, and assuming
d-base interaction between the formed F-OOH and basic sites of

 catalyst, it can be inferred that about 10% of the basic sites in
 catalyst probed by CO2 (Table 1) participate in the reaction and
ct with the produced acid forming furoate species.
Fig.  1A shows that the increase in water content in the mixture
ults in the growth of F-OH yield proving thus the importance of
ter in the reaction (Scheme 1). For monophasic reaction con-
ions (water content in the range of 0–6 wt.%) the F-OH yield
below 0.5 wt.% after 180 min  of the reaction. Under biphasic

ction conditions (water content >12 wt.%) the F-OH yield sub-
ntially increases to 1.8-2.3 wt.% (Fig. 1A). The maximum alcohol
ld of 2.3 wt.% is observed for water content of 23 wt.% in the mix-
e while further increase in water content up to 33% results in a
ht decrease of F-OH yield to 1.9 wt.%.

pla
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tur
fur
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The maximum F-OH yield of 2.3 wt.% (Fig. 1A) corresponds to
 mmol  of produced F-OH per 1 g of calcined catalyst. Hence,

 amount of the produced acid should also correspond to
 mmolF-OOH/gcat. Since F-OOH is not identified by GC among
ction products, the concentration of basic sites that interacted

th the acid should also be equal to 3.6 mmol/gcat. This value is
ger than that determined by the direct titration of Mg-Al mixed
ide with furoic acid (see SI) and substantially exceeds the value
termined by CO2-TPD (Table 1). On the other hand, the con-
ntration of basic sites in the catalyst evaluated from its activity
CR is still lower than the theoretical basicity derived from its
emical composition. It allows concluding that not all basic sites
the catalyst are involved in the reaction and the formation of
rface furoates. Nevertheless, the concentration of basic sites as
h as 3.6 mmol/g determined by the in-situ “titration” with furoic

id proves that physico-chemical characteristics of basic catalysts
luding the amount of basic sites can change during the rehydra-
n step as discussed below.
Besides  F-OH, furoyl furoate is observed as a reaction product

g. 1B), apparently as a result of esterification reaction between
furyl alcohol and furoic acid. In contrast to F-OH, the yield of

 FF ester exhibits a less pronounced dependence on water con-
t. Fig. 1B shows that after 180 min  of the reaction, the ester yield

0.16 wt.% for monophasic aqueous furfural mixture (≤6 wt.% of
ter) and only small increase to 0.18–0.2 wt.% is observed for
her water contents (biphasic reaction mixture). The observed

or dependence of the ester yield on water content allows assum-
 that the formation of this compound could be more preferable
water-free reaction conditions. Obviously, as water is a prod-
t of the esterification reaction, an increase in water content will
or hydrolysis over esterification, i.e. shift the reaction equilib-
m towards the reactants.

.  The properties of Mg-Al catalysts after reaction

The experimental results provide a strong indication that fur-
al is converted by Cannizzaro reaction over Mg-Al mixed oxide
en water is present. Whereas F-OH is observed in the reaction

oducts by GC, it is highly probable that F-OOH forms furoate
ecies on the catalyst surface, i.e. remains adsorbed on the basic
es of the catalyst. The formation of such species would definitely
ange physico-chemical properties of a basic catalyst and these
ve been monitored by different techniques.

.1. XRD
Fig.  2A depicts XRD patterns of catalysts after reaction in depen-

nce on water content in aqueous furfural mixture. XRD patterns
samples after experiments using a monophasic reaction mix-
e (water content of 0–6 wt.%) contain predominantly reflections

aracteristic for MgO  phase. As soon as the furfural mixture
comes biphasic (water content ≥12 wt.%), the intensity of the
ections due to the MgO  phase noticeably decreases while the

ensity of reflections corresponding to the HTC phase increases.
e calculated relative content of the crystalline phases (Fig. 2B)
idences that a dramatic step change in the phase composition of

 catalysts occurs when the monophasic reaction mixture turns
o a biphasic one due to the increase in water concentration. In the
nophasic aqueous-organic mixture the probability for the inor-

nic solid to interact with water molecules (a necessary step for
ydration to take place) is low because of high furfural concen-
tion because both molecules compete for the same adsorption

ces. As a consequence, the rehydration of the mixed oxide to
econstructed HTC is slow. In contrast, when the reaction mix-
e is biphasic, the catalyst is in contact with both organic (mostly
fural) and aqueous (mostly water) phases. The XRD data evi-
nce (Fig. 2) that such intermittent interaction of Mg-Al mixed
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Fig. 1. Yields of furfuryl alcohol (A) and furoyl furoate (B) observed during reaction of aqueous furfural mixture on Mg-Al mixed oxide in dependence on water content (in
wt.%):  1–0%, 2–3%, 3–6%, 4–12%, 5–18%, 6–23%, 7–33%. Treac. = 50 ◦C, mfurfural = 30 g, mcalc.cat. = 2 g.
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Fig. 2. XRD patterns (A) and the relative content of HTC and MgO phases (B) in cata
1–HTC-0, 2–HTC-3, 3–HTC-6, 4–HTC-12, 5–HTC-18, 6–HTC-23, 7–HTC-33 where th

oxide with either organic or aqueous phase under intensive stirring
ensures the transformation of the solid mixed oxide into recon-
structed HTC. The comparison of the catalytic results with the XRD
data allows concluding that the observed high activity of the cata-
lysts in CR is connected with the high rehydration degree of Mg-A
mixed oxide to a reconstructed HTC. This conclusion is in agreement
with the reaction scheme of CR: the disproportionation of furfura
to F-OH and F-OOH takes place with the participation of hydroxyls
which are Brønsted basic sites of the rehydrated HTC catalyst rather
than with the Lewis basic sites of Mg-Al mixed oxide.

3.3.2. TGA
Fig.  3A depicts TGA curves of the catalyst samples after Canniz-

zaro reaction of furfural aqueous mixtures having variable water
content. The catalysts were separated from reaction mixtures by
filtration followed by washing with ethanol and drying at 80 ◦C
for 4 h before TGA experiments to exclude the contribution of any
physisorbed organic species to the results. The increase in water
content results in a progressive increase in the total weight loss o
the samples (Fig. 3A) which correlates with the transformation o
the Mg-Al mixed oxide to reconstructed HTC materials as proved by
XRD (Fig. 2). The samples obtained from the reaction of monopha-
sic furfural-water mixtures possess low-to-moderate weight loss

in the range of 21–30 wt.%, due to the small rehydration degree
of the Mg-Al mixed oxide (<20%). In contrast, the weight loss of
the sample HTC-23 obtained after reaction of biphasic furfural-
water mixture amounts to 49 wt.% which is close to the values
for as-prepared or water-reconstructed HTC samples (Table 1). In

ART - 17
after reaction in dependence on concentration of water in aqueous furfural mixture:
bers denote wt.% of water in the mixture.

agreement with these results, the sample HTC-23 affords a nearly
fully reconstructed HTC after the reaction as evidenced by the XRD
results (Fig. 2).

The  DTG curves of the samples after reaction (Fig. 3B)
show two ranges of weight losses in accordance with the
results for as-prepared or reconstructed HTC samples. The low-
temperature region consists of two  signals at T = 80–100 ◦C and
180–200 ◦C attributed to physically adsorbed and interlayer water
respectively, the latter exhibiting a clear dependence on the recon-
struction degree of the rehydrated samples. In fact, the change in
phase composition is linearly proportional to the water content
in the aqueous furfural mixture. In agreement with the XRD data
(Fig. 2A) an obvious difference is observed between the TGA/DTG
curves for samples obtained from monophasic or biphasic reaction
mixture experiments.

In  the high-temperature region of DTG curves, the presence
of two well-distinguished signals at ∼320 and ∼400 ◦C can be
observed. The signal at T = 385–400 ◦C is similar to those observed
in both as-prepared and reconstructed HTC samples and corre-
sponds to the removal of carbonate and/or hydroxyl groups from
the samples [27]. For the catalysts after reaction the intensity of
this peak increases with the growth in water content in the reac-
tion mixture and, as a consequence, it is in line with the increase

in the rehydration degree of Mg-Al mixed oxide proved by XRD
(Fig. 2). Nevertheless, the signal with maximum at T = 320 ◦C was
not previously observed in DTG curves for as-prepared and water-
reconstructed HTC materials (see SI). Therefore, this signal has to
originate from other compounds than water, CO2 or contaminants
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. 3. TGA (A) and DTG (B) curves of catalysts obtained after reaction with aqueous f
TC-18, 6–HTC-23, 7–HTC-33.

m ambient air, i.e. from furfural or reaction products of fur-
al transformation including F-OH, F-OOH and FF. The intensity
this signal also increases with the increasing concentration of
ter in the reaction mixture. As the increase in the water content
ulted in an increase in the furfuryl alcohol yield (Fig. 1A), it can

 deduced that the signal at T = 320 ◦C is due to furfuryl alcohol
 more likely, due to surface furoates formed by adsorption of
oic acid that is produced from furfural by Cannizzaro reaction in
uimolar yields as furfuryl alcohol, but unlike F-OH is not detected
ong reaction products.

.3.  DRIFT
DRIFT spectra obtained after contacting Mg-Al mixed oxide

th aqueous furfural mixtures having different water content are
own in Fig. 4 (reconstructed HTC rehydrated with pure water
shown as a reference). With increasing water content, a broad
nd in the range of 2700–3700 cm−1 reappears in the spectra
oving the recovery of structural hydroxyl groups in the brucite-
e layers of the rehydrated samples (Fig. 4A). The bands in the
ge of 1300–1700 cm−1 which characterize the presence of inter-
er water molecules and compensating extra-framework anions
o appear in the spectra (Fig. 4B). The change of the DRIFT spec-

 for Mg-Al mixed oxide sample after its contact with aqueous
dium can be attributed to the HTC structure recovery and is
s in agreement with XRD and TGA results. However, compar-

 the DRIFT spectra for catalysts after reaction with the spectra
 both as-prepared and rehydrated HTC samples, it can be con-
ded that the composition of the functional groups in the samples
er reaction is different than in the fresh samples. First, shoul-
r at 3000 cm−1 usually observed in the DRIFT spectra of both
prepared and reconstructed HTC rehydrated with pure water is

sent in the DRIFT spectra of the spent catalysts. The absence of
s shoulder suggests that the H2O CO3

2− interaction in the inter-
er is weakened. Furthermore, the character of the bands in the
ge of 1300–1700 cm−1 differs: it becomes more complex for the
ples after reaction as additional bands appeared in the spectra

g. 4B). Instead of a single band at 1640 cm−1 which characterizes
 presence of water molecules in interlayer (Fig. 2) several bands

1561 and 1591 are present in the DRIFT spectra of catalysts after
ction. These bands suggest that other molecules than water are

esent in the interlayer of the rehydrated catalysts. Moreover, two
−1
w bands at 1363 and 1390 cm are also present in the spectra.

r as-prepared and reconstructed HTC rehydrated with pure water
 band at 1370 cm−1 characterizes the presence of compensating

ions, as discussed above. The appearance of the new bands at
63 and 1390 cm−1 can be related with the presence of new kind

Ca

T =
sit
T =

ART - 17
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l mixture with different water content. 1–HTC-0, 2–HTC-3, 3–HTC-6, 4–HTC-12,

compensating anions, such as furoates. Besides, a well-expressed
nd at 1479 cm−1 not observed previously in the DRIFT spectra for
ither as-prepared nor rehydrated HTC samples is found in the
ectra of spent catalysts. Finally, several new bands appeared also
the range of 900–1250 cm−1 (Fig. 4B) which could be caused by
e presence of new surface species in the catalysts after reaction.
In  summary, the characterization data prove that the increase in
ter content in the aqueous furfural mixture promotes the rehy-

ation of the Mg-Al mixed oxide and facilitates the formation of
onstructed HTC. As soon as Brønsted basic sites are formed in the
onstructed material, its activity in furfural conversion increases

 demonstrated by the increase in both F-OH and furoyl furoate
ld. After the reaction, the catalyst contains additional species
ich differ from carbonate or OH− anions as well as from water
lecules. Taking into account the concentration of F-OH in the

uid reaction products together with the absence of furoic acid
ong these products, it is highly probable that these newly formed

ecies found in the catalysts after reaction are surface furoate
ecies. To support this claim, a specific study of furoic acid inter-
tion with the rehydrated catalysts was undertaken.

. The study of interaction between rehydrated HTC and furoic
id

Different  amounts of furoic acid were added to the mixture of
ter and reconstructed HTC after the completion of the rehydra-
n procedure (see the Experimental), and the resulting mixture
s stirred for 10 min. The solids treated with furoic acid were then

parated by filtration using a vacuum pump, dried in N2 flow at
om temperature and investigated by TGA and DRIFT.
A  gradual growth in the DTG signal with the maximum at

 330–340 ◦C is observed for rehydrated HTC after its treatment
th furoic acid as the ratio of mFOOH/msample increases from 0 to

 (Fig. 5). The filtrate solution was analyzed by GC, but no furoic
id was  detected. This strongly suggests that it was adsorbed on
e catalyst and hence the signal at T = 330–340 ◦C may be unequiv-
ally attributed to the surface furoate species. The position of this
nal agrees well with the observed unknown signal in the DTG
rves obtained for spent catalysts after their treatment with aque-
s furfural mixture (Fig. 3). Consequently, it can be concluded that
oate species are indeed present in the spent rehydrated HTC after

nnizzaro reaction.
Additionally, the observed increase in the signal intensity at

 330–340 ◦C is in line with a gradual decrease in the inten-
y of signals at T = 200–210 ◦C and T = 390–410 ◦C. The signal at

 200–210 ◦C characterizes interlayer water molecules which are
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Fig. 4. DRIFT spectra of calcined Mg-Al mixed oxide after its interaction with aqueous fu
2–HTC-6; 3–HTC-23; 4–reconstructed HTC rehydrated with pure water (reference mater

.

,

.

,

Fig. 5. DTG curves for rehydrated HTC treated with different amounts of Furoic acid
mFOOH/mcalcinedsample = 0 (1); 0.1 (2); 0.3 (3) and 0.5 (4).

stabilized in interlayer due to hydrogen bonding between them and
interlayer compensating anions while the signal at 390–410 ◦C is
characteristic for the removal of structural hydroxyls and compen-
sating anions [12]. The interaction of furoic acid with basic sites
and the generation of furoic species should in fact decrease the
total amount of structural hydroxyls and compensating anions and
thus result in weakened hydrogen bonding between the anions and
water molecules. As a consequence, the amount of interlayer water
would decrease as would the corresponding signal in DTG data
which is apparent in the experimental data (Fig. 5).

Fig.  6 depicts total DRIFT spectra for rehydrated HTC samples
treated with furoic acid in the range of 500–4000 cm−1 (A) and in
the specific range of 800–1800 cm−1 (B). The intensity of a shoulder
signal at 2700–3200 cm−1 assigned to hydrogen bonding between
water molecules and the interlayer anions decreases in intensity
with the increase in acid content from 0 to 0.5 gacid/gcat. (Fig. 6A)
The behavior of this band correlates well with the decrease in the
intensity of the DTG signal in the range of T = 100–200 ◦C and proves
the loss of water (including interlayer water) in the samples as
a consequence of the formed furoate species. A large difference

in the DRIFT spectra between the untreated rehydrated HTC and
the samples treated with furoic acid (Fig. 6) is observed in the
range of 1300–1700 cm−1. The peak at 1640 cm−1 attributed to the
presence of interlayer water has very low intensity in the spectra
of F-OOH-treated rehydrated samples suggesting low water con-

ART - 17
rfural mixture in the range of 400–4000 cm−1 (A) and 800–1800 cm−1 (B). 1–HTC-0;
ial).

tent  in the interlayer. Instead, two  peaks appear in this range at
1594 and 1563 cm−1 (Fig. 6B). A peak at 1365 cm−1 which is usu-
ally attributed to carbonate cations [12] or, as supposed in the
present study, to compensating OH−-groups decreases in inten-
sity with the increase in acid content in the mixture while a new
band at 1390 cm−1 has appeared. Finally, a very distinctive band at
1481 cm−1 is observed in the samples, and its intensity correlates
well with the amount of acid in the treatment solution. In summary
the observed changes and the appearance of new bands in the DRIFT
spectra of HTC samples treated with F-OOH can be unequivocally
attributed to the surface furoate species formed by adsorption of
furoic acid on the basic sites. The formation of furoate species in
the treated materials could be also related with the appearance of
new small bands in DRIFT spectra in the range of 900–1250 cm−1. In
total, the similarity in the positions of the bands observed in DRIFT
spectra of samples either treated with furoic acid or those obtained
after reaction with aqueous furfural mixture (Figs. 4 and 6B) allows
concluding that the formed surface species on the catalysts are
indeed furoates.

3.5.  Reconstructed HTC as a catalyst for Cannizzaro reaction

Catalytic results presented above indicate that the increased cat-
alyst activity in CR is observed when reconstructed HTC is formed
as a result of complete rehydration of the Mg-Al mixed oxide. This
reconstruction is achieved provided large water amount is present
in the reaction mixture. On the other hand, the catalytic results
indicate that water could have a negative effect on the reaction
resulting in a decrease in furfural conversion (Fig. 1). Using a recon-
structed HTC prepared by a pre-treatment of mixed oxide with
liquid water allows avoiding large water content in the reaction
mixture. In addition, these experiments reveal more accurately the
effect of water on the course of Cannizzaro reaction, i.e. it allows
decoupling the influence of water on catalyst reconstruction (and
its activity) from its influence on the reaction.

In these sets of experiments 2 g of freshly calcined HTC was
used in rehydration procedure as described in the Experimen-
tal to prepare reconstructed HTC sample as a catalyst for the
reaction. It allows making an accurate comparison between the
catalytic activity of mixed oxide and reconstructed samples based
on their calcined form. Fig. 7 depicts F-OH yield obtained dur-
ing the interaction of reconstructed HTC with aqueous furfural

mixture. The catalyst possesses poor activity in the conversion of
water-free furfural evidencing the necessity of water for the Can-
nizzaro reaction to take place. In this experiment F-OH yield of
∼0.1 wt.% could be attributed to the residual water in the dried
reconstructed HTC catalyst. Addition of water to furfural promotes
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Fig. 6. DRIFT spectra of rehydrated HTC treated with different amounts of Furoic acid. mFOOH

range of 800–1800 cm−1.
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of the duration of the initial step, the conversion of furfural after
. 7. The yield of furfuryl alcohol in experiments with aqueous furfural solu-
 having different water content using dried reconstructed HTC as catalyst.

ac.  = 50 ◦C, t = 3 h, mcat. = 2 g (calcined base), mF = 30 g.

 activity of the reconstructed HTC: alcohol yield increases from
8 wt.% to 0.76 wt.% as the water content in aqueous furfural
xture grows from 1.5% to 6%, respectively. Nevertheless, fur-
r increase in water content in the mixture does not result in
orresponding growth in the furfuryl alcohol yield (Fig. 7). It is
rth noting that the maximum F-OH yield observed in experi-
nts with the reconstructed HTC (Fig. 7) is significantly lower
n that for Mg-Al mixed oxide (calcined HTC) treated with aque-

s reaction mixture (Fig. 1). The observed difference in catalytic
havior suggests that the number of basic sites which are accessi-

 to furfural molecules in the catalyst rehydrated with pure water
ower compared with the catalyst rehydrated in situ with biphasic
ueous-organic mixture. Indeed, calculations show that the max-
um alcohol yield of 0.76 wt.% produced on reconstructed HTC
responds to 1.19 mmol  of alcohol per 1 g of the catalyst (cal-
ed base). Consequently, 1.19 mmol/g of furoic acid produced by

 is bound with 1.19 mmol/g of basic sites in the catalyst, which
4.3 wt.% with respect to the bulk Al content. This concentration

basic sites titrated with the acid is much lower than that eval-
ted from the results of catalytic experiments with Mg-Al mixed
ide. Moreover, it is also slightly lower than that determined by
2-TPD (1.57 mmol/g, calcined base, Table 1). On the other hand,

 concentration of basic sites evaluated in rehydrated HTC by
ans of Cannizzaro reaction agrees well with the results from

] that 24.5% of the OH− sites with respect to the bulk Al con-
t in HTC rehydrated in liquid water are evaluated by CO2-TPD.

summary, the obtained catalytic results make us suggest that the
centration of basic sites in the reconstructed HTC depends on

3 h
of 

me
cat
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/m sample = 0 (1); 0.1 (2); 0.3 (3); 0.5 (4). A – the range of 400–4000 cm−1, B – the

 properties of a liquid medium used for rehydration of Mg-Al
xed oxide, i.e. calcined HTC. Nonetheless, further fundamental
dies are necessary to understand the relationship between the

sic sites formation and the properties of the media used.

.  The impact of CR on aldol condensation of furfural and
tone

Aldol  condensation (AC) of furfural and acetone takes place in
 presence of basic catalysts, for example activated HTC. In gen-
l, any of the two  components of the reaction mixture interacts

th the active centers of the catalyst. Basic sites promote the acti-
tion of acetone which is necessary for AC to take place [20,21],
ile furfural is also transformed by CR, as shown in the present
dy. Both reactions, AC and CR, proceed simultaneously and share

 same active centers; therefore, the deactivation of basic sites
th furoic acid formed by CR should influence the conversion of
ctants by AC. The following model experiments represent exam-
s aimed to demonstrate the degree of this influence. Three series

catalytic runs with Mg-Al mixed oxide were carried out:
Example  I. Mg-Al mixed oxide is added at once to prepared F + Ac
xture (a reference run).
Example  II. Mg-Al mixed oxide is initially stirred in acetone for

90 min  and then furfural is added.
Example III. Mg-Al mixed oxide is initially stirred in furfural for

90 min  and then acetone is added.
The results of these experiments are presented in Fig. 8. In the
erence run (Fig. 8A, Example I) furfural conversion is 20.7% after

 of the reaction. Along with compounds formed by aldol conden-
ion, the formation of furfuryl alcohol with the yield of 0.06 wt.%
er 3 h is observed. Its presence among other products evidences

 simultaneous occurrence of AC and CR, i.e. the formation of
oic acid. As shown above, furoic acid interacts with the basic
es of the catalyst resulting in the formation of surface furoate
ecies. As a consequence, the amount of active sites which are
le to participate in both reactions is reduced thus leading to a
s of activity.
The  initial stirring of catalyst in acetone for 0, 30, 60 and 90 min,
pectively, (Example II) does not introduce any significant effect

 its performance in either AC or CR reaction routes. Regardless
 of its addition to the acetone + catalyst mixture is in the range
18.6-21% while the yield of F-OH is 0.05-0.06 wt.%. These experi-
nts (Example II) evidence that the contact between acetone and
alyst does not contribute to any change in the catalytic activ-
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Fig. 8. Furfural conversion (A) and the yield of F-OH (B) observed after 3 h of the aldol condensation of furfural and acetone over Mg-Al mixed oxide. I – Catalyst is added to
the  mixture of acetone and furfural (Reference run); II – Catalyst is stirred in acetone for 0, 30, 60, 90 min  followed by furfural addition; III – Catalyst is stirred in furfural for
0,  30, 60, 90 min  followed by acetone addition. Reaction conditions: mcat. = 0.5 g, F:Ac = 6.5/19.7 g/g (1/5 mol/mol), Treac. = 50 ◦C.

0 20 40 60 80 100 12 0

0

20

40

60

80

100A

F
u
rf

u
ra

l 
C

o
n
v
e

rs
io

n
, 
%

Reaction  Time, min.

0 20 40 60 80 10 0 12 0

0,0

0,2

0,4

0,6

0,8

1,0B

F
u
rf

u
ry

l A
lc

o
h
o

l Y
ie

ld
, 
%

Rea ction Time, min.

ol con
for 30
alcine

l

l

.

,

Fig. 9. Furfural conversion (A) and the yield of F-OH (B) observed during the ald
the  mixture of acetone and furfural (Squares); II – Catalyst is stirred in acetone 

30 min  followed by acetone addition (Triangles). Reaction conditions: mcat. = 0.5 g (c
reaction mixtures (I–III) are mixed with 0.4 g of water to promote CR.

ity in AC, so the behavior of the catalyst is comparable with that
observed in the reference run (Example I).

In contrast, the initial stirring of catalyst in furfural (Example
III) leads to unique results (Fig. 8A). Even a brief contact between
furfural and catalyst decreases the activity of the catalyst in aldo
condensation which is evidenced by furfural conversion of 11.9%
after 3 h of the reaction (Fig. 6A). When increasing the time of
the initial stirring of the catalyst in furfural up to 90 min, a fur-
ther decrease in furfural conversion in aldol condensation down
to 3.4% is observed. Simultaneously with the decline in the overal
activity of the catalyst, the increase in the yield of furfuryl alco-
hol from 0.12 to 0.23 wt.% is observed as the duration of the first
stage of the experiment increases from 0 to 90 min, respectively
(Fig. 8B). As postulated above, the presence of F-OH indicates that
F-OOH is formed because these two compounds are related with
each other by the stoichiometry of Cannizzaro reaction. Being pro-
duced by Cannizzaro reaction, F-OOH generates surface furoate
species by reacting with the basic sites and, consequently, the
basic sites become catalytically inactive. It could be also assumed
that the organic salts being formed on the catalyst surface would
result in selective leaching of the corresponding catalyst compo-
nents. To evaluate the plausible leaching, we have analyzed the
reaction mixture after catalytic experiment (Example III) by ICP
However, we did not detect any traces of Mg  or Al in the solution

after reaction. It allows concluding that the catalyst is chemically
stable and the organic salts, if formed, stay bound on the catalyst
surface. Therefore, the decrease in furfural conversion observed in

ART - 17
densation of furfural and acetone over reconstructed HTC. I – Catalyst is added to
 min  followed by furfural addition (Circles); III – Catalyst is stirred in furfural for
d base), F:Ac = 6.5/19.7/ g/g (1/5 mol/mol), Treac. = 25 ◦C. Prior to catalyst addition the

these experiments (Example III), can be explained by the gradual
poisoning of the catalyst with products formed by CR.

Similar  experiments investigating the influence of mixing order
of reactants during aldol condensation on furfural conversion were
performed with reconstructed HTC (Fig. 9). As expected, the activity
of the reconstructed HTC in the reaction was higher in comparison
with Mg-Al mixed oxide, so to observe any differences in conver-
sion the catalytic experiments were carried out at T = 25 ◦C

In agreement with the results obtained for Mg-Al mixed oxide
furfural conversion is similar when the rehydrated catalyst is either
added to the mixture of acetone and furfural (Example I) or stirred
in acetone for 30 min  followed by furfural addition (Example II)
(Fig. 9A). In contrast, the activity of the reconstructed HTC in aldol
condensation is significantly lower when the rehydrated catalyst
is initially in contact with furfural (Example III). In all three cases
F-OH is detected among reaction products proving the occurrence
of CR, as discussed above. Nevertheless, its yield is much lower in
Examples I and II being 0.10–0.14 wt.% in comparison with Example
III (0.64–0.72 wt.%). These experiments give an additional evidence
that CR proceeds simultaneously with AC and definitely influences
the performance of a basic catalyst in the latter reaction.

CR  may  contribute not only to the observed activity of basic cata-
lysts in aldol condensation reaction involving furfural but may also
affect re-using of the catalysts. The loss of the activity of hydro-

talcites and mixed oxides in several successive catalytic runs of
condensation reactions has been reported repeatedly. In general,
two different deactivation causes have been considered: fouling
caused by subsequent aldol condensations and leaching of active
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mpounds from the catalyst in the aqueous medium [20]. The
ults presented in this study evidence that other reasons could

plain the loss of catalyst activity in condensation reactions, for
ample, the occurrence of Cannizzaro reaction. Under the real
perimental conditions of AC, a catalyst is in contact with both
mponents of the reaction mixture (acetone and furfural) and the
ction is usually carried out in excess of acetone. Therefore, the
bability of furfural interacting with basic sites that is neces-
y for CR to take place is low under high Ac to F molar ratio in
ction mixture. As a consequence, the influence of CR on catalyst

rformance in AC is not pronounced and conventional solid basic
alysts exhibit good activity in AC. Nevertheless, it is not possible
avoid a contact between furfural and basic sites, so the AC and CR
e place simultaneously, as evidenced by the formation of furfuryl
ohol even at conventional reaction conditions (Figs. 8 and 9B,
ample I). Even the small contribution of CR would result in the
gressive deactivation of the catalyst thus decreasing its activity

AC and making it difficult to recycle/reuse the catalyst without an
idative regeneration step. Therefore, the optimization of catalytic
perties and the determination of optimum reaction conditions

perform AC which would allow reducing the influence of CR on
alyst behavior are important objectives of forthcoming studies.

Conclusions

The rehydration of Mg-Al mixed oxide (calcined as-prepared
drotalcite) using pure water results in the formation of recon-
ucted hydrotalcite that possesses OH− groups rather than
bonates in interlayer as proved by TGA-MS results. The com-

rison of DRIFT spectra of the as-prepared and the reconstructed
terials allowed concluding that these newly formed hydroxyls

 characterized by the band at 1370 cm−1 which is usually con-
ered as a characteristic band of carbonate groups. The results
o show that Mg-Al mixed oxide can be successively rehydrated
th aqueous furfural mixture resulting in the formation of recon-
ucted hydrotalcite structure. The amount of water in the mixture
uences the rehydration degree and the total reconstruction of

 hydrotalcite structure is observed only when using biphasic
ater-organic) reaction conditions. The catalytic data allow con-
ding unequivocally that Brønsted basic sites of the reconstructed
C catalyze furfural transformation by Cannizzaro reaction. Both
furyl alcohol and furfuryl furoate formed during the reaction

 evidenced by GC analysis. On the contrary, furoic acid is not
tected among reaction products by routine GC analysis because
emains adsorbed on the basic sites of the catalyst forming surface
oates. These species can be detected by both TGA (a peak in the
ge of T = 320 ◦C) and DRIFT (characteristic band at 1481 cm−1)
thods. The formation of the surface furoates leads to a grad-

l catalyst deactivation, as evidenced by the time dependency of
fural conversion and yield of furfuryl alcohol.
The rehydration of Mg-Al mixed oxide (calcined HTC) with

ueous furfural mixture affords a reconstructed HTC possessing
igher amount of basic sites in comparison with a reconstructed
C prepared by rehydration of the same Mg-Al mixed oxide with
re water. This is demonstrated by the yield of reaction products
med by CR. It can thus be inferred that the rehydration procedure
s a significant influence on the basic properties of the resulting
onstructed material.
The  performed comparative experiments show that the Can-

zaro reaction also influences aldol condensation of furfural and
tone. The longer is the contact time between furfural molecules

d the basic sites of a catalyst, the lower is the furfural conversion
aldol condensation. Consequently, Cannizzaro reaction would
ult in the gradual deactivation of the catalyst thus making it diffi-
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lt to recycle/reuse the catalyst without an oxidative regeneration
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Abstract Catalytic deoxygenation of triglycerides and

related feedstocks for production of biofuels is reviewed in

this paper. Green diesel, triglyceride-based hydrocarbons in

diesel boiling range, is an attractive alternative to biodie-

sel—a product of transesterification of vegetable oils,

particularly due to its superior fuel properties and full

compatibility with current diesel fuels. Two basic approa-

ches to production of green diesel—(i) hydrodeoxygen-

ation of triglycerides and related compounds over metal

sulfide catalysts and (ii) deoxygenation over supported

noble metal catalysts are thoroughly discussed from the

point of view of reaction conditions, catalyst composition

and reaction pathways and products. Furthermore, catalytic

cracking of triglycerides and related feedstocks over

microporous and mesoporous catalysts is reviewed as well.

It constitutes an interesting alternative to deoxygenation

using hydrotreating and noble metal catalysts as it does not

consume hydrogen. It provides a wide spectrum of prod-

ucts reaching from olefins to green gasoline and diesel.

Keywords Biofuels � Vegetable oils � Triglycerides �
Deoxygenation � Decarboxylation � Hydrodeoxygenation �
Noble metal catalysts � Sulfided metal catalysts � Zeolites

Introduction

Biofuels and their production and consumption have

become an inherent part of everyday life worldwide. Any

fuel of biological origin can be in principle called biofuel.

For the sake of clarity, we shall use the term biofuel

exclusively for liquid transportation fuels produced from

renewable (biological) feedstocks in this review.

The use of biofuels has been promoted and supported in

the recent years, as it can contribute to (i) decreasing of CO2

emissions from fossil energy sources, (ii) (renewed) devel-

opment of rural areas and (iii) partial reduction of the

complete dependence of world economy on the ever

declining fossil energy resources, particularly petroleum and

natural gas [1–7], the main feedstocks used for production of

transportation fuels. Due to the dispersed nature of emis-

sions originating from transportation and their increasing

amount [8], as a result of the continually wider spread of

road as well as air transport [3, 4], these emissions are dif-

ficult to tackle. In addition to increasing the efficiency of the

internal combustion engines, constant enhancing of the fuel

quality is an indispensable tool. Biofuels play an important

role in the fuel quality improvement, as they can be denoted

clean fuels since they do not usually contain aromatics and

sulfur [2] and may improve some performance characteris-

tics of automotive fuels, e.g. octane number (bioethanol) and

cetane index (biodiesel) [1, 7].

Biofuels are currently classified as the first generation

and the second generation biofuels [1, 3, 4, 7, 8]. Typical

first generation biofuels are bioethanol obtained by fer-

mentation of sugars (i.e. either from sugarcane or from

corn, sugar beet, wheat etc.) and biodiesel produced by

transesterification of vegetable oils with methanol [3, 7, 8].

Lignocellulosic bioethanol and fuels produced from bio-

mass-derived synthesis gas, i.e. mixture of CO and H2, are

usually called second generation biofuels [4, 7, 8]. Nev-

ertheless, the definition of the second generation biofuels is

not strict. Rather than to technological development/

maturity, it should refer to environmental benefits and
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sustainability of different biofuels, i.e. to their greenhouse

gas emissions and cumulative energy-demand (fossil)

savings over the whole life cycle. Consequently, the same

biofuel, e.g. bioethanol, produced at two different locations

could be considered as second generation biofuel in one of

them and first generation biofuel in the other.

Owing to their chemical composition and physico-

chemical properties, triglycerides were used to fuel the first

diesel engines (soybean oil in 1920s) [7]. After decades

dominated by the cheaper hydrocarbon-based fuels derived

mainly from petroleum and to a lesser extent from coal, a

renewed interest in alternative (renewable) feedstocks for

fuel production led inevitably to development of triglyc-

eride-based fuels and fuel components [1]. Since the high

density and viscosity prevent the direct use of triglycerides

as fuels for the modern diesel engines [7, 9], alternative

approaches have been sought. Until now, two basic con-

cepts have been applied industrially—transesterification

and hydrotreating [10].

The product of transesterification of vegetable oils

(Fig. 1), typically rapeseed, soybean and palm oil, with

methanol that complies with the appropriate quality stan-

dard (e.g. EN 14214 [11]) is called biodiesel or FAME

(fatty acid methyl esters). Biodiesel is along with bioeth-

anol the most important biofuel of the so-called first gen-

eration and it is mostly popular in Europe due to the

suitable climatic conditions for production of rapeseed and

the highest share of diesel-engine-driven cars in the world.

The production of biodiesel has been extensively reviewed

over the past years [12–14]. The main advantages of this

process are its simplicity and mild reaction conditions

allowing small-scale production practically anywhere. On

the other hand, it suffers from several drawbacks, the most

important being the use of a homogenous catalyst and the

need of its neutralization and separation and production of

glycerol of a rather low quality as a by-product. The newly

developed process that uses a heterogeneous solid catalyst

can tackle these disadvantages as there is no need to neu-

tralize and separate the catalyst and consequently high

purity glycerol is obtained [15].

However, there exist other disadvantages of biodiesel

related to its fuel properties that cannot be easily dealt with.

The main drawbacks include low thermal and oxidation

stability in comparison with ordinary diesel fuel, which

limit the use of biodiesel in the modern diesel engines to

low concentration biodiesel-diesel mixtures (up to 7 vol%,

[11]). The efforts aimed at increasing efficiency of the

diesel engines led to application of higher injections pres-

sures and smaller injection nozzles diameters. Under these

conditions biodiesel tends to polymerize and form deposits

on the nozzles that can cause their plugging. Consequently,

the safe use of neat biodiesel or high concentration bio-

diesel–diesel blends requires approval of the engine man-

ufacturer [16].

The chemical nature of biodiesel has to be changed to

deal efficiently with the stability issues discussed above.

Upgrading of triglycerides into hydrocarbons constitutes a

promising alternative to transesterification. Even though

the product of this upgrading could be in principle called

biodiesel, we shall call it green diesel in this review to

stress its different chemical nature and avoid confusion as

the term biodiesel is widely accepted as a synonym for

fatty acid methyl esters.

Conversion of triglycerides into hydrocarbons necessi-

tates elimination of oxygen from the feedstock, i.e. deoxy-

genation. Deoxygenation, as a general term for oxygen

elimination, can refer to different chemical reactions. In the

case of triglycerides, these include hydrodeoxygenation and

hydrodecarboxylation (Fig. 1) [17, 18]. Hydrodeoxygen-

ation consists of several consecutive reaction steps, in which

oxygen is removed in the form of water and the resulting n-

alkane has the same number of carbon atoms as the corre-

sponding fatty acid bound in the original triglyceride. Hy-

drodecarboxylation refers to a process where oxygen is

removed as CO2 by decarboxylation of fatty acid reaction

intermediate formed by hydrotreating of the corresponding

triglyceride. Consequently, the resulting n-alkane has one

carbon atom less than the corresponding fatty acid bound in

the original triglyceride [17, 18]. In contrast to hydrode-

carboxylation, decarboxylation proceeds only in carboxylic

CH2

CH

CH2

COO

COO

COO

R

R

R

+ CH3OH
cat.

H2

cat.

H2

cat.

H2

cat.

CH3COO3 R

CH33 R

H3 R

H3 R

+

+

+

+

C3H8O3

C3H8

C3H83 CO2

+

+

+3 CO

6 H2O

3 H2OC3H8 + D
eo

xy
ge

na
tio

n

Biodiesel

Green diesel

1)

2)

3)

4)

Fig. 1 A simplified scheme of

the main reaction paths in

transformation of triglycerides

into biofuels via catalytic

processes; (1)

transesterification, (2)

hydrodeoxygenation, (3)

hydrodecarboxylation, (4)

decarbonylation
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acids and does not involve reaction with hydrogen [17, 18].

Moreover, decarbonylation has been proposed as a plausible

reaction in transformation of triglycerides into hydrocarbons

(Fig. 1) [19]. In general, these reactions could be denoted as

selective deoxygenation since oxygen is eliminated either in

form of water or CO2 and the molecular weight of the

product corresponds to that of the alkyl chains of fatty acids

bound in triglycerides. In addition to selective deoxygen-

ation, oxygen can be eliminated from triglycerides by non-

selective deoxygenation, i.e. by their cracking that results in

formation of shorter chain oxygenates, hydrocarbons and

CO2. The hydrocarbons obtained in non-selective deoxy-

genation consist, besides alkanes, of naphthenes and aro-

matics, formed by secondary reactions.

Production of hydrocarbons from triglycerides is now

accomplished also commercially [20, 21] in a process

called NexBTL (Neste Oil, Porvoo, 2 9 170 kt/a) and

other production units have been announced [21]. Other

companies (e.g. Petrobras, Eni ? UOP) have announced or

patented production of green diesel (hydrocarbons) from

triglycerides [22–26]. Nevertheless, the production capac-

ity of biodiesel (ca. 21 Mt/a in Europe, with production ca.

7.7 Mt/a in 2008 [27]) is currently significantly larger than

the production of green diesel (0.34 Mt/a [28]), i.e. the

product of hydrotreating of triglycerides.

Recently, several reviews dealing with upgrading of

biomass to fuels and chemicals [1, 29–32] and specific

reviews focusing primarily on biodiesel production [12,

13], deoxygenation in general [33] and upgrading of tri-

glycerides into biodiesel and/or green hydrocarbons [10,

34] have been published. In this contribution, we aim at

reviewing of deoxygenation chemistry and processes used

for upgrading of triglycerides and related feedstocks, such

as fatty acids, into green hydrocarbons (e.g. green diesel).

The review will be divided into three main sections based

on the nature of catalysts used. In the first part, deoxy-

genation of triglycerides and related feedstocks, mainly

fatty acids and their monoesters, over supported noble

metal catalysts, particularly Pd and Pt, will be discussed.

The second section will focus on the use of conventional

hydrotreating catalysts, i.e. NiMo, CoMo, NiW sulfides,

in triglycerides upgrading to hydrocarbons and the

activity and selectivity of these catalysts. The final part

will review the performance of micro- and mesoporous

molecular sieves in cracking of triglycerides to hydro-

carbon fractions.

Supported Noble Metal Catalysts

Supported noble metals, such as Pt, Pd, Ru, are a versatile

class of catalysts that are applied in different industrial

processes, the most important being various hydrogenations,

including selective hydrogenations of oxygenated interme-

diates to produce fine chemicals [31], and isomerization,

hydrocracking, cyclization and dehydrogenation of hydro-

carbons [35, 36]. The supported noble metal catalysts were

proposed to be efficient deoxygenation catalysts [37] and

their activity and selectivity were studied comprehensively

by Murzin et al. [34, 38–46]. The group was even awarded a

patent covering the method of hydrocarbon production by

using noble metal catalysts [47, 48].

Stearic acid was used as the principle model compound

to study deoxygenation using noble metal catalysts [38, 39,

41] as it is a typical reaction intermediate in deoxygenation

of triglycerides [10, 17, 18, 38, 41] (Table 1). A wide

variety of supported metal catalysts was investigated to

find the most promising metal-support combinations active

in deoxygenation of stearic acid [39]. Pt and Pd supported

on active carbon were the only catalysts providing signif-

icant yield of desired deoxygenation products. These con-

sisted almost exclusively of a mixture of C17 hydrocarbons

among which n-heptadecane was the most abundant

product. It was accompanied by 1-heptadecene and other

C17 isomers [38, 39]. In addition to Pt/C and Pd/C, Ru

supported on MgO exhibited under the same reaction

conditions (N2, 300�C, 0.6 MPa) almost complete con-

version of stearic acid, however, formation of C17 hydro-

carbons was not observed. Instead, a condensation product

of two stearic acid molecules (a symmetrical ketone C35)

was formed (Fig. 2) [39]. Besides Pd/C, Pd supported on

SBA-15 was shown to be active and selective in stearic

acid deoxygenation, in fact TOF on Pd/SBA-15 was higher

than that on Pd/C (0.72 vs. 0.13 s-1) [45], however in the

case of Pd/C the TOF is based on Pd loading rather than on

exposed Pd atoms. The other tested supported metal cata-

lysts gave much lower conversion of stearic acid (\50%)

under the above-mentioned reaction conditions [39].

Interestingly, formation of the symmetric ketone

(Fig. 2) was observed on Pt and Pd supported on alumina,

suggesting that the support plays a crucial role in deter-

mining the selectivity as Ru/C provided predominantly C17

hydrocarbons [39]. The formation of the ketone was

observed also in presence of hydrogen over Pt/Al2O3 and

Pt/TiO2 where it was accompanied by formation of an ester

(octadecyl stearate, Fig. 2) [49]. The formation of con-

densation products was ascribed to the catalytic role of the

oxide support under hydrogen-deficient environment, i.e.

when hydrogen spill-over could occur thanks to the pres-

ence of Pt, the formation of condensation products was

greatly suppressed [49]. Presence of vacancy oxygen sites

plays an important role in determining the selectivity

towards condensation products. It was shown that Pt sup-

ported on TiO2, i.e. a support having more oxygen vacancy

sites than Al2O3, favors the formation of symmetrical

ketones from acids and esters in comparison with Pt/Al2O3.
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Moreover, these vacancies were reported to be responsible

for the significantly higher formation of C8 hydrocarbons in

methyl octanoate deoxygenation over Pt/TiO2 in compari-

son with Pt/Al2O3. This is a consequence of higher C–O

cleavage activity of Pt/TiO2 [49]. Further evidence of the

role of catalytically active oxide phase was provided, when

a commercial NiMo/Al2O3, i.e. non-sulfided oxide-phase

catalyst, was used in hydrogen-rich environment. Hydro-

genation products were formed at the expense of dec-

arboxylation/decarbonylation products [50].

Owing to the low acidity of the used supports (C, SiO2,

Al2O3), cracking was negligible with Pt, Pd, Rh, Ir

(selectivity\5%), but it was pronounced when Ni catalysts

were used (selectivity[15%) [39]. Similarly, cracking was

virtually absent in deoxygenation of methyl stearate over

Pt/Al2O3 [49]. It can be hence concluded that supported Pt

and Pd catalysts are efficient deoxygenation catalysts

yielding with high selectivity hydrocarbons that have one

carbon atom less than the corresponding fatty acid or fatty

acid part of an ester, i.e. the feed undergoes either decar-

boxylation or decarbonylation.

The effect of Pd dispersion on deoxygenation of a

mixture consisting of palmitic (59 mol%) and stearic acid

(40 mol%) was investigated using four 1 wt% Pd/C (sib-

unit) catalysts under standard deoxygenation conditions

(300�C, 1.7 MPa, dodecane solvent). Their Pd dispersions

were in the range 18–72% [46]. The effect of Pd dispersion

was significant. The catalysts with the lowest and highest

dispersion showed the lowest initial deoxygenation rate

(TOF = 30 and 12 s-1, respectively) while the catalysts

with medium dispersion exhibited significantly higher ini-

tial reaction rates (TOF = 76 and 109 s-1 for Pd disper-

sions 47 and 65%, respectively) [46]. These results suggest

that there is an optimum Pd crystallite size. The low

activity of highly dispersed Pd was attributed to strong

interaction of Pd crystallites with the support [46]. Fur-

thermore, the acidity/basicity of Pd/C catalysts (determined

by the pH measurement of catalyst slurry) was reported to

affect deoxygenation of ethyl stearate [41].

The important consequence of the decarboxylation/dec-

arbonylation reaction route proposed for supported noble

metal catalysts is that deoxygenation of fatty acids and/or

esters (including triglycerides) does, in principle, not require

presence of hydrogen atmosphere [38, 39]. This constitutes a

significant advantage over hydrogenation-based processes,

such as those using hydrotreating catalysts, due to the

Table 1 An overview of reaction conditions and catalysts used for deoxygenation of triglycerides and related feedstocks over supported noble

metal catalysts

Model compound Catalyst Reaction conditions Reference

Fatty acids

Stearic acid Pd/C He, H2–Ar, H2; 300�C; 1.7 MPa; SBR [38, 41]

Caprylic acid Pd/C (NiMo/Al2O3) H2–He; 300–400�C; 2.1 MPa; FBR [50]

Various acids (i.e. heptanoic, octanoic) Pd/SiO2 (Ni/Al2O3) H2, N2; 330�C, atm.; FBR [37]

Stearic, oleic, linoleic acids Pd/C He, H2–He; 300�C; 1.5 MPa; SBR [51]

Stearic acid Various catalysts N2; 300�C; 0.6 bar; SBR [39]

Oleic, linoleic acids Pd/C Ar, H2–Ar; 300–360�C; 1.5–4.2 MPa; SBR [43]

Esters

Ethyl stearate Pd/C He, H2–Ar, H2; 300–360�C; 1.7–4 MPa; SBR [38, 41]

He, N2, H2–Ar, H2; 300–320�C; 0.6–1.7 MPa; SBR [38, 41]

Methyl octanoate Pt/Al2O3; Pt/TiO2 H2–He; 330�C, atm.; FBR [49]

Methyl stearate Pt/Al2O3 H2–He; 300–350�C; 0.7 MPa; SBR [49]

Triglycerides

Tristearin Pd/C, He, H2–Ar, H2; 300–360�C; 1.7–4 MPa; SBR [38]

Tricaprylin Pd/C, (NiMo/Al2O3) H2–He, 300–400�C, 2.1 MPa, FBR [50]

SBR semi-batch reactor, FBR fixed bed reactor

COOHR
H2

cat.
CHOR H2O+

2 H2

cat.
OHCH2R 2 H2O+COOHR

1)

2)

2
H

2cat.

CH2COOR R

H2O

+

COOH2 R

RCOR + CO2 +

3 H2O

3)

4)

Fig. 2 A simplified scheme of partial deoxygenation reactions of

fatty acids; (1, 2) partial hydrogenation (deoxygenation), (3)

condensation, (4) esterification
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suppressed hydrogen consumption. On the other hand, the

elimination of one carbon atom per one fatty acid in order to

form CO or CO2 results, however, in lower hydrocarbon

yield, on weight basis, as compared with the hydrogenation

processes. Even though high conversion of stearic acid and

its esters was observed under inert atmosphere (N2, He),

presence of hydrogen was found to be beneficial for catalyst

stability [38, 49, 51].

It was demonstrated that when inert atmosphere (He) was

replaced by hydrogen atmosphere, the conversion of methyl

octanoate immediately increased to the levels observed

during deoxygenation carried out under hydrogen atmo-

sphere [49]. The fast deactivation in inert atmosphere was

ascribed to formation of heavy products and unsaturated

hydrocarbons that took part in oligomerization reactions

leading eventually to coke formation. Owing to fast satu-

ration of unsaturated intermediates under hydrogen atmo-

sphere, the fast catalyst deactivation was greatly diminished

[49]. Similar results were reported also for fixed-bed deox-

ygenation of stearic acid over Pd/C (360�C, 1 MPa, Ar or

5% H2 in Ar) where stable conversion was achieved only in

presence of H2 [52].The effect of hydrogen concentration in

the reaction atmosphere was studied in ethyl stearate deox-

ygenation [41]. With decreasing H2 concentration (different

H2/He mixtures) the initial reaction rate decreased as did the

selectivity to n-heptadecane. At the same time, the selec-

tivity to stearic acid, i.e. an intermediate in ethyl stearate

deoxygenation, was increasing [41]. This suggests that ethyl

stearate yields primarily stearic acid which is subsequently

deoxygenated and that higher partial pressure of hydrogen is

beneficial for the subsequent reaction step. Since ethyl

stearate was reported to decompose to ethylene and stearic

acid in absence of catalyst at temperatures around 300�C

[53], the positive effect of hydrogen could be attributed to

preservation of the catalyst activity due to hydrogenation of

unsaturated reaction intermediates as observed in methyl

octanoate deoxygenation [49].

In contrast to studies performed with esters of saturated

fatty acids, an optimum hydrogen concentration in the

reaction gas was reported for fatty acids [38, 51]. In semi-

batch operation the conversion of stearic acid increased

when instead of pure hydrogen atmosphere a mixture

containing 5% H2 in Ar [38] or 10% H2 in He [51] was

used. Furthermore, the initial reaction rate of stearic acid

conversion was higher in He then in 10% H2 in He. Nev-

ertheless, under inert atmosphere the reaction rate dropped

significantly after ca. 10 min [51], presumably due to cat-

alyst deactivation as observed in the case of fatty esters

deoxygenation discussed above. It was proposed that the

inhibition of stearic acid deoxygenation at high hydrogen

partial pressure may be a consequence of competitive

dissociative adsorption of stearic acid and hydrogen [51].

The presence of adsorbed hydrogen leads to fast

hydrogenation of the adsorbed carboxylate, a product of

carboxylic acid dissociative adsorption, before it can

undergo decarboxylation [54].

The importance of hydrogen on deoxygenation of car-

boxylic acids was further confirmed by studies using dif-

ferent solvents [41, 51]. It was proposed that some solvents

may act as hydrogen donors and consequently affect

deoxygenation. Dodecane was found to undergo dehydro-

genation (conversion ca. 2%) over Pd/C under typical

deoxygenation conditions (300�C, 1.5 MPa) and hydrogen

was formed [51]. Analogously, the initial rate of formation

of stearic acid from ethyl stearate in inert atmosphere was

higher in dodecane than in mesitylene [41]. The difference

could be explained by the different nature of the solvents

used. While dodecane can act as hydrogen-donor solvent,

mesitylene cannot. The initial rate of n-heptadecane for-

mation remained, however, unaltered by the solvent change

[41] suggesting that the initial deoxygenation was not

affected by hydrogen availability.

Unsaturated fatty acids and their esters are relevant probe

molecules for deoxygenation (Table 1) since majority of

fatty acids bound in naturally occurring triglycerides have at

least one double bond [55]. As expected, hydrogen plays an

important role in their transformation to hydrocarbons. It was

demonstrated that the double bond hydrogenation of oleic

and linoleic acid precedes their deoxygenation in hydrogen-

rich atmosphere [43, 51]. Consequently, n-heptadecane was

the main reaction product. While the kinetics of stearic and

oleic acid deoxygenation were indistinguishable under 10%

H2 in He, under He atmosphere deoxygenation of oleic acid

was significantly slower [51]. The authors propose that the

lower deoxygenation rate in absence of hydrogen is due to

cis-C–C double bond adsorption [51], which may compete

with carboxylic group adsorption. Moreover, under hydro-

gen-deficient conditions, dehydrogenation of fatty acids

occurs yielding polyunsaturated acids and aromatics and

consequently resulting in faster catalyst deactivation [43].

The reported high selectivity to methyl stearate in methyl

oleate deoxygenation (300�C, 1.5 MPa, Pd/C) under differ-

ent atmospheres (Ar, 5% H2 in Ar, H2) suggests that

hydrogen transfer plays an important role as well [43].

Deoxygenation of different fatty acids (C17–C22) in

dodecane under argon (300�C, 1.7 MPa, Pd/C) was shown

to be independent of their chain length; the initial deoxy-

genation rate of C17, C18 and C20 fatty acids was virtually

identical [56]. Same conclusion was reached also for

deoxygenation of palmitic and stearic acid under 5% H2 in

Ar [46]. The different rate of deoxygenation observed in

the case of the C19 and C22 fatty acids was attributed to

their impurities, i.e. unsaturated fatty acids and phospho-

rus, respectively. The final conversion dropped from about

90% to approximately 20% when the mentioned impurities

were present [56].
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Gaseous products formed and detected during deoxy-

genation of fatty acids could provide essential information

about its reaction mechanism over noble metal catalysts.

Nevertheless, due to facile reactions of CO, CO2, H2 and

H2O on catalyst surface, the observed composition of gas

phase is difficult to interpret unambiguously and several

proposals have been put forward [37, 39, 50, 51]. More-

over, the mechanism may be strongly affected by catalyst

choice and reaction conditions, particularly reaction

atmosphere (inert or H2). The fundamental and yet not fully

understood issue concerns formation of hydrocarbons

having one carbon atom less than the original fatty acid.

Both decarboxylation and decarbonylation have been pro-

posed to explain formation of these hydrocarbons [37, 39,

49–51]. On the other hand, it is widely accepted that

hydrocarbons with the same carbon atom number as the

original fatty acids are produced by consecutive hydroge-

nation steps where the formation of reaction intermediates

(aldehydes and alcohols) is accompanied by formation of

water [39, 49–51].

Carbon dioxide was detected as a major gaseous product

in deoxygenation of several carboxylic acids on Pd/SiO2.

Its formation was explained by a–b adsorption of primary

and secondary acids followed by the adsorbed C–C bond

hydrogenolysis and hydrogen-assisted desorption of the

corresponding hydrocarbon and CO2 [37]. In contrast, no

significant amount of CO2 was obtained in deoxygenation

of caprylic acid under H2 atmosphere [50]. Bimolecular

reaction between adsorbed caprylic acid and hydrogen

yielding n-heptane, CO and water was proposed. It was

suggested that the initial hydrogenolysis of caprylic acid to

adsorbed n-heptane and formic acid is followed by fast

decomposition of formic acid to CO and water [50]. Par-

allel formation of CO2 and CO was observed in deoxy-

genation of oleic and stearic acids with CO2 being the

predominant gaseous product both under He and 10% H2 in

He atmosphere (CO2/CO = 8–9) [51]. The CO2 yield (in

He) was higher than expected from the yield of n-hepta-

decane. It was hence suggested that part of the primarily

formed CO underwent reaction with adsorbed water

(formed in decarbonylation) yielding CO2 and H2 [51].

When 10% H2 in He was used as reaction atmosphere, only

n-heptadecane was observed in the liquid phase, i.e. no

heptadecenes were detected. However, the gas phase con-

tained both CO and CO2 [51]. This could be explained

either by hydrogenation of heptadecenes from decarbony-

lation [51] or by partial hydrogenation of CO2 from

decarboxylation [52].

Composition of gaseous products from triglyceride

deoxygenation is similar to that of fatty acid deoxygenation

as a facile hydrogenolysis of triglycerides yielding fatty

acids and propane precedes the actual deoxygenation [50].

In addition to hydrogenolysis, direct decarboxylation/

decarbonylation of methyl octanoate was suggested for its

gas-phase deoxygenation [49].

Supported Metal Sulfides Catalysts

Supported metal sulfides catalysts belong to the most

important industrial catalysts as they are used in hydro-

treating and hydrocracking applications to remove sulfur

and nitrogen from petroleum fractions [57]. Moreover, the

first hydrotreating catalysts were developed for upgrading

of coal-derived liquids that contain, in contrast to petro-

leum feedstock, significant amounts of oxygenated com-

pounds [58]. It is therefore not surprising that they have

been suggested to be suitable catalysts for deoxygenation

of renewable feedstocks (Table 2) [10, 17, 19, 59, 60]. In

fact, the up-to-date the only industrial application of tri-

glyceride deoxygenation relies on the use of supported

metal sulfide catalyst [20].

The reactivity of oxygenated compounds in deoxygen-

ation over sulfided catalysts differs significantly. The most

challenging is deoxygenation of heterocyclic compounds

(furanes) and phenols that usually require reaction tem-

peratures above 350�C [33, 61]. On the other hand, alco-

hols, aldehydes and ketones can be deoxygenated rather

easily, typically at temperatures below 250�C [33, 61]. All

these types of oxygenated compounds are present in bio-

oils and their different reactivity/stability makes the

deoxygenation of bio-oils very demanding [61, 62]. On the

contrary, feedstocks containing triglycerides and fatty acids

are characterized by a rather uniform composition and

intermediate reactivity among oxygenated compounds.

Temperatures just below 300�C are sufficient to accom-

plish their complete deoxygenation [61].

Early studies with model compounds (diethyl sebacate,

ethyl decanoate, decanoic acid) indicated that esters of

carboxylic acids are more prone to deoxygenation than

acids [17]. It was shown that deoxygenation of acids and

their esters involve two parallel reaction pathways—(i)

hydrodeoxygenation and (ii) hydrodecarboxylation of

esters or decarboxylation of acids [17]. Similar product

distribution has been observed also for deoxygenation of

triglycerides [18, 19, 63] as well as other esters and acids

[63–65]. The main products were, in all cases, n-alkanes

having either the same number of carbon atoms (hydro-

deoxygenation) as or one carbon atom less (hydro-

decarboxylation/decarboxylation) than the original acid,

regardless whether it was a free acid or acid bound in an

ester [17–19, 63]. The origin of triglycerides, in particular

their degree of unsaturation, has been shown to influence

significantly the product distribution; with increasing

degree of unsaturation the products contained higher con-

centrations of cyclic hydrocarbons, mainly alkylnaphthenes
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[66]. The reaction conditions as well as the nature of the

catalyst were found to affect the product distribution, i.e.

the extent of hydrodeoxygenation and hydrodecarboxyla-

tion/decarboxylation [17, 18].

Under identical reaction conditions (280–310�C) an

increase in overall hydrogen pressure (from 0.7 to 7 MPa)

suppressed hydrodecarboxylation of triglycerides at the

expense of their hydrodeoxygenation [10, 67]. On the other

hand, increasing reaction temperature (from 280 to 310�C)

promoted hydrodecarboxylation over hydrodeoxygenation

at constant pressure (7 MPa) [10, 17, 18]. These findings

were also supported by thermodynamic calculations [68].

However, the influence of reaction conditions is greatly

affected by the choice of the catalyst. The effect of tem-

perature increase, i.e. promotion of hydrodecarboxylation

over hydrodeoxygenation, has been found to be more

pronounced over NiMo than CoMo catalysts [17] while

NiW catalyst has shown significantly higher sensitivity to

reaction pressure changes than NiMo and CoMo catalysts

[10]. Moreover, it was demonstrated that the yield of

decarboxylation products from carboxylic acids exceeds

that of hydrodecarboxylation products from esters of the

corresponding acid [17].

In the case of triglycerides, fatty acids and alcohols were

observed as reaction intermediates [18] while in the case of

shorter chain esters, e.g. methyl heptanoate, in addition to

acids and alcohols, traces of aldehydes were found as well

[64, 65]. The formation of aldehydes is not surprising since

they are plausible reaction intermediates of carboxylic

acids hydrogenation to alcohols. Nonetheless, it does not

confirm the decarbonylation pathway in deoxygenation of

carboxylic acids and their esters, which has been proposed

by several researchers [19, 69]. Under reaction conditions

of triglycerides deoxygenation (ca. 260–300�C, 1–7 MPa,

NiMo) the main oxygenated reaction intermediates, fatty

alcohols and acids, tend to undergo esterification, a

competing reaction to deoxygenation, and form corre-

sponding esters and water (Fig. 2) [18, 70]. As water is

released during this reaction, it could be considered as a

partial deoxygenation reaction since the ester undergoes

subsequently deoxygenation as any other ester.

Formation of n-alkanes in deoxygenation reactions is

accompanied by formation of water and CO2/CO, the pri-

mary products of hydrodeoxygenation and hydro-

decarboxylation/decarboxylation, respectively [18, 60, 63].

However, CO2 can undergo subsequent hydrogenation

under typical hydrotreating conditions leading to carbon

monoxide and ultimately methane [63], which increases

hydrogen consumption. In the specific case of triglycerides,

propane is formed during deoxygenation from the glycerol

backbone [18, 63].

In addition to standard hydrotreating catalysts (NiMo,

CoMo sulfides), the performance of individual sulfides (Ni,

Mo) has been investigated to understand in more detail the

role of individual components of hydrotreating catalysts on

their selectivity [18]. Salient differences in activity and

selectivity have been observed. The monometallic sulfide

catalysts were less active than the bimetallic ones, with Ni

sulfide catalyst being the least active. This is in agreement

with the activity trends reported for hydrodesulfurization

[57, 58]. Hence, Ni acts as a promoter in the NiMo sulfide

catalysts during deoxygenation [18]. While NiMo sulfide

catalyst yielded both hydrodeoxygenation and hydrode-

carboxylation products in conversion of rapeseed oil, Ni

sulfide catalyst yielded exclusively hydrodecarboxylation

products and Mo sulfide catalyst almost exclusively

hydrodeoxygenation products [18]. A higher selectivity of

Ni and Co sulfides to decarboxylation in comparison with

MoS2 was reported previously also by Landa and Weisser

[58]. This suggests that the different electronic properties

of the individual metal sulfides [71, 72] affect the

adsorption of triglycerides and consequently the preferred

Table 2 An overview of

reaction conditions and catalysts

used for deoxygenation of

triglycerides and related

feedstocks over supported metal

sulfide catalysts

BR batch reactor, FBR fixed bed

reactor

Model compound Catalyst Reaction conditions Reference

Fatty acids

Decanoic acid NiMo/Al2O3 H2; 280�C; 7 MPa; FBR [84]

Esters

Methyl laurate NiMoP/Al2O3 H2; 300�C; 5 MPa; FBR [63]

Diethyl sebacate NiMo/Al2O3, CoMo/Al2O3 H2; 260–300�C; 7 MPa; FBR [84]

Methyl heptanoate NiMo/Al2O3, CoMo/Al2O3 H2; 250�C; 1.5 MPa; FBR [64, 65]

NiMo/Al2O3 H2; 250�C; 7.5 MPa; BR

Vegetable oils

Rapeseed

oil/gas oil mixture

NiMo/Al2O3 H2; 350�C; 4.5 MPa; FBR [63]

Rapeseed oil NiMo/Al2O3, CoMo/Al2O3,

Ni/Al2O3, Co/Al2O3

H2; 250–310�C; 0.7–7 MPa; FBR [18, 67, 74]

NiMo/Al2O3 H2; 310–360�C; 7–15 MPa; FBR [28]
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deoxygenation pathway [18]. Moreover, unsupported MoS2

catalysts with different degree of stacking, i.e. with dif-

ferent morphology, were shown to affect the selectivity in

hydrodeoxygenation of phenols. Hydrogenation was

favored by higher degree of stacking (exfoliated MoS2)

while lower degree of stacking favored hydrogenolysis.

The exfoliated MoS2 catalyst exhibited also the highest

activity (per edge Mo site) [73].

The activity of hydrotreating catalysts is affected by the

nature of the support and its properties [57]. Several efforts

to understand the role of support on the activity and

selectivity metal sulfides catalysts used for deoxygenation

of triglycerides were reported [67, 74]. Specifically, mes-

oporous materials have shown great potential as catalyst

supports [75, 76] and have been reported to provide some

advantages over conventional alumina support in hydro-

treating applications [77, 78]. Organized-mesoporous-

alumina-supported CoMo sulfided catalysts gave higher

conversion of triglycerides than industrial-alumina-sup-

ported CoMo under the same reaction conditions

(250–310�C, 7 MPa) [74]. In contrast, Si–MCM-41-sup-

ported CoMo sulfided catalyst showed significantly worse

performance than any of the alumina-based catalysts. The

yield of hydrocarbons was only ca. 40% for CoMo/Si–

MCM-41 at 290�C, while yields over[90% were achieved

when alumina-supported catalysts were used. It was sug-

gested that this is due to the differences in interactions

between the active phase and support originating from the

differences in support composition [67, 74]. Incorporation

of Al in MCM-41 support enhanced the activity of the

CoMo sulfided catalyst in comparison with Si–MCM-41-

supported CoMo catalyst; however the deoxygenation

activity remained lower than that of alumina supports [67].

Deactivation of the metal sulfide catalysts during

deoxygenation of triglycerides and related feedstocks is of

vast importance, particularly because these catalysts strive

for sulfur, which is in the typical triglyceride feedstocks

virtually absent, to avoid reduction of the sulfide phase and

hence to keep their activity [57, 58]. Indeed, the conversion

of rapeseed oil over a NiMo/Al2O3 sulfided catalyst

decreased rapidly (from 100% to ca. 85% after 144 h time-

on-stream) in absence of hydrogen sulfide source [79]. On

the other hand, when dimethyldisulfide was added to

rapeseed oil, complete conversion and full selectivity to

hydrocarbons was preserved over long time-on-stream (ca.

250 h) [79]. Alternatively, mixing of triglyceride-rich

feedstock in a primary petroleum-derived feedstock, i.e.

sulfur containing fraction such as straight-run gas oil, could

be used to avoid the addition of dimethyldisulfide or

another hydrogen sulfide source. Despite co-processing, i.e.

upgrading of triglycerides together with petroleum frac-

tions, was demonstrated to be feasible [19, 80, 81], it was

argued that there are drawbacks that make it inferior to

stand-alone processing of triglycerides followed by their

blending to petroleum-derived diesel fuels [82, 83]. These

include mainly reduced process flexibility as additional

issues have to be dealt with (e.g. sulfur content of the final

product, effect of water and carbon oxides on the catalyst

lifetime, separation of carbon oxides from the recycle gas,

etc.) [82, 83]. Consequently, most refiners seem to favor

stand-alone triglyceride processing [20, 21, 23, 82, 83].

The stand-alone processing of triglycerides into diesel-

fuel-range hydrocarbons allows enhancing the fuel quality

as the primary green diesel has poor cold flow properties

[28] and cannot be therefore used directly in diesel fuel

blending, but in low blending concentrations. It has been

demonstrated that cold-flow-properties additives are inef-

ficient at as low concentration of n-alkanes (obtained by

triglyceride hydrotreating) in diesel fuel as 5% [28]. Other

properties of the green diesel, such as density, cetane

index, sulfur and aromatics content, are superior to those of

conventional diesel fuel [28, 80, 81]. Consequently, mild

isomerization would suffice to convert the triglyceride-

hydrotreating product into an excellent diesel-fuel blending

fraction. In fact, this is implemented in the NexBTL and

Ecofining processes [20, 21, 23, 26].

While hydrogen sulfide helps in preserving the activity of

hydrotreating catalysts during deoxygenation, it may also

interfere with deoxygenation itself. The effects of hydrogen

sulfide, ammonia and water on deoxygenation of various

oxygenated compounds were studied in detail [64, 84–86].

Water inhibited the rate of hydrodeoxygenation and

hydrodecarboxylation of esters only slightly, but it supported

hydrolysis of esters to corresponding acids. Consequently,

the overall conversion of diethylsebacate was not increased

due to water addition [84]. In contrast, the addition of water

was reported to decrease conversion of methyl and ethyl

heptanoate (ca. 5–10% decrease in conversion as a result of

addition of 5000 ppm H2O) [85]. Interestingly, inhibition of

hydrogenation reactions by water, as showed by the decrease

of the molar ratio of saturated-to-unsaturated hydrocarbons,

was observed for NiMo, but not for CoMo catalyst [85].

Ammonia exhibited a strong inhibition effect both on

hydrodeoxygenation as well as hydrodecarboxylation, but

the inhibition of the hydrodecarboxylation was more pro-

nounced [84]. In contrast to ammonia and water, hydrogen

sulfide promoted deoxygenation of esters over both NiMo

and CoMo catalysts [64, 84, 86]. From the two principal

deoxygenation pathways, primarily hydrodecarboxylation

was promoted by hydrogen sulfide [84, 86]; the hydro-

deoxygenation route was affected only slightly [84]. These

observations were explained by the increase in density of

Brønsted acid sites of the sulfide phase as a consequence of

H2S addition [84]. Furthermore, the addition of hydrogen

sulfide resulted in the formation of sulfur containing prod-

ucts, namely thiols and sulfides, during deoxygenation of
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alkyl heptanoates [64]. It is obvious that particularly the

involvement of hydrogen sulfide in deoxygenation is rather

complex as it takes part in the reactions, affects the catalyst

acidity and hence its selectivity, and protects the catalyst

from desulfurization and its subsequent deactivation.

Having covered the main aspects of triglycerides and

related feedstocks transformation into hydrocarbons over

sulfided hydrotreating catalysts, the issue of the mecha-

nism of this transformation remains to be addressed.

There is agreement that two parallel pathways play an

important role in deoxygenation of fatty acids and their

esters over sulfided catalysts, namely hydrodeoxygenation

and decarboxylation/decarbonylation [10, 17–19, 63, 65,

66, 69]. However, their details are not fully understood,

particularly the formation of fatty acids that have been

identified as reaction intermediates [17, 18, 66, 69]. Gusmão

has proposed initial degradation of triglyceride to two fatty

acid molecules, a ketene and acrolein. The latter two inter-

mediates are, however, very reactive under hydrotreating

conditions and undergo fast hydrogenation [69]. Conse-

quently, the proposed mechanism is hard to prove.

In deoxygenation of methyl heptanoate, hydrolysis was

proposed to be responsible for formation of carboxylic acid

as reaction intermediate since formation of methanol was

observed [65]. Due to absence of water in the feedstock and

rapid formation of heptanoic acid, occurrence of acid-cat-

alyzed hydrolysis is questionable. It was therefore sug-

gested that alkaline hydrolysis could take place as a result

of attack of OH- or SH- group on the carboxylic group of

the ester [65]. Nevertheless, glycerol formation, which

should be an intermediate in this reaction route, has not

been reported in deoxygenation of triglycerides. On the

other hand, fatty alcohols have been found to be reaction

intermediates of triglycerides transformation [18], i.e. it is

plausible that glycerol or other C3 alcohols could exist

under hydrotreating conditions. In fact, propyl esters of

fatty acids have been identified among triglyceride deox-

ygenation products [18].

Alternatively, fatty acids could be also formed by

hydrogenolysis of C–O bond, which has been recently

reported in deoxygenation of tricaprylin over Pd/C and,

more importantly, over NiMo/Al2O3 (even though non-

sulfided) [50].

The fatty acid intermediates undergo hydrodeoxygen-

ation (total hydrogenation) yielding water and decarbox-

ylation/decarbonylation resulting in formation of CO2 and

CO [10, 17–19, 63, 65, 66, 69]. Under typical hydrotreating

conditions, subsequent reactions involving CO2 hydroge-

nation to CO (reversed water–gas-shift reaction), CO2 or

CO hydrogenation to methane (methanization) and reaction

of CO with water to CO2 and H2 (water–gas-shift reaction)

have to be considered. Consequently, it is difficult to

determine whether carbon oxides are formed via

decarboxylation or decarbonylation of fatty acids [63] or

both. Furthermore, the origin of hydrodeoxygenation and

decarboxylation activity of hydrotreating catalysts is also

not fully understood. Some results suggest that it could be a

consequence of different properties of individual metal

sulfides since NiS was found to yield selectively hydrod-

ecarboxylation products while MoS2 yielded almost

exclusively products of total hydrogenation (hydrodeoxy-

genation) [18].

Acidic micro- and mesoporous molecular sieves

catalysts

Zeolites belong to the most important industrial catalysts,

particularly for production of clean fuels [35, 36, 87, 88]. In

particular, tunable acid–basic properties, easy modification

by ion-exchange and molecular sieving properties have

contributed to wide-spread industrial use of zeolites [88].

Moreover, extensive research of zeolites and related mate-

rials leads to discoveries of new structures and new potential

commercial applications [88]. It is hence not surprising that

they were suggested for upgrading of vegetable oils into

biofuels [89–93]. Catalytic cracking using zeolites resulting

in oxygen elimination from the products can be considered

as unselective deoxygenation. It does not require hydrogen,

which is significant advantage over deoxygenation using

hydrotreating catalysts. Furthermore, unselective deoxy-

genation differs from the selective processes using sup-

ported noble metals or hydrotreating catalysts by the nature

of products. While the selective deoxygenation processes

provide almost exclusively n-alkanes with minimum loss of

carbon atoms, products of the unselective deoxygenation

include, in addition to n-alkanes, aromatics, naphthenes and

iso-alkanes having a broad distribution of molecular

weights. The broad molecular-weight distribution of prod-

ucts can be regarded as a disadvantage in comparison with

the selective processes since more complex downstream

treatment of the products is necessary in order to use all

products efficiently.

Catalytic cracking of vegetable oils and related feed-

stocks was usually investigated at temperatures in the range

350–550�C (Table 3) under atmospheric pressure in the

presence of alumina [94–96], zeolites [89, 91, 96–104],

amorphous aluminosilicates [91, 96, 101], mesoporous

molecular sieves [92, 102, 105, 106], micro/mesoporous

materials [93, 103, 107], aluminophosphates [101, 108] and

sulfated zirconia [109, 110]. In addition to acidic catalysts,

the performance of basic oxides, such as MgO and CaO

was studied as well [94, 96]. The use of basic catalysts is

together with thermal cracking and pyrolysis of triglycer-

ides out of the scope of this paper. Main products of acidic

catalytic cracking of vegetable oils are hydrocarbon gases
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(C3–C5), so-called organic liquid product (OLP, i.e. mix-

ture of aliphatic and aromatic hydrocarbons with traces of

oxygenates) and coke [89, 91]. Oxygen is typically elimi-

nated as carbon oxides and water [89, 91, 96]. The organic

liquid product (OLP) consists mainly of gasoline and diesel

fractions [89, 91, 96]. The yield of OLP, which is desired

for potential biofuel applications, depends predominantly

on the density and strength of Brønsted acid sites of the

cracking catalysts.

Typically, the yield of OLP decreases with increasing

concentration and strength of acid sites that support over-

cracking leading to gaseous products [98]. For example,

enhanced yields of gasoline and kerosene at the expense of

gases and diesel were achieved while increasing of Si/Al

ratio of H–ZSM-5 from 50 to 400. Concurrently, the aro-

matics content of OLP decreased from about 52 to 35 wt%

and only small yields of coke (\2 wt%) were formed

[102]. Analogously, amorphous silica–alumina and MCM-

41 gave high yield of OLP (up to 65 wt%), which was

however accompanied by coke formation (9–12 wt%) [98,

102]. The formation of coke contributing to lower yields of

OLP could be suppressed by addition of zeolites [98].

Owing to their pore dimensions, large molecules cannot

enter their pore system and, more importantly, cannot be

formed in the pores and cause thus their blockage. Fur-

thermore, the yield of OLP can be affected by reaction

conditions, i.e. with increasing reaction temperature and

residence time the yield of OLP for a given catalyst

decreases, e.g. due to an increase in temperature from 450

to 500�C the yield of OLP dropped from 54 to 40 wt% over

H–ZSM-5 [98].

H–ZSM-5 zeolite has been the most extensively inves-

tigated zeolite for application in catalytic cracking of tri-

glycerides [89, 91, 97, 98, 102, 104]. It is more active than

zeolites USY and Beta that deactivate much faster [89].

Similarly, silico–alumino-phosphates, i.e. another group of

microporous solids, exhibited significantly lower activity

than H–ZSM-5 [108]. For example, the yield of OLP was

54 wt% at 450�C and 3.6 h-1 over H–ZSM-5, but only

36 wt% over SAPO-5. This was assigned to the fast

deactivation of SAPO materials by coking [108] but could

be also caused by the lower density and strength of

Brønsted acid sites in these catalysts. Modification of

H–ZSM-5 by potassium [99] and platinum [100] led to

lower density of acid sites in ZSM-5 and consequently

lower activity in cracking of triglycerides.

As a result of strong acidity and unique pore dimensions

and architecture of H–ZSM-5, high yields of aromatic

hydrocarbons (80–95 wt% of OLP), mainly benzene and

toluene, were obtained in the organic liquid product (OLP).

In contrast, mildly acidic amorphous silica–alumina pro-

vided OLP containing significant concentrations of aliphatic

hydrocarbons (10–30 wt% of OLP) in addition to aromatics

(25–50 wt% of OLP) [98]. However, C6–C9 aromatics were

also the main hydrocarbons present in OLP when SAPO-5

and SAPO-11, i.e. mildly acidic microporous silico–alumi-

no-phosphates, were used. In contrast, Mg–APO-36, i.e. a

non-acidic alumino-phosphate, provided aliphatic hydro-

carbons in concentrations similar to those of aromatics [91].

It clearly shows the importance of density of acid sites as well

as of their strength. This was also demonstrated by studies

using potassium-loaded ZSM-5 [99]. Apart from decreased

Table 3 An overview of reaction conditions and catalysts used for deoxygenation of triglycerides and related feedstocks over microporous and

mesoporous catalysts

Model compound Catalyst Reaction conditions Reference

Fatty acids

C12–C24 fatty acid mixture HZSM-5, composite MCM-41/HZSM-5 400–450�C, atm.; FBR [93]

Esters

Methyl octanoate Zn–HZSM-5, HZSM-5 H2, 400–500�C, atm., FBR [111, 112]

CsNaX, NaX, MgO Methanol, 425�C, atm., FBR [113]

Vegetable oils

Soybean oil Al2O3, MgO 300–500�C, atm.; FBR [94]

Canola oil SAPO 5, SAPO-11, HZSM-5, MgAPO-36 330–550�C, atm.; FBR [101]

HZSM-5, HY, silica–aluminaa 400–550�C, atm.; FBR [98]

K–HZSM-5 400–550�C, atm.; FBR [96]

Pt–HZSM-5 400–550�C, atm.; FBR [100]

Palm oil (incl. palm kernel

oil, palm olein oil)

HZSM-5, USY, zeolite b, K–HZSM-5a 350–450�C, atm.; FBR [105]

MCM-41 (various Si/Al) 450�C, atm.; FBR [92, 105]

Used vegetable oil HZSM-5, S–ZrO2
a H2; 280–430�C; BR [110]

BR batch reactor, FBR fixed bed reactor
a Used either neat or in physical mixtures of given materials
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conversion of triglycerides, the impregnation of H–ZSM-5

with potassium resulted in decreased yields of gasoline-

range hydrocarbons, particularly aromatics. This change can

be attributed to the decreased density of Brønsted acid sites,

which is responsible for the lower yields of aromatics that are

formed over strong acid sites [99]. Based on the differences

in product distribution over H–ZSM-5 and K–ZSM-5 it can

be suggested that the catalyst acidity plays a crucial role in

the reactions consecutive to deoxygenation, namely aroma-

tization and oligomerization, but does not affect the initial

deoxygenation so severely.

The other investigated zeolites, Beta and USY, provided

a different product distribution within OLP. In contrast to

ZSM-5 favoring formation of gasoline-range hydrocarbons

and gaseous products, formation of diesel-like product was

prominent particularly over USY and to a lesser extent over

Beta [89]. The difference can be attributed mainly to pore

dimensions and architecture of the zeolites, as the dimen-

sions of ZSM-5 pores restrict the formation of diesel-like

products. The rate of coke formation increased in the order

H–ZSM-5 \ H-Beta \ H–USY [89]. This corresponds

well with the increasing pore diameter of these zeolites and

presence of cavities in USY allowing the formation of coke

precursors inside zeolite pores.

In addition to type and modification of microporous solids

used as catalysts in triglyceride cracking, co-feeding of

steam affects the product distribution within organic liquid

products. Particularly, the formation of aromatics was sup-

pressed in presence of steam. In the case of H–ZSM-5 the

total yield of aromatics decreased from 80–95 to 74–87 wt%.

It was proposed that the hydride transfer reactions were

inhibited due to presence of steam [98]. In contrast, catalyst

lifetime was prolonged as a result of steam addition [98,

100], which was explained by possible competitive adsorp-

tion of coke and water molecules [98]. Alternatively, the

prolonged catalyst lifetime could be explained by the sup-

pressed formation of aromatics and hence the suppressed

formation of coke precursors. Finally, the formation of light

olefins was promoted by steam, e.g. the gas yield over

H–ZSM-5 increased from 25 to 34 wt% due to steam addi-

tion at 450�C and 3.6 h-1 [98], which is in line with the other

observations, i.e. the suppressed aromatization.

Besides catalytic cracking of triglycerides, cracking of

fatty acids and their mixtures with triglycerides is of high

importance, as these mixtures generated in oleochemical

industry cannot be directly used as a feed for base-cata-

lyzed transesterification. During cracking over H–ZSM-5

(Si/Al = 50) temperature and weight-hourly space velocity

were identified as the most important process variables

affecting the gasoline yield. A maximum yield of gasoline

(44 wt%) was obtained at 440�C and 3.7 h-1 [103].

Methyl octanoate was used as a model component rep-

resenting esters (Table 3), i.e. triglycerides, to understand

the influence of catalyst acidity/basicity on deoxygenation

of esters in more detail [111–113]. Methyl octanoate

underwent condensation reactions yielding C15-symmetri-

cal ketone (8-pentadecanone) and hydrolysis producing

octanoic acid (at 500�C, 0.1 MPa) (Fig. 1). Through

cracking and decarboxylation/decarbonylation of these

intermediates, olefins, and subsequently aromatics were

formed [111]. The aromatization of methyl octanoate on

H–ZSM-5 was more effective than aromatization of

n-octane that occurred by its cracking to olefins and their

subsequent oligomerization and aromatization [111].

Modification of H–ZSM-5 by Zn (0.3 wt%) increased sig-

nificantly aromatization of n-octane, but did not influence

aromatization of methyl octanoate, i.e. Zn does not affect the

reaction steps leading to formation of aromatics from methyl

octanoate [112]. Moreover, high selectivity to o-xylene at

low conversions of methyl octanoate over both H–ZSM-5

and Zn/H–ZSM-5 indicates that direct ring closure occurs,

possibly before deoxygenation. On the contrary, o-xylene

was not observed at low conversions of n-octane. Hence, the

aromatization pathways differ for methyl octanoate (direct

ring closure) and n-octane (cracking and subsequent oligo-

merization and cyclization) [112].

Methyl octanoate conversion (420�C, 0.1 MPa) over

basic zeolites, such as CsNaX and NaX, is strongly

affected by solvent choice (10% methyl octanoate in sol-

vent). While in a non-polar solvent (nonane) fast deacti-

vation within 300 min time-on-stream (TOS) was

observed, in a polar solvent (methanol) the conversion

remained stable during the same (TOS). The difference was

explained by strong adsorption of methyl octanoate and

subsequent condensation reactions in nonane. On the con-

trary, methanol competed for adsorption sites with methyl

octanoate by forming adsorbed formate and carbonate

species that led to lower methyl octanoate coverage and, in

turn, to suppression of condensation reactions and to better

catalytic stability [113]. Owing to the strong adsorption on

the basic sites of CsNaX, methyl octanoate cannot be

desorbed before decomposing. The direct decomposition

routes involve decarbonylation and deacetylation yielding

heptenes and hexenes, respectively. Moreover, octenes and

other hydrogenated products are formed by hydrogenation/

dehydration. The formation of these products is assisted by

the surface hydrogen produced from methanol decompo-

sition [113]. Moreover, the poor performance of MgO

indicates that apart from catalyst basicity, the polar envi-

ronment in zeolite micropores plays an essential role [113].

Aiming at higher yields of OLP, particularly in the diesel

range, mesoporous and composite (micro/mesoporous)

catalysts have been studied in detail by the group of Bhatia

[93, 102, 103]. The possible advantages of the composite

catalysts over both microporous and mesoporous materials

were discussed in detail by Čejka and Mintova [76, 114].
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The key issues, in connection with triglyceride cracking,

appear to be the adjustment between strong and weak acid

sites, and improvements in the molecular traffic. Several

composite microporous/mesoporous materials (H–ZSM-5/

MCM-41, H–ZSM-5/SBA-15) have been shown to give

higher conversion and enhanced yields of the organic liquid

products as compared with the parent materials [93, 102].

A comparison of catalytic cracking of a fatty acid

mixture (FAM) and used palm oil (UPO) over H–ZSM-5

and H–ZSM-5/MCM-41 composite catalyst at 400–450�C

and 2.5–4.5 h-1 clearly demonstrated significantly

enhanced conversion of UPO when using the composite

catalyst (from 50 to 70% at 400�C). The UPO conversion

enhancement decreased with increasing cracking temper-

ature. On the other hand, only slight increase in conversion

of FAM was observed. The enhancement of conversion

during cracking was hence attributed to reduced diffusional

constrains when composite catalyst was used [107]. Most

of the composite catalysts (H–ZSM-5/MCM-41, H–ZSM-

5/SBA-15) having different content of the mesoporous

phase gave slightly higher conversion of FAM (90–98% at

450�C) than the parent H–ZSM-5 (90%). As expected, the

conversion over the neat mesoporous materials was sig-

nificantly lower (60–70%) owing to their lower density and

strength of acid sites [93]. Consequently, the yield of

gasoline increased in comparison with mesoporous cata-

lysts when composite catalysts and H–ZSM-5 were used.

In fact, the yield of gasoline fraction was the highest

(44 wt%) for composite catalysts having 10–30% of mes-

oporous phase [93], presumably due to better molecular

traffic control to and from Brønsted acid sites located in the

micropores of H–ZSM-5. Similar optimum range for

maximizing gasoline yield was found also for cracking of

palm oil over H–ZSM-5/MCM-41 composite catalysts

[102].

Fluid catalytic cracking (FCC) of hydrocarbons is the

largest refining catalytic process [87]. As a catalytic

cracking process, FCC constitutes an interesting industrial

possibility for upgrading of triglycerides into hydrocarbon

fuel components without hydrogen consumption and with

minimum capital cost investment [115]. The addition of

rapeseed oil (up to 30%) to vacuum gas oil (VGO), a

typical FCC feedstock, was shown to result in decreasing

yield of liquid hydrocarbon product and in increasing yield

of C3/C4 olefins with increasing rapeseed oil concentration

[116, 117]. At the same time, the amount of gasoline

fraction in the liquid products increased. The oxygen

originating from triglycerides was eliminated mainly as

water a partially as CO and CO2. Moreover, traces of

phenols and carboxylic acids were identified in the liquid

products [116]. The yield of light olefins and of aromatics

in gasoline increased with increasing reaction temperature

in the range 450–520�C during these micro-activity test

(MAT) experiments [116]. MAT is a standardized test for

evaluation of FCC catalysts performance (ASTM D-3907).

Similar results were obtained when rapeseed oil was

replaced by animal fats (5–10% in VGO). Cracking of neat

animal fat over dealuminated zeolites yielded predomi-

nantly aliphatic hydrocarbons at 400�C, while at 550�C

alkyl aromatics were the prevailing products [118]. The

impurities present in triglycerides have a detrimental effect

on catalyst activity. In particular, Ca and P, i.e. typical

impurities of vegetable oils, were found to deteriorate the

catalyst cracking activity. Their negative impact was larger

than that of water formed during cracking of triglycerides

that could plausibly cause hydrothermal damage of zeolites

[116].

The reaction pathways of triglyceride cracking over

acidic zeolites have been recently studied by Benson [119].

Propylbenzene and phenylbutene have been suggested to

be the primary aromatic intermediates in cracking of

unsaturated mono-, di- and triglycerides. They are formed

by cyclization of intermediates originating from cracking

of the acid moiety after its double bond protonation [119].

As an alternative, initial cracking along the glycerol

backbone (cleavage of C–O bonds) was proposed [119].

Moreover, an overview of reaction pathways in catalytic

cracking of triglycerides was provided by Kloprogge [55].

There is general agreement that cracking of triglycerides

includes deoxygenation, cracking (via b-elimination and

c-hydrogen transfer), oligomerization and aromatization.

Details of the proposed reaction pathways are beyond the

scope of this review and can be found in the review [55]

and the original papers [91, 95, 96, 98, 101, 120].

Conclusions and outlook

Production of biofuels can help in tackling the ever

increasing greenhouse gas emissions from transportation.

Deoxygenation of triglycerides and related feedstocks, both

selective and non-selective, has a potential to become a key

process for the production of biofuels since it provides

high-quality hydrocarbon-based fuels. Selective deoxy-

genation provides green diesel as the main product and

relies on the use of supported noble metal catalysts and

metal sulfide catalysts. Unselective deoxygenation, on the

other hand, uses zeolite-based catalysts and yields a wide

spectrum of products ranging from gases to diesel-like

products. The present paper reviews the main aspects of the

three deoxygenation systems.

Supported noble metal catalysts show an enormous

potential, particularly thanks to their high selectivity and

moderate hydrogen consumption. Owing to the fact that

decarboxylation/decarbonylation is favored over supported

noble metal catalysts, majority of oxygen is eliminated in
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the form of carbon oxides and hydrogen is ideally needed

only to saturate olefinic compounds present in the feed-

stock and to stabilize catalyst activity. Pd supported on

active carbon has been found to be a very promising cat-

alyst for an industrial application. The origin of its high

activity and selectivity, as compared with Pt and other

supports, is not yet fully understood.

Supported metal sulfide catalysts have been used as

hydrotreating catalysts over several decades. Development

of deoxygenation processes based on these catalysts can

thus use the vast experience gathered during application of

these catalysts. In fact, the first commercial deoxygenation

process (NexBTL) relies on a hydrotreating catalyst [121].

Nevertheless, significant differences among conventional

hydrotreating catalysts have been found, particularly in

their selectivity to hydrodeoxygenation and hydrodecarb-

oxylation. This is of immense importance since hydrogen

consumption that is typically much larger than over sup-

ported noble metal catalysts could be reduced by fine

tuning of catalyst composition and properties.

Microporous and mesoporous molecular sieves trans-

form triglycerides and related feedstocks into hydrocarbons

in absence of hydrogen. Consequently, gaseous olefins and

rather highly aromatic liquid products are formed. These

can be used for production of green gasoline components

and for chemical syntheses. The main drawback of this

approach is, apart from need of upgrading of the primary

cracking products, the fast deactivation of the catalysts.

Owing to the increasing environmental awareness, bio-

fuels will play an important role in future transportation

fuels. This will create a strong demand for development of

new sustainable processes for their production. The inher-

ently high oxygen content of biomass-derived feedstocks,

as compared with fossil raw materials, predetermines

deoxygenation to become a key process in production of

biofuels. We can also expect intensive research efforts to

tackle the fundamental mechanistic aspects of deoxygen-

ation as their understanding is crucial for development of

more efficient deoxygenation catalysts.
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Refining catalysis has been developing over many years to satisfy the demand for high-
quality and environmentally-acceptable automotive fuels. Biomass-derived feedstocks have
been recently introduced into refineries posing thus new challenges for refining processes
and catalysis. The manuscript focuses on three prominent biomass-derived feedstocks: tri-
glycerides, bio-oils and Fischer–Tropsch products from gasified biomass. Due to high oxygen
content in biomass feedstocks, deoxygenation processes play an important role in upgrading
of these feedstocks. Thus, first peculiarities of deoxygenation are discussed in detail in the
context of hydrotreatment processes. Different possibilities of triglycerides and bio-oils
deoxygenation including their coprocessing with crude-oil-derived fractions are described.
Since biomass-to-liquid processes are very important for the conversion of general biomass
into liquid products, the second part deals with the aspects of biomass conversion to syn-
thesis gas, Fischer–Tropsch synthesis and introduction of new co-catalysts.
Keywords: Refining catalysis; Biomass feedstocks; Triglycerides; Bio-oils; Hydrodeoxygen-
ation; Fischer–Tropsch synthesis.

Crude-oil refining is one of the most important industries of our time. It
supplies the society mainly with automotive fuels covering thus one third
of its energy consumption1. At the same time it is an exclusive supplier of
feedstocks for the petrochemical industry which produces a wide variety of
base chemicals (ethene, propene, benzene, ammonia, sulfuric acid) which
are essential for the production of polymers and other products. Since the
crude-oil reserves are finite and decreasing, new resources for the produc-
tion of fuels and chemicals have to be sought.

As far as transportation fuels and base chemicals are concerned, our econ-
omy is almost completely carbon-based (hydrocarbon-based), i.e. the trans-
portation fuels and base chemicals have a carbon chain backbone. The only
sustainable (renewable) source of organic carbon is currently the plant bio-
mass2. Consequently, the efficient use of this source is the only feasible way
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forward in order to decrease the impact of human activities on the environ-
ment (climate) on the one hand, and to facilitate a transition from crude-
oil-dependent society (i.e. an unsustainable one) to a renewable-energy-
dependent society on the other. The estimated worldwide biomass energy
potential in 2050 is3 between 150–450 EJ/year. For comparison, the current
annual worldwide total energy consumption is about 470 EJ and has been
predicted4 to rise to 740 EJ/year in 2030.

The crude-oil refining relies completely on catalysis. The fractional com-
position of crude oil deviates substantially from the desired product slate
and catalytic processes, such as fluid catalytic cracking (FCC) and hydro-
cracking have to be used to satisfy the demand for gasoline and diesel. Ad-
ditionally, the composition of the primary gasoline and diesel fractions is
altered by subsequent catalytic processes to optimize their properties (e.g.
by catalytic reforming, isomerization) and to minimize their environmental
impacts (e.g. hydrodesulfurization). Despite the maturity of these technolo-
gies, they continue to develop intensively. Apart from the economics the
main development drivers in the refining catalysis are environmental and
social issues, development of refinery processes and feedstock changes. The
mutual interactions between these drivers are schematically depicted in
Fig. 1.

Environmental concerns and growing public awareness have successfully
contributed to a substantial decrease in pollutants emitted due to combus-
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FIG. 1
Schematic representation of development drivers in the refining catalysis (for details, see the
text)
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tion of automotive fuels; e.g. Pb-based octane boosters were completely
abandoned in the developed countries5, the sulfur level in transportation
fuels has been drastically reduced, ultralow sulfur fuels (10 ppm S) have
been introduced in the developed countries5–7 and the concentration of
aromatics has been cut as well5,6,8. The role of catalysis in the achieved en-
vironmental benefits is indispensable, as will be shown later using the ex-
ample of hydrodesulfurization. Catalysis plays a vital role in development
of refining processes as well; let the prime objective be the product-slate
modification or the environmental aspects. New catalytic processes have
been developed (e.g. production of octane boosters, such as methyl or ethyl
tert-butyl ethers9) or are being developed (e.g. alkylation using heteroge-
neous catalysts)10. Processes have been (and are being) modified to satisfy
the changing demands: the increasing demands for middle distillates (die-
sel fuel) and propene have given rise to new hydrocracking11 and FCC cata-
lysts12,13, respectively.

Finally, catalysis has to deal with the challenge of new and ever-changing
feedstocks. On the one hand, the crude oils are getting heavier and more
sour (i.e. have higher density and sulfur content)14 and, at the same time,
lighter products with ultralow sulfur contents are demanded15. On the
other hand, the limited reserves of fossil fuels and the increasing concentra-
tions of atmospheric CO2 that is generally accepted to be caused by com-
bustion of fossil fuels and to contribute to global warming have led to
introduction of biomass, a renewable source of carbon, into the liquid fuels
production scheme16,17.

The biomass-based fuels may help diminish the impact of human activi-
ties on the environment, provided that they are produced in a sustainable
way (based on their life cycle analysis). Other possible benefits are decreas-
ing the dependence of fuel production on crude oil and development of ru-
ral areas. As the price of crude oil is predicted to continue growing (the
crude-oil price will climb to a record average price above 90 $/barrel and
possibly even above 100 $/barrel in 2011)18, biomass-derived fuels (biofuels)
may even become price-competitive. (The crude-oil prices predicted for
2011 have become reality already in February 2008.) The gasoline and die-
sel engines will remain the dominating powertrains16,19 until 2030 and bio-
fuels should thus be compatible with these engine technologies as well as
with the corresponding fuels. Moreover, the compatibility of biofuels with
fossil automotive fuels is important also from the distribution point of view.
Processing of biomass feedstocks in crude-oil refineries to produce biofuels
offers a wide range of advantages from both technological and economical
point of view – availability of up- and down-stream processes for automo-
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tive fuels, experience in catalytic processes for fuel production, existing
technologies to be used for coprocessing biomass and crude-oil feedstocks,
availability of utilities and possibility of synergies.

Besides biofuels there are other alternatives to conventional transporta-
tion fuels such as methane (compressed or liquefied), hydrogen and fuel
cells. Nevertheless, the state-of-art of these alternatives indicates that they
will cover only a small share of the energy demand in the transport
sector16,19 by 2030 and therefore they cannot be, in contrast to biofuels,
used immediately. In the short term, biofuels are thus the only alternative
to reduce the impact of fossil fuels on the environment. In the long term,
the energy efficiency, distribution infrastructure and sustainability of the
individual alternatives will determine which will predominate beyond
2030. The perspective of biofuels is in the use of the abundant ligno-
cellulosic biomass, which can be converted by (i) pyrolysis into a mixture
of oxygen-containing compounds (bio-oil) or by (ii) gasification into syn-
thesis gas (a mixture of H2 and CO). The main advantages of lignocellulosic
biomass are its availability and independence on food-supply chain; the
main disadvantages being the high degree of complexity and variability of
composition, which make its use technologically and energetically de-
manding.

The objective of this contribution is to address the possibilities of pro-
cessing or coprocessing biomass-derived feedstocks in existing oil refineries.
Two principal catalytic approaches will be discussed – deoxygenation of
liquid biomass feedstocks, such as vegetable oils and bio-oils, and synthesis
of fuels and chemicals from gasified biomass.

FROM HYDRODESULFURIZATION (HDS) TO HYDRODEOXYGENATION (HDO) –
GOING BEYOND BIODIESEL

A typical feature of biomass is that it contains large quantities of hetero-
atoms, mainly oxygen. The elimination of heteroatoms is vital for the
quality of the final fuels, as these should contain only hydrocarbons in the
optimal case. The presence of heteroatom-containing compounds is usually
a source of problems – combustion of sulfur-containing compounds con-
tributes significantly to air pollution, oxygenates lower the higher heating
value (HHV) of the fuel, may be miscible with water and suffer from de-
creased oxidation stability as compared with hydrocarbons. In spite of
these drawbacks, ethers and lower alcohols have found their use in gasoline
and methyl esters of fatty acids (FAME, also called biodiesel) are blended in
diesel.
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Sulfur is the main heteroatom present in fossil fuels and is removed by
hydrodesulfurization (HDS), which is the prominent reaction in hydro-
treatment, hydroprocessing and hydrocracking. Analogously, oxygen can
be removed from fuels by hydrodeoxygenation (HDO) using, e.g., hydro-
treatment or hydrocracking processes. Biomass feedstocks that are rich in
oxygen could be thus upgraded by HDO to obtain high-quality automotive
fuels. Obviously, HDO would challenge the existing production of biodiesel
as both technologies would compete for the same feedstocks, namely tri-
glycerides.

Conventional Biodiesel

Biodiesel is currently the most important biofuel for diesel engines. Unlike
vegetable oils it has a suitable viscosity and boiling point range. Depending
on the local climate, rapeseed, soybean and palm oils are used for biodiesel
production in Europe, U.S.A. and South Asia, respectively. Biodiesel produc-
tion is based on the reaction of triglycerides of fatty acids with methanol in
the presence of basic catalysts that yield methyl esters of the fatty acids
(biodiesel) and glycerol (Fig. 2). Several detailed reviews can be found in the
literature20–22 and, thus, only the aspects of biodiesel production that are
pertinent to this review will be briefly highlighted.

Glycerol is a byproduct of biodiesel production and its production corre-
sponds to roughly 10 wt.% of the starting vegetable oil. Consequently, its
utilization for making value-added chemicals is essential for the economics
of biodiesel manufacture. Due to a sharp increase in biodiesel production in
recent years23, there is an excess of glycerol24 on the market pushing down
its prices and decreasing the profitability of biodiesel units. New appli-
cations of glycerol are, thus, required and developed24. The profitability is
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FIG. 2
Simplified scheme of transesterificatition of vegetable oils with methanol. Typical reaction
conditions: 60 °C, 101 kPa, CH3OH/oil = 5–6 mol/mol
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further affected by high prices of the raw materials, and new suitable feed-
stocks are intensively sought25,26. In order to meet the biodiesel legislative
specifications, the starting vegetable oils have to be of high quality and the
feedstock flexibility is, thus, rather low. The main limiting quality factor
from the production point of view is the content of free fatty acids, which,
if present at high concentrations (>2%), prevent the use of the conven-
tional process20,21.

The industrial processes rely on homogenous catalysts (NaOH, KOH, or
the corresponding methoxides) and are one of the few large-scale processes
using homogeneous catalysts. The homogeneous catalyst exhibits high
activity, but its inherent drawback is separation from products. Conse-
quently, large quantities of waste waters need to be treated and, moreover,
the produced glycerol contains impurities and water (its concentration is
usually >20%). This severely limits glycerol application in synthesis of
value-added chemicals and hence has a negative impact on the whole pro-
cess economy. Recently, Axens has developed a heterogeneously-catalyzed
process that is claimed to have higher yields of biodiesel and, more impor-
tantly, a glycerol purity >98% without need for its separation27 making it
suitable for the production of specialty chemicals. Nevertheless, the homo-
genous process still predominates.

Biodiesel can be easily blended into crude-oil-derived diesel. In Europe, it
is allowed to sell diesel fuel containing up to 5% (v/v) of biodiesel as a con-
ventional diesel6. The mixtures containing a higher percentage of biodiesel
have to be distributed separately because they do not meet the specifica-
tions of diesel engine manufacturers. Due to the stricter CO2/km emission
requirements28 set for the modern vehicles, the lower oxidation stability of
biodiesel (as compared with diesel) becomes a liability. To achieve the CO2
emission standards, higher injection pressures and, consequently, tempera-
tures are used. Under these conditions, biodiesel is prone to polymerization
reactions which form deposits in the injection nozzles and lead ultimately
to engine failure29. The long-term storage of biodiesel is problematic as well
since oxidation and biodegradation (by microorganisms) can take place.
The cold-flow properties of biodiesel are acceptable for mild climate re-
gions, but not for the cold climate ones.

The use of vegetable oils for production of biodiesel (fatty acid methyl es-
ters (FAME)) is associated with the socio-economic and technical problems
discussed above. Some of them could be tackled by converting triglycerides,
in particular those not suitable for food production, to hydrocarbons in the
diesel fuel range, so-called green or renewable diesel. This can be achieved
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by selectively removing oxygen atoms while keeping the carbon–carbon
bonds intact, i.e. by hydrodeoxygenation (HDO).

Apart from the technical problems discussed above, the use of triglycer-
ides is connected with the fundamental questions of the sustainability of
their production and of the competition with food production. To address
these issues, non-food triglyceride sources such as algae oils, trap greases,
waste vegetable oils and animal fats, non-edible oils from marginal lands
should be primarily used for production of fuels from triglycerides. Some of
these feedstocks are not suitable for conventional biodiesel production
(trap greases, animal fats); nevertheless they could be conveniently up-
graded to transportation fuels by deoxygenation.

Lessons from Hydrodesulfurization (HDS)

Hydrodesulfurization (HDS) is a mature and wide-spread process and the
reaction itself has been studied in meticulous detail, due to its industrial
significance, for several decades7,15,30–32. It can thus provide useful insights
into the considerably less investigated hydrodeoxygenation (HDO) which is
in principle an analogous reaction. In addition, the competition between
HDO and HDS during hydroprocessing mixtures containing both organic
sulfur and oxygen compounds may be detrimental for common hydro-
treatment of crude-oil- and biomass-derived feedstocks.

Hydrotreatment is an indispensable refinery process and the hydro-
treatment catalysts are, together with the cracking and three-way exhaust
gas catalysts, the most important industrial catalysts7. The Mo and W tran-
sition metal sulfides promoted with Co and/or Ni metal sulfides have been
the active components of hydrotreatment catalysts from the very begin-
ning of the process. They are usually supported on γ-Al2O3 doped some-
times with SiO2, phosphorus and boron7. Despite the fact that the active
components of the hydrotreatment catalysts have not really changed over
the years, they have undergone substantial development and innovations
in order to cope with the ever-growing requirements for their performance.
The main development drivers have been the need to process sourer and
heavier crude oils including new synthetic crude oils produced from tar
sands, the increasing demand for transportation fuels and the changing
product slate demand, the production of ultralow sulfur transportation
fuels (environmental concerns), the innovations in the engine and automo-
tive industry and the efforts to increase the refinery throughput15.

In order to increase the performance of hydrotreatment catalysts it is
essential to understand in detail the hydrotreatment chemistry, particularly
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the inhibition effects involved, and the active sites. The inhibition in
hydrotreatment originates from the competitive adsorption of possible re-
actants (S-, N- and O-containing organics and aromatics) and from hydro-
gen availability at the active sites, i.e. from hydrogen diffusion limitations.
It has been observed that trace concentrations of organic nitrogen com-
pounds (<30 ppm) deteriorate the HDS activity by strong adsorption on
active sites and their inhibition31,33–38. While there is an agreement on the
inhibition by N-containing species, the inhibition by aromatics has been a
matter of disputes33,39–41. Recently, Choudhary et al.39 have reported that in
hydrotreatment of heavy oils the extent of sulfur removal is determined by
the content of aromatics having three or more rings and not by the nature
and content of sulfur species. The inhibition effect of aromatics seems to
depend on their adsorption strength as compared with that of sulfur spe-
cies. Due to the strong adsorption of the aromatics containing three and
more rings, they inhibit the HDS reactions39,40 while the effect of aromatics
having one or two rings on HDS is negligible33,40. Using model feedstocks,
Egorova et al.37 have observed inhibition of HDS by naphthalene, but not
by toluene. Hence, HDS of heavy oils is more demanding than HDS of
naphtha and middle distillates due to higher concentrations of poly-
aromatic hydrocarbons in heavy oils. However, only little is known about
the effects of oxygenates on HDS and of S- and N-species and aromatics on
HDO. Organic nitrogen compounds, in particular the basic ones, and H2S
cause strong to moderate inhibition of HDO 31. It has been reported that
the efficiency of a typical HDS process can be expected to decrease when S-
and O-containing compounds are present simultaneously42.

The importance of the inhibition effects has grown significantly with the
advent of ultralow sulfur fuels in the recent years, as even the most refrac-
tory S-containing species (e.g. dimethyldibenzothiophenes) have to be
eliminated to achieve <10 ppm S in the final product. Any loss of HDS ac-
tivity is thus detrimental. As a result, much attention has been focused on
revealing the reaction pathways of HDS 31,32,43–48. Out of a great variety of
organic S-containing species, benzothiophenes and dibenzothiophenes
(DBT) are the most difficult to desulfurize. Generally, it is agreed that their
desulfurization follows two parallel reaction pathways: hydrogenolysis
(direct elimination of S) and hydrogenation followed by extraction of sulfur
in the form of hydrogen sulfide32,46,47 (Fig. 3). In desulfurization of DBT,
the direct elimination of sulfur by hydrogenolysis is preferred32. The rate of
direct sulfur elimination, however, decreases significantly, when alkyl- or
dialkylbenzothiophenes (in particular those substituted at the carbon
atoms adjacent to the sulfur atom) have to be desulfurized, whereas the
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hydrogenation pathway is practically unaffected32,46. Consequently,
CoMoS/Al2O3 is outperformed in HDS of 4,6-dimethyldibenzothiophene
(DMDBT) by NiMoS/Al2O3, which is a superior hydrogenation and HDN
catalyst as compared with CoMoS/Al2O3 (ref.46). However, the sulfur re-
moval via the hydrogenation pathway is accompanied by a significant in-
crease in hydrogen consumption due to aromatics hydrogenation and,
thus, the isomerization of DMDBT to facilitate the direct HDS (hydro-
genolysis) to save hydrogen has been proposed and investigated43,44,48–50

(Fig. 3).
The fundamental knowledge of the desulfurization reaction pathways,

their inhibition mechanisms and the active sites involved is therefore of
paramount importance for the selection of the most efficient catalyst and
of the optimum operating conditions. As biomass-derived raw materials
(oxygenated feedstocks) are close to being introduced into refinery streams
for hydroprocessing, deoxygenation (hydrodeoxygenation) has to be taken
into account. Particularly, the plausible inhibition effects have to be stud-
ied in detail together with HDS, HDN and hydrogenation reactions to opti-
mize the performance of the current hydrotreatment catalysts with respect
to the new, oxygen-containing, refinery feedstocks.

Removing Oxygen – Hydrodeoxygenation (HDO) and
Hydrodecarboxylation (HDC)

A wide variety of raw materials suitable for the production of fuels can be
derived from biomass – synthesis gas or hydrogen (by gasification), ethanol
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or butanol (by fermentation), sugars (by hydrolysis), bio-oil (by pyrolysis)
and triglycerides (by extraction and/or pressing). The production and use of
alcohols and sugars for fuels fall outside the scope of this paper and will not
be discussed here; the use of synthesis gas will be discussed in a separate
chapter. This chapter will be devoted to deoxygenation of biomass-derived
liquid feedstocks, i.e. to elimination of oxygen from vegetable oils and
bio-oils.

Vegetable oils (i.e. triglycerides of fatty acids) obtained from suitable
plants are currently used as food and raw material for biodiesel production
(see above). In contrast to biodiesel production, low quality oils (e.g. used
frying oils), yellow and trap greases, tallow and lard, i.e. resources that can
not be used for food production, can be used as a starting material for pro-
duction of fuels by deoxygenation as well. Typical oxygen content is about
10 wt.%.

Bio-oils, on the other hand, are manufactured from non-food biomass
(wood, straw, etc.) by pyrolysis (usually without a catalyst) in the absence
of oxygen or by high pressure liquefaction. Although the high pressure
liquefaction yields better-quality bio-oil product (lower content of moisture
and oxygen, Table I), the lower yield of bio-oil and higher price, in compar-
ison with pyrolysis, favor the biomass pyrolysis processes for industrial
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TABLE I
Elemental composition (in wt.%), moisture content (in wt.%) and properties of biomass-
and crude-oil-derived feedstocks2,59

Composition, % Heavy fuel oil Vegetable oila
Bio-oil

pyrolysedb liquefied

Carbon 85.2 77.5 45.3 74.8

Hydrogen 12.8 11.6 7.5 8.0

Sulfur 1.8 <0.1 <0.1 <0.1

Nitrogen 0.1 <0.1 <0.1 <0.1

Oxygen 0.1 10.9 46.9 16.6

Moisture <0.1 <0.1 44.8 5.1

HHVc, MJ/kg 41.2 39.7 22.6 35.7

Viscosity, cP 12 (40 °C) 38 (40 °C) 59 (40 °C) 15000 (61 °C)

a Rape-seed oil. b Flash pyrolysis of wood. c Higher heating value.
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application51. The highest yields of bio-oil (up to 70% on dry basis) are ob-
tained by flash pyrolysis which is typically carried out at 500 °C, at very
high heating rates and short contact times (typically <1 s)52,53. The main
benefits of bio-oil in comparison with raw biomass are high energy density
and easy transportability53. Consequently, pyrolysis processes are studied
intensively52–58 and several demonstration units using different concepts of
pyrolysis (fluid bed, rotating cone, twin screw) have been constructed54.

The composition of both discussed feedstocks differs enormously and will
undoubtedly affect the mechanism of their deoxygenation. Whereas bio-
oils are formed by very complex mixtures of oxygenates (phenols, ketones,
aldehydes, carboxylic acids, esters, alcohols and ethers)59, vegetable oils are
formed almost exclusively by triglycerides of fatty acids, i.e. esters, accom-
panied in some cases by free fatty acids. Moreover, the high content of
moisture in bio-oil, its immiscibility with crude-oil fractions and chemical
instability pose a further challenge to their processing. Therefore, both the
direct conversion to fuels by deoxygenation and gasification (steam reform-
ing) to synthesis gas has been proposed for bio-oil upgrading2,54,57,58,60,61.
On the other hand, direct deoxygenation of vegetable oils to fuels is the
preferred upgrading technology in addition to their transesterification
yielding biodiesel (see above).

Mechanistic Aspects of HDO

Deoxygenation of biomass-derived feedstocks can be achieved by several
reactions – hydrodeoxygenation, decarboxylation, decarbonylation and
dehydration59. Various combinations of these reactions can take place,
depending on the feedstock composition, catalyst choice and reaction con-
ditions. The most common and universal is hydrodeoxygenation (HDO), in
which oxygen-containing materials are reduced with hydrogen, and hydro-
carbons and water are formed. Decarboxylation is restricted only to
carboxylic acids and their esters; the formation of hydrocarbons is accom-
panied by the release of CO2. In the presence of hydrogen, the alkene re-
sulting from CO2 elimination is hydrogenated to the corresponding alkane
and the reaction is then called hydrodecarboxylation (HDC). Decarbonyl-
ation and dehydration are reactions of ketones or aldehydes and alcohols,
respectively. In line with the composition of biomass-derived feedstocks,
hydrodeoxygenation is the most important deoxygenation reaction.

The catalytic hydrodeoxygenation has been reviewed by Furimsky59 and
the following order of reactivity of O-containing groups has been put for-
ward: alcohols > ketones > alkyl ethers > carboxylic acids ≈ m- and
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p-alkyl-substituted phenols ≈ naphthol > phenol > diaryl ethers ≈ o-
alkyl-substituted phenols ≈ alkylfurans > benzofurans > dibenzo-
furans59,62,63. In view of biomass feedstocks available, the reactivities of
phenols, acids and esters are the most relevant. Phenols, which may ac-
count for up to 25% of liquids obtained by pyrolysis of lignocellulosic ma-
terials59, are refractory oxygenates. Moreover, HDO of phenols depends on
the position and type of other substituents; e.g., the reactivity of
methylphenol (MP) decreases in the order m-MP > p-MP > o-MP 59,64. HDO
of phenols and furans (including benzo- and dibenzofurans) follows two
parallel reaction pathways – direct (through hydrogenolysis) and indirect
which proceeds by hydrogenation of aromatic ring59,62,65.

On the other hand, carboxylic acids and their esters are more reactive
than phenols66,67; carboxylic acids are less reactive than their esters66. Fur-
thermore, there are two reaction pathways responsible for the conversion
of carboxylic acids and their esters to hydrocarbons – hydrogenation of the
carboxylic group and decarboxylation66–69. The origin of the decarboxyl-
ation activity of the sulfidized metal catalysts (NiMo, CoMo) has not been
yet satisfactorily explained. It was, however, reported by Weisser and
Landa70 that sulfides of the promoters, i.e. Ni and Co, are more active in
decarboxylation than molybdenum sulfide.

HDO is a reaction analogous to the other hydrotreatment reactions,
namely hydrodesulfurization (HDS) and hydrodenitrogenation (HDN); the
same types of catalysts, i.e. NiMo and CoMo sulfides, have been extensively
studied59,66–69. HDO, HDS, HDN and hydrogenation of aromatics are com-
peting reactions and this has to be kept in mind when studying real reac-
tion systems. It has been established that the hydrotreatment rate decreases
generally in the order HDS > HDO > HDN 59. Nevertheless, deviations from
the established order exist due to the complexities of a given feedstock,
choice of catalyst and due to the inhibition of HDS, HDO and HDN by S-,
O- and N-containing compounds and aromatics, including self-inhibition,
i.e. inhibition by the reactant molecules59.

Hydrogen sulfide, ammonia and water, i.e. the products of HDS, HDN
and HDO, respectively, inhibit HDO of different O-containing compounds.
For instance, in HDO of 4-ethylphenol the inhibition increases in the order
H2O << 2-ethylphenol < H2S < NH3

65. Ammonia inhibits the conversion of
carboxylic esters and methoxy groups, but does not affect conversion of ke-
tones68. H2S, on the other hand, suppresses the conversion of ketones and
phenols (by inhibiting their direct hydrogenolysis) and enhances the con-
version of carboxylic esters by promoting their decarboxylation63,67,68,71. It
was suggested68,72 that the promotional effect is due to an increase in con-
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centration of Bronsted acid sites in the sulfide phase caused by H2S. More-
over, addition of H2S to a feed containing oxygen compounds does not
prevent the sulfidized catalyst deactivation71,72. In contrast to H2S and NH3,
water has only a very weak inhibiting effect on the HDO reactions68, but it
dramatically lowers the overall catalyst activity73,74. The loss of the activity
was ascribed to partial re-crystallization of the support γ-Al2O3 into the hy-
drated boehmite phase and partial oxidation of the NiS promoter; oxida-
tion of the MoS2 phase, however, was not observed74. Addition of H2S was
reported to compensate the loss of activity caused by water73.

Apart from the inhibition by hydrotreatment products, heteroatoms-
containing compounds can cause inhibition of hydrotreating reactions as
well42. Interactions between sulfenyl and methoxy groups affecting the
HDS and HDO rates have been observed. It has been suggested that the
efficiency of a typical HDS process can be expected to decrease as a result of
interactions between sulfenyl and methoxy groups42.

HDO of Real Feeds – Conversion of Vegetable Oils

The experiments using probe compounds are undeniably crucial for reveal-
ing the underlying mechanisms of HDO, studying the inhibition effects
and developing more active and selective catalysts. Nevertheless, experi-
ments using real feedstocks under real conditions cannot be omitted as
they provide invaluable information for process development. Cracking
and hydrotreating approaches were suggested for upgrading vegetable oils
(or, more generally, triglycerides) to hydrocarbons. Zeolites, mesoporous
materials and composite materials have been studied extensively in the
conversion of vegetable oils or fatty acids to hydrocarbon fuels75–79. Main
products of catalytic cracking of vegetable oils are hydrocarbon gases and
gasoline fraction; however, the yield of the most desired fuel fraction, i.e.
diesel, is low75–79. Moreover, the liquid products contain rather high con-
centrations of aromatics75–79 which are in conflict with the newest fuel
specifications. Addition of vegetable oil to fluid-catalytic-cracking (FCC)
feedstock led to an increased formation of coke80. Nonetheless, co-
processing of vegetable oils with vacuum gas oil (VGO) has been proposed
for production of gasoline and olefins81–83 and has been planned for com-
mercial demonstration84.

The hydrogenation processes (hydrocracking, hydrotreatment), on the
other hand, facilitate direct conversion of vegetable oils to hydrocarbons in
the diesel fuel boiling range and seem thus to be more promising technolo-
gies even though they consume hydrogen83–95. Apart from academic re-
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search activities, hydrodeoxygenation of triglycerides attracts attention of
the industrial research as well83,89–95. The Finnish company Neste Oil has
developed and commercialized a process, called NexBTL 89–91, for diesel pro-
duction from vegetable oils and greases and other oil companies are devel-
oping their own solutions as well92–95. Diesel fuel obtained by HDO of
vegetable oils (green diesel) is fully compatible with crude-oil based diesel.
As it contains no aromatics and sulfur, it is even superior from the environ-
mental point of view. The poor cold-flow properties of the primary HDO
product have been solved by its mild isomerization91. Moreover, it has been
demonstrated that NexBTL diesel, i.e. product of HDO of triglycerides,
shows environmental benefits (in terms of emissions and energy consump-
tion) over both conventional diesel and biodiesel (FAME)96,97.

The experimental results of hydrotreatment (hydrodeoxygenation) of
rapeseed oil over sulfidized catalysts are in a good agreement with the re-
sults of HDO of relevant simpler probe compounds66–69; two main reaction
pathways – direct hydrodeoxygenation (total hydrogenation, HDO) and
decarboxylation (hydrodecarboxylation, HDC) – have been identified87,88.
The extent of both reactions, at a complete conversion of rapeseed oil, is
sensitive to the reaction temperature, pressure and choice of the catalyst.
With increasing reaction temperature the yield of the HDC products rises
at the expense of the HDO products87,88. On the other hand, augmenting
hydrogen partial pressure results in the enhanced formation of HDO prod-
ucts87,88 (Fig. 4). The extent of HDO and HDC reactions can be quite easily
determined at complete conversion by using the concentration of hydro-
carbons with an even and odd number of carbon atoms, respectively (see
Fig. 4).

A simplified reaction network is depicted for triolein, a representative
abundant triglyceride in vegetable oils, in Fig. 5. The initial reaction is the
hydrogenation of double bonds which proceeds at milder conditions (<250 °C)
than those needed for deoxygenation. Depending on the reaction condi-
tions and catalyst choice, the saturated triglyceride undergoes direct hydro-
decarboxylation or direct hydrodeoxygenation. Apart from propane, the
main products are straight-chain alkanes with an even number of carbon
atoms (n-octadecane for triolein) and water in the case of hydro-
deoxygenation (HDO) and n-alkanes with an odd number of carbon atoms
(n-heptadecane for triolein) and CO2 in the case of hydrodecarboxylation
(HDC). Alternatively, the triglycerides are hydrogenolyzed to the corre-
sponding fatty acids (stearic acid for triolein) which can undergo either
HDO or HDC or be hydrogenated to yield the corresponding fatty alcohols.
As alcohols are deoxygenated more easily than acids and esters59, they are

Collect. Czech. Chem. Commun. 2008, Vol. 73, Nos. 8–9, pp. 1015–1044

1028 Kubička:

ART - 19 14/30



seldom found among the reaction products. However, fatty alcohol esters
of fatty acids have been identified in the products as a result of esterifi-
cation reactions98. The formation of alkyl esters of fatty acids under the
hydrotreatment conditions has been reported by Landa et al.99. Besides
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FIG. 5
Scheme of deoxygenation of triolein (the most abundant triglyceride in rapeseed oil)

FIG. 4
Effect of temperature and pressure on the distribution of hydrodeoxygenation (C18H38) and
hydrodecarboxylation (C17H36) products
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HDO and HDC, decarbonylation has been proposed to take place as
well85,100. Nevertheless, there is not enough conclusive evidence for the
decarbonylation pathway as CO can originate from partial hydrogenation
of CO2.

The proportion of HDO and HDC at the total conversion of triglycerides
to hydrocarbons is decisive for the overall hydrogen consumption of the
process. Based on the stoichiometry of both reaction pathways, it is clear
that in an ideal case the hydrogen consumption is four times higher for
HDO than for HDC of a saturated triglyceride (Fig. 5). However, when
sulfidized hydrotreatment catalysts are used, carbon dioxide is partially
converted to CO and methane88,98; the extent of these reactions depends
once again on the catalyst and reaction conditions. Nevertheless, if all CO2
was converted to methane, the consumption of hydrogen for HDC would
be higher than that for HDO. Therefore, selective decarboxylation catalysts
having negligible selectivity for the total hydrogenation of CO2 are
sought101,102.

Hydrotreatment of triglycerides for production of hydrocarbons on an in-
dustrial scale can be implemented either by HDO of triglycerides in stand-
alone units or by coprocessing of triglyceride feedstocks with crude-oil-
derived fractions, e.g. atmospheric gas oil (AGO). Coprocessing offers the
advantage of low implementation costs due to the possibility of using the
existing hydrotreatment equipment95. However, several potential risks have
been identified and it has been concluded that processing of vegetable oils
in dedicated units was more cost-efficient. The drawbacks of coprocessing
include (i) the potential need for a pretreatment reactor to remove contami-
nants, such as phosphorus and alkali metals; (ii) revamp of the recycle gas
systems to deal with the deoxygenation products (CO2, CO, H2O); (iii) need
for an increase in the quenching capacity as HDO is highly exothermic and
(iv) the expected competition of HDO reactions with HDS leading to lower
desulfurization efficiency95. The suggested negative impact of HDO on HDS
reactions42 has been recently confirmed in coprocessing of AGO with used
frying oil (UFO). HDS of a mixture consisting of 90% AGO and 10% UFO
required an increase of 4 °C in the HDS temperature as compared with pure
AGO in order to obtain 10 ppm S in the final product103 (Fig. 6).

Conversion of Bio-Oils into Fuels

The upgrading of bio-oils into transportation fuels by deoxygenation is not
as advanced as production of fuels from vegetable oils. The main obstacles
of bio-oil upgrading are its high moisture content (up to 30%, Table I) and
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chemical instability. Moreover, the oxygen content is substantially higher
than that of triglycerides (Table I) and, consequently, the hydrogen con-
sumption could be prohibitively high. The quality of bio-oil varies signifi-
cantly depending on the raw material used for pyrolysis and on the severity
of reaction conditions and, therefore, the deoxygenation process is more
difficult to optimize as compared with triglycerides deoxygenation. Bio-oils
can be used for production of fuels either directly by using hydro-
treatment52,53,104 or zeolite upgrading52,53,77,105–107, or indirectly by convert-
ing it first to synthesis gas and subsequently to fuels2,58 (see next chapter).
Hydrotreatment and upgrading of bio-oil over zeolites have been studied
intensively using suitable probe compounds to reveal the underlying chem-
ical mechanisms and to identify suitable catalysts59,65–69,71–74. Studies using
bio-oil as feedstock are less common52,53,77,104–107.

Hydrotreatment of bio-oils (hydrodeoxygenation) can be performed us-
ing conventional hydrotreatment catalysts, i.e. supported sulfidized metals,
giving a naphtha-like product52,53. Due to chemical instability of the bio-oil
it is necessary to treat it in a two-stage process. In the first step, bio-oil is
stabilized under mild reaction conditions (250–275 °C) by hydrogenation
of the most reactive double bonds to prevent its polymerization and foul-
ing of the catalyst under typical hydrotreatment conditions. Only in the
second step, the standard hydrotreatment temperatures (350–400 °C) can
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FIG. 6
The effect of addition of used frying oil (UFO) to atmospheric gas oil (AGO) on its hydro-
desulfurization103
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be used to deoxygenate bio-oil52,53. The hydrotreatment pressures may vary
in a wide range (7–20 MPa)52,53 depending on the composition of bio-oil on
the one hand, and on the desired level of deoxygenation on the other. Oxy-
genated compounds are generally more resistant to hydrotreatment than
sulfur-containing compounds59 and require thus more severe reaction con-
ditions52 and optimization of the catalyst as well as optimization of the
process conditions for a particular bio-oil feedstock52. Some applications of
bio-oil do not necessitate full deoxygenation, e.g. fuels for stationary en-
gines, and only partial hydrotreatment has been suggested for them52. This
approach has the benefit of lower hydrogen consumption which is fairly
high for complete hydrodeoxygenation (600–1000 lH2/kgbio-oil)52 and is,
therefore, the major inhibiting factor of its commercialization. The progress
in hydroprocessing of bio-oils over the past 25 years has been recently re-
viewed by Elliot104.

Upgrading of bio-oils over zeolites is a promising alternative to hydro-
treatment, as this can be achieved at low-pressures (even atmospheric) and
at temperatures similar to those used for bio-oil production. Thus it offers
the advantage of combining the pyrolysis of biomass to produce bio-oil
with its subsequent catalytic upgrading52. Oxygen is eliminated in the form
of water (by dehydration) or in the form of carbon oxides (by decarboxyl-
ation or decarbonylation). As external hydrogen is not supplied, hydrogen
necessary for partial hydrogenation (saturation, stabilization) of the un-
saturated reaction intermediates originates from the hydrogen transfer reac-
tions. Consequently, the product is highly aromatic and large amounts of
hydrogen-deficient products, such as coke, tar and char, are formed77. The
mechanism, however, is not yet fully understood. Due to the recent devel-
opments in transportation fuel specifications, the aromatics content has to
be decreased and therefore it will become increasingly more difficult to use
the highly aromatic product from bio-oil upgrading for blending of auto-
motive fuels. Nonetheless, it could be utilized in the petrochemical sector
as a raw material for production of aromatics and derived polymers.

Bio-oil is well-suited for production of specialty chemicals thanks to its
complex chemical composition. In this case, the presence of oxygenated
compounds becomes an advantage as they may be used directly in synthe-
sis and, therefore, deoxygenation is not desired. The production of chemi-
cals from biomass feedstocks, however, is out of the scope of traditional
refineries and will not be, thus, discussed in this paper. The topic has been
recently reviewed by several research groups24,108,109.
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BIOMASS TO GAS – A ROUTE TO TAILOR-MADE PRODUCTS

Biomass gasification is a universal tool for conversion of biomass to fuels
and chemicals. While hydrodeoxygenation is limited to a special type of
liquid feedstocks, such as vegetable oils (triglycerides) or bio-oils, gasifica-
tion can be used basically for any biomass feedstock. This provides gasifi-
cation with the inherent advantage of cheaper and more abundant raw
materials as compared with HDO.

Gasification can be defined as partial combustion using air or oxygen to
produce fuel gas or synthesis gas. Steam is often added to the feed to in-
crease the heating value of the final product gas52. Its composition depends
on the reaction temperature. Low-temperature gasification (800–1000 °C)
yields, in the case of oxygen gasification, the so-called product gas consist-
ing of CO, CO2, H2, H2O, CH4, hydrocarbons and tars, which is suitable
mainly for direct power and heat generation110. On the other hand, the
product of high-temperature gasification (1200–1400 °C) consists of CO
and H2 (so called biosyngas)110. In air gasification, nitrogen is present in ad-
dition to the above-mentioned compounds. Biosyngas can be alternatively
obtained by catalytic gasification or by removing tar and hydrocarbons
from the product gas by thermal cracking or reforming; it is chemically
similar to syngas derived from fossil fuel sources52,110. When fuels and
chemicals are desired, the product gas has to be processed to contain only
CO and H2 in a suitable molar ratio (the usage ratio); for some applications
CO2 may be present as well.

Gasification Challenges

The high diversity of biomass composition makes the production of fuels
and chemicals a complex and demanding task as the final products need to
have rather well-defined and uniform composition. Gasification enables to
convert practically any carbon- and hydrogen-containing feedstock into
synthesis gas with a desired usage ratio for a particular application. Never-
theless, the biomass feedstock diversity makes the production of synthesis
gas more complex and sophisticated as compared with gasification of fossil
fuels (mainly methane and coal)111. The main challenge lies in the scattered
occurrence of biomass and its low volume energy density in comparison
with fossil fuels (e.g. straw bales and diesel fuel have about 2 and 36 GJ/m3,
respectively)111. Therefore, collection of biomass from large areas and its
transportation over long distances that affects negatively the total costs and
energy inputs is necessary. Moreover, gasification, particularly purification
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and conditioning of synthesis gas, and conversion technologies of syngas
are technically demanding and require intensive investment and, hence,
large-scale units are preferred. Regional fast pyrolysis of biomass to obtain
pyrolysis oil and char has been proposed111. The char is then suspended in
the pyrolysis oil and the resulting slurry holds up to 90% of the original
biomass energy content111. More importantly, the volume energy density
increases from about 2 to ca. 25 GJ/m3 and the intermediate can be thus
transported over larger distances to central gasification units.

From the view point of crude-oil refinery, the slurry could become one of
the raw materials for manufacturing biofuels. Conceptually, the slurry
could be either coprocessed by gasification or partial oxidation together
with liquid hydrocarbon feedstocks or the synthesis gas could be produced
in a separate gasification reactor and then purified and conditioned to-
gether with the fossil-based syngas. The use of the existing gas purification
and conditioning equipment would decrease the investment intensity of
biomass-to-syngas units and biosyngas would get access to downstream
conversion processes at the same time. The integration of bio-oil slurry or
biosyngas into refineries is an opportunity that needs to be further studied.

Synthesis gas resulting from biomass gasification has typically the C/H
ratio equal to about unity111 and cannot be directly used for synthesis of
hydrocarbons as a C/H ratio of less than 0.25 is needed. The concentration
of hydrogen can be increased either by addition of hydrogen-rich gas or by
partial conversion of CO by water-gas-shift reaction (WGS). Once again, if
integrated into a refinery, the existing WGS capacities and excesses of refin-
ery hydrogen could be used. Alternatively, direct removal of CO2 during
gasification resulting in an increased hydrogen concentration in the syn-
thesis gas has been proposed112. It relies on addition of a heat carrier capa-
ble of forming carbonates, which are then decomposed in a regeneration
unit and CO2 is released during burning off the deposited tar112.

From the viewpoint of production of fuels, synthesis gas with an adjusted
usage ratio (UR) can be converted to fuels either directly by Fischer–Tropsch
synthesis (FTS, UR = 2.05–2.15) or methanation (UR = 3) or indirectly via
methanol synthesis (UR = 2) and its subsequent conversion into hydrocar-
bons or dimethyl ether (DME)113. In addition to fuels, a broad spectrum of
chemicals can be obtained from syngas. The main conversion pathways of
syngas113 are depicted in Fig. 7. The thermal efficiency of liquid fuels pro-
duction from methane (via syngas) is the highest for methanol, followed by
FTS diesel and gasoline from the methanol-to-gasoline (MTG) process114.
The liquid fuels offer several advantages over methanol, such as high
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energy density, low vapor pressure, insolubility in water, and compatibility
with existing engines and fuel infrastructure114.

Fischer–Tropsch Synthesis

The importance of Fischer–Tropsch synthesis (FTS) will grow in the years
to come, as crude-oil reserves will be depleted and alternative feedstocks
for the production of fuels and base chemicals will be used. The traditional
synthesis gas sources, natural gas and coal, will be accompanied by bio-
mass as a result of public awareness of the adverse environmental effects of
CO2 emissions. FTS has been developed with varying intensity over the past
80 years. As FTS competes with crude oil for the fuel market, its economic
viability depends on the price of crude oil115. The FTS technology has been
industrially proven in coal-based FTS plants in Germany in 1930’s and cur-
rently both coal-based (Sasol, South Africa) and methane-based FTS plants
(Mossgas, South Africa; Bintuli, Malaysia) are operated114,115.

FTS can be operated in high-temperature (HTFTS) and low-temperature
(LTFTS) mode. The HTFTS uses iron-based catalysts at temperatures
300–350 °C and yields low-molecular-weight olefins and gasoline114,115. The
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FIG. 7
Synthesis options from synthesis gas113. FTS, Fischer–Tropsch synthesis; WGS, water-gas shift;
AIER, acid ion-exchange resins; MTO/G, methanol-to-olefins/gasoline; DME, dimethyl ether;
E/MTBE, ethyl/methyl tert-butyl ether; E85/M100, the fuel containing 85% ethanol/ 100%
methanol
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LTFTS is operated at temperatures 200–240 °C to produce high-molecular-
weight linear waxes and either cobalt- or iron-based catalysts are em-
ployed114,115. In both operating modes, it is crucial to ensure high heat-
exchange rates as FTS reactions are highly exothermic (∆H = –165 kJ/mol).
These are achieved by a suitable reactor setup – fluidized-bed reactors are
used in HTFTS and slurry-bed reactors or multitubular fixed-bed reactors
and high gas velocities are used in LTFTS 114,115.

Just four metals – Co, Fe, Ni, Ru – have been found to be active FTS cata-
lysts. However, nickel and ruthenium are disqualified from the industrial
use, Ni due to its high selectivity for methane and Ru because of its very
high price and limited availability115. Iron-based catalysts without support
can be used both in LTFTS and HTFTS. Catalysts for LTFTS are prepared by
precipitation and for HTFTS by fusing magnetite; their main promoter is
K2O 114,115. On the other hand, cobalt-based catalysts are used only in
LTFTS as they have too high selectivity for methane at high temperatures.
Since Co is significantly more expensive than Fe, it is used on high surface-
area supports, such as Al2O3, SiO2 or TiO2, with a loading 10–30% (ref.115).
To improve the reducibility of dispersed Co crystallites, the cobalt-based
catalysts are promoted with small quantities noble metals such as Pt, Re
or Ru 115.

As a result of the different reaction conditions and catalytic systems em-
ployed, products from LTFTS differ from those obtained in HTFTS. HTFTS
products contain several per cent of oxygenates and are rich in olefins, par-
ticularly α-olefins114, being suitable for production of chemicals rather than
fuels. Moreover, due to the lower chain growth probability (see below) at
high temperatures, the product distribution is shifted towards light hydro-
carbons114. On the other hand, an LTFTS product consists mainly of linear
paraffins with smaller amounts of olefins and oxygenates114. The product
distribution is shifted towards middle distillates and waxes (i.e. high-
molecular-weight paraffins) as a result of a higher chain growth probability.

An inherent advantage of FTS is that the products are virtually sulfur-free
and aromatics-free. The FTS follows a polymerization-type kinetics resulting
in a statistical distribution of hydrocarbons determined by Anderson–
Schulz–Flory distribution (ASF). The key parameter of ASF is the chain
growth probability α; by changing α the product distribution can be ma-
nipulated (Fig. 8). However, with the exception of the two extremes (when
α = 0 only methane is formed, when α = 1 an infinite paraffin chain is
formed) the product will consist always of a wide range of hydrocarbons.
For wax production by FTS α has a value of about 0.9, this means that the
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C-atom selectivity for C10+ products is about 74% 116. It has been calculated
and experimentally verified that the maximum attainable gasoline and die-
sel yields are about 42 and 20%, respectively114. The achievable product dis-
tribution, hence, differs significantly from the demanded product slate as
the yield of the desired fuel products (gasoline and diesel) cannot exceed
60%. Moreover, the yield of gasoline is higher than that of diesel, which is
in contrast with the current as well as the expected fuel demands16.

Apart from the unsuitable product slate, the properties of FTS gasoline
and diesel do not meet the respective fuel specifications and need to be
further upgraded. As the FTS products are n-alkanes and n-alkenes, they
have a high cetane number and are well-suited for diesel fuel blending
except for their poor cold-flow properties. Conversely, high concentrations
of straight-chain paraffins make the FTS products unsuitable for direct gaso-
line blending due to their low octane number. The mismatch between the
demands for automotive fuels (both in terms of their yields and properties)
and the yields and quality of FTS products initiated recently numerous re-
search efforts in this area114,117–132. Generally, two basic concepts have been
followed: (1) production of FTS waxes (at α = 0.95) as these can be obtained
in very high yields and their subsequent conversion into desired products
by hydrocracking technologies114,117–122 and (2) use of acid supports or acid
co-catalysts (e.g. zeolites) for partial cracking and isomerization of longer
paraffins to enhance the yield of gasoline fraction114,123–132.
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Mild hydrocracking and hydrotreating processes have been applied to
convert FTS products in the diesel fuel and wax range into high quality die-
sel fuel114,117–122. The main objectives of the upgrading, apart from increas-
ing diesel yield, are saturation of olefins, removal oxygenates and partial
isomerization of n-alkanes into isoalkanes. Traditional refinery hydro-
treatment and hydrocracking catalysts can be used114,118. Alternatively,
modified catalysts containing noble metals (Pt) have been used119. Oxygen-
ates, i.e. alcohols and carboxylic acids, have been shown to influence the
hydrocracking selectivity for diesel and hydrocracking conversion120. It has
been proposed that oxygenates present in the feed affected the balance of
acid- and metal-active sites in hydrocracking catalysts, thereby modifying
the catalyst selectivity120. As FTS products are virtually sulfur-free, noble
metal catalysts could replace the traditional sulfides (e.g. NiMo, CoMo) for
hydrogenation; however, in the case of significant concentration of oxy-
genates (in particular from HTFTS), the hydrotreatment (hydrodeoxy-
genation) activity of NiMo or CoMo catalysts is a benefit (see above – HDO
section).

Due to the limited number of FTS installations, FTS products are usually
processed on-site to final products which are then blended with crude-oil-
based products. In the future, however, a tighter bond between crude-oil re-
fineries and FTS units can be expected. Consequently, the straight-run FTS
products will be upgraded in crude-oil refineries together with crude-oil
streams. Therefore, optimization of refinery processes including the cata-
lysts employed will be crucial to obtain the desired product slate. The key
aspects will be the introduction of long-chain paraffins (waxes) and their
selective conversion into diesel fuel by hydrocracking and isomerization.
Moreover, oxygenates will have to be deoxygenated and their inhibition
effects on hydrogenation and hydrodesulfurization will have to be dealt
with as well (see chapter on HDO).

Production of gasoline from FTS requires a more severe upgrading than
FTS diesel production114. Due to the paraffinic nature and absence of
aromatics the straight-run FTS naphtha is an excellent steam cracker feed
(for production of ethene and propene) and its transformation into gaso-
line (fuel) calls for catalytic reforming or aromatization and isomerization
to achieve sufficient octane number values. Zeolites and mesoporous
materials have been investigated either as co-catalysts (in hybrid cata-
lysts)126,127,131 or as support materials123,124 to obtain higher yields and
higher degrees of branching of the FTS products in the gasoline boiling
range. In the case of hybrid catalysts, two-stage catalyst beds are used –
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a conventional FTS catalyst, e.g. Co/SiO2, is placed in the upper bed and
a zeolite catalyst is placed in the lower bed where it can crack the high-
molecular-weight FTS products. The two-bed concept makes it possible to
use, at the same time, the optimum reaction temperature for the FTS cata-
lyst and for the zeolite catalyst since they are in separate beds131. H-zeolites
of various topologies (USY, Beta, Mordenite, ZSM-5) have been found to in-
crease the yield of gasoline range products, the highest gasoline selectivity
has been observed for ZSM-5, followed by H-Mordenite and H-Beta126. Simi-
larly, an increase in selectivity for gasoline-range products together with an
increase in the isoalkane/n-alkane ratio has been achieved by using Pt- or
Pd-Beta catalysts in the second catalyst bed127. The investigations of various
combinations of the composition of the first and the second catalysts have
indicated that the product selectivity in FTS, particularly concerning the
yield of gasoline and its degree of branching, can be adjusted131. It has been
shown that zeolites can improve the quality of gasoline-range FTS products.
However, important issues such as the detrimental effect of water formed
during FTS and hydrocarbon deposits on the activity and selectivity of zeo-
lite catalysts have to be yet solved.

CONCLUSIONS AND OUTLOOK

The crude-oil refineries will remain the unrivaled producer of automotive
fuels in the years to come. Nevertheless, they will face changes in the feed-
stock supply. The gradually deteriorating quality of crude oil (higher den-
sity and S content) will be newly accompanied by introduction of synthetic
crudes (from tar sands upgrading), biomass feedstocks (such as triglycerides
and bio-oils) and FTS-derived products (based on gasification of biomass,
methane and coal) into the refinery feedstock portfolio. The environmental
and health concerns together with public awareness will dictate deeper up-
grading of fuels (lower S and aromatics contents) and higher share of re-
newable resources. Consequently, the refinery upgrading processes will
have to be further developed to keep up with the new challenges.

The new biomass-derived feedstocks will bring oxygen-containing com-
pounds into refineries. Due to the interference of deoxygenation reactions
and their products with other hydrotreatment reactions (mainly HDS),
hydrotreatment catalysts will be further developed to cope both with in-
creasing heteroatom levels in the feeds and, at the same time, with the
ever-lower levels of heteroatoms required in the products. Moreover, ad-
vanced support materials will be sought to (1) enable better dispersion and
thus more efficient use of active components, (2) resist new refining by-
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products, such as water and CO2 and (3) accommodate feeds with larger
molecules, such as triglycerides and waxes.

The current refining catalysts will undergo changes to satisfy the need for
higher isomerization and mild cracking activity which will be required for
upgrading of FTS waxes into the demanded fuel product slate. Particularly,
the production of high-quality gasoline will be difficult in comparison with
the production of diesel fuel and feedstocks for steam cracking to produce
light olefins. Moreover, improvements in conventional FTS catalysts can be
expected to be accompanied by efforts aimed at development of modified
catalyst systems, such as hybrid catalysts, to achieve deviations from ASF
distribution and, thus, to increase the yields of gasoline- and diesel-range
products at the expense of FTS waxes.

LIST OF ABBREVIATIONS USED

AIER acid ion-exchange resin
AGO atmospheric gas oil
ASF Anderson–Schulz–Flory
DME dimethyl ether
ETBE ethyl tert-butyl ether
FAME fatty acid methyl esters
FCC fluid catalytic cracking
FTS Fischer–Tropsch synthesis
HDC hydrodecarboxylation
HDN hydrodenitrogenation
HDO hydrodeoxygenation
HDS hydrodesulfurization
HHV higher heating value
HTFTS high-temperature Fischer–Tropsch synthesis
LTFTS low-temperature Fischer–Tropsch synthesis
MP methylphenol
MTBE methyl tert-butyl ether
MTG methanol to gasoline
MTO methanol to olefins
UFO used frying oil
UR usage ratio
VGO vacuum gas oil
WGS water-gas shift
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Abstract Deoxygenation of triglycerides over Co and Mo

sulfides supported on a series of mesoporous molecular

sieves (MCM-41) with varying Si/Al ratio has been inves-

tigated in this contribution. The catalysts were tested in a

flow reactor at reaction temperatures 300 and 320 �C,

hydrogen pressures 2–11 MPa and space velocities 1–4 h-1

using refined rapeseed oil as a feedstock. Incorporation of Al

into the framework of MCM-41 led to an increase of both

conversion of triglycerides and selectivity to hydrocarbons,

namely n-heptadecane and n-octadecane. However, the

conversion of triglycerides was lower than that achieved

over alumina supported CoMo. Moreover, the rather high

selectivity to oxygenated products, as compared with alu-

mina supports, has made possible a detailed description of

the reaction intermediates and their dependence on the

reaction conditions.

Keywords Hydrodeoxygenation �
Hydrodecarboxylation � CoMo catalysts � MCM-41 �
Biofuels

1 Introduction

A part of current fossil transportation fuels could be

replaced by biofuels contributing thus to the reduction of

CO2 emissions [1, 2]. In order to minimize the impact of

biofuel production on the environment, the research

activities have been focused on the development of

advanced biofuel technologies, so called 2nd generation

biofuels. The main characteristics of 2nd generation bio-

fuels are: (i) higher greenhouse gas (GHG) emission

reduction in the complete life cycle in comparison with

current biofuels and (ii) non-food biomass raw materials.

Vegetable oils have a suitable composition for produc-

tion of fuels and have been therefore exploited for the

production of biodiesel (fatty acids methyl esters). How-

ever, biodiesel suffers from several drawbacks such as

limited compatibility with conventional diesel engines, use

of high quality food feedstocks, etc. Therefore, direct

upgrading of vegetable oils into hydrocarbons has been

proposed and commercially demonstrated [3, 4]. Apart

from the excellent compatibility with conventional diesel,

the diesel components obtained from triglycerides outper-

form the conventional biodiesel in terms of both fossil

cumulative energy demand (CED, GJ/t) and greenhouse

gas emissions savings (tCO2eq./t) [5]. Moreover, in contrast

to the conventional biodiesel production, lower quality

triglyceride feedstocks such as used frying oils, animal fats,

trap greases, and non-food vegetable oils, e.g., from algae

or jathropha, can be used to lower the cost and dependency

on food grade vegetable oils.

Refined vegetable oils require the removal of oxygen,

the sole heteroatom present, to obtain hydrocarbons. Con-

ventional hydrodesulfurization catalysts, such as CoMo,

NiMo, NiW supported on alumina, have been reported to

be active in deoxygenation of biomass-derived oxygenated
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feedstocks [6–10]. In addition to direct hydrotreating of

neat vegetable oils [3, 11, 12], hydrotreating of vegetable

oils in refineries by co-processing of vegetable oils with

crude-oil-based refinery fractions has been proposed [11–

14]. Due to the stringent limits for diesel fuel quality and

the need to isomerize the obtained hydrocarbons owing to

their poor cold-flow properties, the former technological

option is preferred by the refiners [3, 12].

Deoxygenation can be studied by using a wide range of

probe molecules [6, 7, 15–20]. The reaction mechanism

and reaction rate depend on the type of oxygen compound.

Therefore, the most appropriate reactants to study deoxy-

genation of vegetable oils are fatty acids and their esters

[15–20] or triglycerides, i.e., the main components of

vegetable oils [6, 7, 21]. Three basic reaction pathways

have been reported for deoxygenation of triglycerides:

hydrodeoxygenation, decarbonylation, and decarboxylation

[6]. Moreover, the rate of deoxygenation is affected by

presence of other heteroatoms, e.g., inhibition of deoxy-

genation has been reported when the feed contained both

S- and O-containing compounds [22].

Recently, mesoporous materials have been investigated

as potential supports for hydrodeoxygenation of triglycer-

ides [21]. Similarly to conventional supports (Al2O3),

selective conversion of triglycerides into hydrocarbons was

achieved at 310 �C and 7 MPa over CoMo supported on

organized mesoporous alumina supports showing a better

performance than the industrial-alumina-based catalyst. On

the other hand, the performance of MCM-41 (all-silica-

based) was worse compared with alumina-based catalysts

[21].

CoMo modified MCM-41 catalysts with different Al

content were therefore synthesized and investigated in

deoxygenation of triglycerides with the aim to better

understand the effect of catalyst support and its interaction

with the active phase (CoMo) on catalyst activity and

selectivity. The effects of reaction temperature, residence

time and hydrogen pressure on the product distribution are

discussed as well.

2 Experimental

2.1 Catalyst Preparation and Characterization

2.1.1 Synthesis of Mesoporous Molecular Sieves MCM-41

The following raw materials were used for the synthesis of

MCM-41 supports: sodium silicate, hexadecyltrimethylammonium

bromide (template), ethyl acetate, and aluminium isopropoxide

(only for (Al)MCM-41 materials, i.e., A02 and A03). In a typical

synthesis, 9.81 g of hexadecyltrimethylammonium bromide

was dissolved in 500 mL of distilled water in an autoclavable

polypropylene bottle and stirred for 10 min at 35 �C, then

corresponding amount of aluminium isopropoxide (only in

the case of (Al)MCM-41 materials) was added and this

mixture was stirred for 10 min at 35 �C. At the same time,

10 g of Na2SiO3 was dissolved in 450 mL of distilled water

and stirred for 10 min at 35 �C in the second bottle. Then the

contents of both bottles were mixed together and the mixture

was stirred for 10 min at 35 �C. Finally, 15 mL of ethyl

acetate was added and stirred for 10 min at 35 �C. The

mixture then was aged for 2 days in an oven at 95 �C. The

product was then filtered, washed, and dried. The obtained

solid was calcined at a heating rate of 1 �C/min from room

temperature to 540 �C. The temperature was then kept

constant for 6 h. The targeted Si/Al values of the synthesized

MCM-41 materials are given in Table 1 together with the

bulk values of Si/Al ratio determined by XRF [23].

2.2 Synthesis of MoO3/CoO/MCM-41

The catalysts MoO3/CoO/MCM-41 containing 15 wt% of

MoO3 and 3.3 wt% of CoO were prepared by thermal

spreading method. The mixture of the MCM-41 materials

(A01, A02 or A03), obtained as described above, with cor-

responding amounts of crystalline MoO3 and CoO were

ground intensively in an agate mortar for approximately

1.5 h. The ground mixture was then calcined in an oven at a

heating rate of 1 �C/min from room temperature to 550 �C.

2.3 Characterization

The crystallinity of mesoporous molecular sieves in their

parent and modified forms were determined by X-ray

powder diffraction with a Bruker D8 X-ray powder dif-

fractometer equipped with a graphite monochromator and

position-sensitive detector using Cu Ka radiation in the

Bragg–Brentano geometry. The size and shape of MCM-41

crystals, both unmodified and modified, were determined by

scanning electron microscopy (Jeol, JSM-5500LV). Tex-

tural parameters of catalysts and supports were determined

with a Micromeritics ASAP 2020 volumetric instrument at

-196 �C. The concentration of Lewis and Brønsted acid

sites were determined by adsorption of pyridine as probe

molecule followed by FTIR spectroscopy (Nicolet Protégé

460) using self-supported wafer technique. A thin powder

wafer was activated prior to the experiment under a high

vacuum at the temperature of 450 �C overnight. The total

Table 1 Intended and real Si/Al ratios of the MCM-41 supports

Catalyst Si/Al Si/Al by XRF

(Si)MCM-41 A01 – 318

(Al)MCM-41 A02 15 12

(Al)MCM-41 A03 30 23
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Si/Al ratio was determined by X-ray fluorescence technique

Philips PW 1404 using the analytical software UniQuant.

2.4 Catalytic Activity Measurements

Refined rapeseed oil (food grade) was used as a starting

material. The distribution of fatty acids in the oil was

determined by gas chromatography and is given in Table 2.

Refinery hydrogen gas with [99% of H2 was used in the

experiments. The main impurities were methane (0.6%) and

nitrogen (0.3%). The experiments were performed in an

electrically-heated fixed-bed reactor of inner diameter equal

to 17 mm. The reactor was loaded prior to the experiments

with 8 g of catalyst diluted by an inert (SiC) to ensure

sufficient catalyst-bed length and to improve the reaction-

heat transfer. A layer of the inert material was placed above

the catalyst bed to preheat rapeseed oil and hydrogen and to

guarantee a good feed flow distribution prior to entering the

catalyst bed. The particle sizes of the catalyst and SiC were

0.1–0.25 mm and \0.1 mm, respectively. In the vertical

axis of the reactor, there was a thermo-well of the outer

diameter equal to 5 mm, in which three adjustable ther-

mocouples, used to determine the reaction temperature,

were placed. The catalysts were activated (sulfided) in situ

prior to the experiments by means of a solution of dimethyl

disulfide (DMDS) in isooctane (5 wt% DMDS) at 320 �C.

The reaction temperature and hydrogen pressure were var-

ied during the experiments in the range of 300–320 �C and

2–11 MPa, respectively. The liquid feed rate was adjusted

in the range of 1–4 h-1. The hydrogen-to-rapeseed oil

molar ratio was kept constant at 50. The liquid and gaseous

products were separated at the reactor outlet in a heated

gas–liquid separator as some of the products are solid at

ambient temperatures.

The liquid products (collected and separated at 80 �C)

were withdrawn after stabilization of reaction conditions

(6 h) in 2-h intervals and analyzed by off-line gas chro-

matography (Shimadzu 2010) after separation of the water

phase. Due to the presence of triglycerides in the products,

on-column injection had to be used. Trikaprin (Fluka,

[99%) was used as an internal standard in order to

quantify the concentration of triglycerides. Moreover, the

reaction intermediates included fatty acids and alcohols

and silylation of reaction products by MSTFA (Acros,

97%) was applied to enhance their volatility and to

improve the shapes of the peaks. The products were sep-

arated on a Restek MTX-Biodiesel TGw/Int-GAP column

(14 m 9 0.53 mm 9 0.16 lm) and detected using a flame

ionization detector (FID). The following temperature pro-

gram was used: initial temperature 50 �C for 3 min, heat-

ing first 11 �C/min to 180 �C, then 5 �C/min to 230 �C,

and finally 15 �C/min to 390 �C with dwelling time of

7 min at 390 �C. The individual products were identified

using GC standards and the identification was further

confirmed by GC-MS analysis (HP 6890). The gas-phase

products were collected once under every reaction condi-

tions and analyzed using a standard three-column GC setup

(Agilent) with flame ionization and thermal conductivity

detectors enabling the detection of both permanent gases

and hydrocarbons at the same time.

3 Results and Discussion

3.1 Catalyst Characterization

X-ray diffraction patterns of all samples provided clear

evidence of the good crystallinity and phase purity of

mesoporous sieves under investigation. MCM-41 materials

before modification (Fig. 1a) exhibit a main peak at 2h–2�
assigned to hexagonal array of parallel mesoporous tubes.

The two lower intensity peaks in the range of 2h = 3–6�
indicate the long range hexagonal ordered pores. The XRD

patterns of MCM-41 modified by oxides MoO3 and CoO

(Fig. 1b) indicate, except A01 material, only one well

distinguished peak at 2h–2�. Moreover, the intensity of this

peak decreases after modification with oxides. In the case

of A01 material, i.e., (Si)MCM-41, peaks in the range of

2h = 3–6� are still evident after thermal spreading with

MoO3 and CoO.

The particle size of the materials after solid state ion-

exchange was determined from SEM images (Fig. 2).

MoO3/CoO/A01 material (Fig. 2a) exhibited size of the

particles about 1–6 lm, MoO3/CoO/A02 material (Fig. 2b)

had size approximately 5 lm and MoO3/CoO/A03 material

(Fig. 2c) about 4 lm. Moreover, the shape of the particles

of materials A02 and A03 with oxides was more oblong.

FTIR spectra of all tested catalysts contain a band at

3,745 cm-1 in the OH regions corresponding to the ter-

minal silanol groups. After adsorption of pyridine, new

bands in the region between 1,650 and 1,400 cm-1

Table 2 Distribution of fatty acids in rapeseed oil (raw material)

Fatty acid (X:Y)a Wt%

Myristic acid (14:0) 0.1

Palmitic acid (16:0) 4.8

Palmitoleic acid (16:1) 0.3

Stearic acid (18:0) 1.9

Oleic acid (18:1) 61.9

Linoleic acid (18:2) 19.8

Linolenic acid (18:3) 9.2

Arachidic acid (20:0) 0.6

Gadoleic acid (20:1) 1.4

a X:Y = carbon number:number of double bonds
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appeared (Fig. 3). Pyridine adsorption resulted in the for-

mation of a new band at 1,455 cm-1 corresponding to the

interaction between pyridine and Lewis acid (this band is

slightly shifted to 1,452 cm-1 for materials modified by

MoO3/CoO). Only a negligible band at 1,550–45 cm-1

attributable to pyridinium ion (PyH?) was found in the

samples. This indicates that practically no acid OH groups

are present in the mesoporous catalysts under investigation.

The band at 1,445 cm-1 was observed only in the case of

parent materials and corresponds to the interaction of

pyridine with silanols [24]. The concentrations of Brønsted

and Lewis acid sites were calculated from integral inten-

sities of individual bands characteristic of pyridine on

Brønsted acid sites and band of pyridine on Lewis acid

sites and molar absorption coefficients [25] of e(B) =

1.67 ± 0.1 cm lmol-1 and e(L) = 2.22 ± 0.1 cm lmol-1,

respectively (Table 3). The parent (Al)MCM-41 support has

a very low concentrations Brønsted and Lewis acid sites

while in (Si)MCM-41 these acid sites are virtually absent.

The concentration of Lewis acid sites, however, increased in

all supports after their modification with MoO3 and CoO.

Hence, the acidity of the catalyst samples can be attributed

to the active phase with only a minor contribution from the

support in the case of (Al)MCM-41.

The nitrogen isotherms obtained for modified catalysts

are shown in Fig. 4. All samples exhibited adsorption

isotherms typical for mesoporous materials. The textural

properties such as surface area, pore volume and pore size

MoO
3
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3
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3
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A03A02A01

In
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ns
ity

2 theta
2 4 6 8 2 4 6 8 2 4 6 8

Fig. 1 X-ray powder

diffraction patterns of parent

MCM-41 materials (A01, A02,

A03) and MoO3/CoO/MCM-41

catalysts, A01 = (Si)MCM-41,

A02, A03 = (Al)MCM-41

Fig. 2 SEM images of MoO3/CoO/MCM-41 catalysts. a MoO3/CoO/A01, b MoO3/CoO/A02, c MoO3/CoO/A03, A01 = (Si)MCM-41, A02,

A03 = (Al)MCM-41
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of the parent and modified materials are summarized in

Table 4. It is clearly seen from Table 4 that after modifi-

cation with oxides the surface area and pore volume

decreased. A negligible decrease can be also observed in

the case of pore size. This can be due to a presence of some

surface roughness in the walls of mesoporous MCM-41

although of lower extent as reported recently for SBA-15

[26, 27].

3.2 Reaction Products and their Analysis

Transformation of rapeseed oil over CoMo-modified cata-

lysts yielded three main product groups—gaseous prod-

ucts, liquid, and solid organic products and water. The

gaseous products consisted of propane, propene (only at

low reaction pressures), methane, carbon monoxide and

carbon dioxide (each in the range 0.05–0.5 vol%). Other

hydrocarbons were present only in trace amounts. The

liquid and solid organic products contained hydrocarbons,

mainly in the range C15–C18, saturated triglycerides, fatty

acids, alcohols, and fatty esters of fatty acids. Hydrocar-

bons consisted predominantly of n-alkanes, only minor

amounts of iso-alkanes and olefins have been found. Short

chain hydrocarbons that would indicate hydrocarbon

cracking reactions have not been detected in the products.

The short chain hydrocarbons present in the gaseous

products, i.e., methane and propane and propylene, are

formed by hydrogenation of carbon oxides and from the

glycerol backbone of triglycerides, respectively. Fatty

acids and alcohols were saturated and their carbon chain

lengths corresponded to those of fatty acids present in tri-

glycerides making up rapeseed oil, i.e., stearic acid, pal-

mitic acid and octadecanol. Significant amounts of esters

formed by esterification of fatty acids, i.e., reaction inter-

mediates, by alcohols, i.e., another reaction intermediates,

were identified in the products by GC/MS. Stearyl-stearate

was identified as the dominant ester.

Even though the triglycerides found in the products were

formed by hydrogenation of double bonds of the original

triglycerides, they were considered, for the purpose of

conversion determination, as raw materials since the main

objective was to describe deoxygenation of triglycerides.

Hydrogenation of double bonds in triglycerides usually

precedes deoxygenation, since olefinic bonds can be satu-

rated already at low temperatures (100–180 �C) over

hydrogenation or hydrotreating catalysts [10], i.e., at tem-

peratures too low for deoxygenation to take place.

3.3 Catalytic Activity of CoMo/MCM-41 Catalysts

Total conversion of triglycerides was obtained at space

velocity 1 h-1 and temperatures 300 and 320 �C (Fig. 5)

for all investigated CoMo/MCM-41 catalysts. The con-

version decreased for all tested catalysts with increasing

space velocity, i.e., with decreasing the contact time and

the reaction temperature (Fig. 5). All CoMo/MCM-41

catalysts exhibited rather similar conversion of triglycer-

ides, nevertheless some consistent differences among the

catalysts were observed at both reaction temperatures at

higher space velocities (2 and 4 h-1). The conversion

increased in the order A01 \ A02 \ A03, i.e., the CoMo

supported on (Si)MCM-41 showed the lowest conversion

of triglycerides and the CoMo supported on (Al)MCM-41

with nominal Si/Al equal to 30 showed the highest activity.

This means that incorporation of Al contributed to an

Table 3 Concentrations of Broensted (BC) and Lewis (LC) acid sites

determined from pyridine adsorption followed by FTIR spectroscopy

MCM-41 MoO3/CoO/MCM-41

cLC (mmol/g) cBC (mmol/g) cLC (mmol/g) cBC (mmol/g)

A01 0.01 – 0.37 –

A02 0.06 0.04 0.29 0.05

A03 0.08 0.03 0.28 0.04
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Fig. 4 Nitrogen adsorption isotherms of MoO3/CoO/MCM-41 mate-

rials. Open square, filled square MoO3/CoO/A01; open triangle, filled
triangle MoO3/CoO/A02; open circle, filled circle MoO3/CoO/A03.

A01 = (Si)MCM-41, A02, A03 = (Al)MCM-41

Table 4 Textural properties of parent materials and after their

modification with MoO3 and CoO

MCM-41 MoO3/CoO/MCM-41

SBET

(m2/g)

V

(cm3/g)

D

(nm)

SBET

(m2/g)

V

(cm3/g)

D

(nm)

A01 920 0.596 3.7 734.0 0.519 3.6

A02 832 0.515 3.7 584.5 0.356 3.3

A03 957 0.618 3.7 653.3 0.413 3.4

V total volume in pores, D pore width (DFT pore size)
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increase in the catalyst acidity, but the change in the con-

version of triglycerides could not be directly correlated

with the increase in the Al content of MCM-41. A com-

parison with textural properties of the catalysts (Table 4)

suggests that, in addition to the positive effect of Al, the

larger pore volume and specific surface area of A03 as

compared with A02 catalyst could plausibly lead to a better

dispersion of the active components and hence a slightly

higher conversion. Moreover, the acidity measurements

suggest that approximately the same amount of Al is

accessible in A02 and A03 catalysts as their acidic prop-

erties are almost identical. It has been reported previously

that with decreasing Si/Al ratio Al atoms are incorporated

not only on the wall surface but also inside the channel

walls and are thus being inaccessible for reactants, e.g., at

Si/Al = 11 only 55% of Al were placed on the MCM-41

surface [28]. The positive effect of Al incorporation is in

agreement with a previous study [21], where lower deox-

ygenation activity of CoMo/(Si)MCM-41 in comparison

with CoMo supported on organized mesoporous alumina

(OMA) has been observed. Moreover, an improvement of

CoMo catalyst activity has been reported for substitution of

ordinary Al2O3 support by OMA [21], i.e., a support with

higher specific surface area.

As triglycerides are rather easily converted over

hydrotreating catalysts both to oxygenated intermediates

(mainly fatty acids, fatty alcohols, and their esters) and

hydrocarbons, i.e., the ultimate deoxygenation products,

the selectivity to these two major product groups is an

important parameter for determination of the overall per-

formance of the catalysts. A comparison of the most and

least active catalysts (A03 and A01, respectively) is given

in Fig. 6 at both reaction temperatures. It can be clearly

seen that with increasing space velocity, i.e., with

decreasing contact time, the selectivity to hydrocarbons

decreases (Fig. 6a) while the selectivity to oxygenated

products increases (Fig. 6b). Hence, the oxygenated prod-

ucts can be in fact described as reaction intermediates. As

the conversion of triglycerides over MCM-41 supported

catalysts is lower than that of mesoporous alumina and

conventional alumina supported ones [21, 29], the con-

centrations of reaction intermediates are substantially

higher and allow thus for a more detailed view on the

deoxygenation mechanism. The differences in selectivity

between the catalysts are more pronounced at higher

reaction temperature, 320 �C (Fig. 6). It can be observed

that the more active catalyst (A03) is also more selective to

hydrocarbons than A01. This conclusion is particularly

valid at space velocities 1 and 2 h-1 at 320 �C, as under

these reaction conditions a practically identical conversion

is obtained over both catalysts (Fig. 5). This further con-

firms that the presence of Al support is beneficial for

improvement of deoxygenation performance of CoMo

catalysts.

As mentioned above, the high selectivity to reaction

intermediates provides a unique possibility for a more

detailed investigation of reaction steps involved in deoxy-

genation of triglycerides. Three major groups of reaction

oxygenated intermediates have been identified in the

reaction product mixtures: fatty acids (mainly stearic acid),

fatty alcohols (mainly stearyl alcohol), and their esters

(mainly stearylstearate). While fatty acids and their esters
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with fatty alcohols could be observed over the whole range

of reaction conditions (Fig. 7), fatty alcohols were present

in concentrations exceeding 1 wt% only at complete con-

version of triglycerides, i.e., at 1 h-1 and 300 and 320 �C,

and were strongly favored over Al-containing catalysts

(Fig. 8). In addition to these major oxygenated components

that have been also reported previously [21], other oxy-

genated compounds have been identified by GC/MS,

namely propylstearate and stearolactone. The presence of

propyl ester of stearic acid is particularly significant, as it

suggests that the triglyceride molecule is attacked at the

oxygen-carbon bonds between the glycerol backbone and

fatty acid chains. Hence, glycerol is not formed during the

process as the corresponding carbon chain is saturated after

releasing the fatty acid and yields a propyl chain (i.e., after

releasing two fatty acid chains) and ultimately propane.

Figure 7 also indicates that there are differences among

the catalysts as formation of fatty acids and their fatty

esters is concerned. In general, the CoMo/(Si)MCM-41

exhibits a higher formation of esters at the expense of fatty

acids formation. The differences are more clearly visible at

300 �C (Fig. 7a, c). The amount of fatty esters is fairly

similar at both reaction temperatures and decreases with

the decreasing contact time (Fig. 7a, b). As it will be

demonstrated below (Fig. 9), fatty esters are secondary

products formed by reaction of fatty acids and fatty alco-

hols. The more flat curves of yields of fatty esters at 320 �C

are the result of fatty esters being deoxygenated to form

hydrocarbons, as witnessed by the increasing selectivity to

hydrocarbons at lower space velocities (Fig. 6). The

peculiar behavior of fatty acids concentration as a function

of space velocity (Fig. 7c, d) is due to the fact that they are

the primary products being consumed to form either fatty

esters or alcohols and ultimately hydrocarbons, i.e., there is

a balance between their rate of formation and their rate of

consumption. While only minor differences among the

catalysts can be seen at 320 �C, there is a significant var-

iation in fatty acids concentrations at 300 �C corresponding

to the differences in overall activity of the catalysts

(Fig. 5).

Fatty alcohols are important reaction intermediates, but

they can be only seldom found among reaction products.

This is apparently a consequence of their high reactivity in

comparison with acids and esters [15]; they are either

dehydrated to form olefins being subsequently hydroge-

nated to produce n-alkanes or they react with the present

fatty acids to form fatty esters. The results indicate that the

formation of fatty esters is a fast reaction, as alcohols can

be found in the products only when the rate of their for-

mation from fatty acids is greater than the sum of their

consumption rates in dehydration (deoxygenation) and

etherification. As it can be seen in Fig. 8, alcohols were

found in the reaction products only at longer contact time

(WHSV = 1 h-1). At shorter contact times, they were

observed only at 320 �C with CoMo/(Al)MCM-41 cata-

lysts (Fig. 8). The data thus support the abovementioned

conclusions.

The experimental data cover a wide range of triglycer-

ides conversions, namely 20–100% (Fig. 9) and they hence

provide a good basis for analysis of the sequence of indi-

vidual reaction steps. Hydrocarbons are clearly the sec-

ondary products, as their concentrations are below 10% up
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to conversions levels of 60–70% (Fig. 9a). Moreover, there

is no difference among the catalysts in total yield of

hydrocarbons. Oxygenated products, on the other hand, can

be clearly seen as primary products (Fig. 9b). A closer look

on the results reveals that from the main oxygenated

products fatty acids are the true primary products, while

alcohols and fatty esters are secondary products (Fig. 9c,

d). The sharp decrease of fatty acids concentrations in

products (Fig. 9d) at high conversion levels is then due to

their consumption in alcohol formation and fatty esters

formation. While there is no apparent difference among the

catalysts when formation of oxygenates is considered,

differences can be found among the individual groups of

oxygenates. The CoMo/(Si)MCM-41 catalyst (A01) can be

observed to yield more fatty esters than the CoMo/

(Al)MCM-41 catalysts (A02 and A03) at comparable

conversions (Fig. 9c).

Generally, it can be concluded that the data provide new

evidence for the previously proposed reaction scheme of

triglycerides conversion into hydrocarbons (Scheme 1) [10,

21]. The initial reaction step is hydrogenation of unsatu-

rated triglycerides, which are the predominant components

in vegetable oils, to saturated ones. This reaction is here,

however, not considered as reaction contributing to con-

version of triglycerides. The saturated triglycerides then

undergo conversion to fatty acids that are subsequently

converted either by hydrodeoxygenation or decarboxyl-

ation. The reaction rate of these reaction steps is strongly

dependent on the reaction pressure, as discussed below. In

the process of hydrodeoxygenation, fatty acids can be

partially hydrogenated to fatty alcohols. Fatty alcohols are

subsequently dehydrated and hydrogenated to yield

hydrocarbons with even number of carbon atoms in mol-

ecule. They can, however, also react with fatty acids to

yield fatty esters that have been also found in the products

(see above). Fatty aldehydes, the other plausible reaction

intermediates, have not been detected. Corresponding to
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the reactions in the liquid phase, water, and gaseous

products are formed. The analyses of gaseous products

confirmed the conclusion drawn and as the data are con-

sistent with the data reported previously [21], they are not

given here.

Reaction pressure is also known to affect the rate of

deoxygenation as well as its selectivity [10, 21, 30]. The

data shown in Fig. 10 clearly demonstrate that at a given

contact time between the feedstock and catalyst the

selectivity to hydrocarbons increases with increasing

hydrogen pressure (Fig. 10a). The effect is more pro-

nounced at longer contact times (see Fig. 10a, pressure 3.5

and 7 MPa at space velocities 1, 2, and 4 h-1). Moreover,

the selectivity to deoxygenation products increases at a

given pressure with a decreasing space velocity, which is in

agreement with conclusions made above. It has been pre-

viously suggested that the fatty acids that are reaction

intermediates of triglycerides transformation can undergo

either decarboxylation or hydrodeoxygenation to yield

hydrocarbons [9, 21, 29]. As the products of these two

parallel reactions have different number of carbon atoms in

molecule (it is an odd carbon number in the case of

decarboxylation and an even carbon number in the case of

hydrodeoxygenation), the composition of the hydrocarbon

mixtures can be used as a tool for describing the changes in

the reaction pathway. Since a majority (ca. 90%) of the
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fatty acid chains of triglycerides in rapeseed oil has 18

carbon atoms, the ratio of C18/C17 has been used as a

measure of quantification of changes in the final deoxy-

genation pathway. A strong dependence on reaction pres-

sure is again obvious from Fig. 10b. For a given contact

time, the ratio C18/C17 increases substantially with hydro-

gen pressure, i.e., the hydrodeoxygenation pathway is

preferred to the decarboxylation pathway. Only at low

hydrogen pressure, e.g., 2.3 MPa, decarboxylation is the

main reaction-ratio C18/C17 \ 1 (Fig. 10b). It is interesting

to observe that at constant hydrogen pressure the ratio

C18/C17 decreases with increasing space velocity, i.e., with

shorter contact time. The plausible explanation is the for-

mation fatty esters. The esters are formed by reaction of a

fatty alcohol with a fatty acid and while the fatty acid can

undergo either decarboxylation or hydrodeoxygenation,

the fatty alcohol can undergo only hydrodeoxygenation

(dehydration). Hence, the selectivity to hydrocarbons with

even carbon number is higher in the case of fatty esters

than in the case of fatty acids. Since the fatty esters are

secondary products, their subsequent transformation to

hydrocarbons is favored by longer contact times as it can

be seen from the changes in C18/C17 ratio (Fig. 10b).

4 Conclusions

Hydrodeoxygenation catalysts were prepared by modifica-

tion of synthesized MCM-41 catalyst supports having dif-

ferent Si/Al ratio with molybdenum and cobalt and their

performance in deoxygenation of rapeseed oil was investi-

gated. These catalysts are significantly less active in com-

plete deoxygenation of triglycerides into hydrocarbons than

alumina catalysts. This difference can be attributed to dif-

ferences in interactions between the support and active phase

(CoMo) due to different composition of supports (Si versus

Al). A partial improvement of catalyst performance has been

achieved when Al was incorporated in the MCM-41 support.

Reaction temperature and pressure determine the selec-

tivity not only to hydrocarbons and oxygenated products

but also within these product groups. An increase in

hydrogen pressure favors strongly hydrodeoxygenation

over decarboxylation. Incorporation of aluminium into the

framework of MCM-41 as well as higher reaction tem-

perature results in better selectivity to hydrocarbons.

Interestingly, MCM-41 without aluminium, i.e., CoMo/

(Si)MCM-41, promotes, in comparison with CoMo/

(Al)MCM-41 catalysts, the formation of fatty esters at the

expense of formation of fatty acids. The effect of the

support composition on the reaction pathway has not been,

however, fully clarified yet. Hence further research is

needed to understand fully the influence of the catalyst-

related properties (support type and its properties, active

phase type and its properties, active-phase-support inter-

actions) on the product distribution.
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26. Zukal A, Šiklová H, Čejka J (2008) Langmuir 24:9837

27. Gommes CJ, Friedrich H, Wolters M, de Jongh PE, de Jong KP

(2009) Chem Mater 21:1311
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155

178 Top Catal (2010) 53:168–178

123

ART - 20 11/11

http://www.nesteoil.com/default.asp?path=1,41,539,7516,7522
http://www.nesteoil.com/default.asp?path=1,41,539,7516,7522
http://www.nesteoil.com/default.asp?path=1,41,539,7516,7522
http://www.nesteoil.com/default.asp?path=1,41,539,7516,7522
http://www.conocophillips.com/Tech/emerging/index.htm
http://www.conocophillips.com/Tech/emerging/index.htm
http://www.conocophillips.com/Tech/emerging/index.htm
http://www.conocophillips.com/Tech/emerging/index.htm
http://www2.petrobras.com.br/tecnologia/ing/hbio.asp
http://www2.petrobras.com.br/tecnologia/ing/hbio.asp


H
a

Ja
Re

h

�

�

�

�

a

Ar
Re
Re
Ac
Av

Ke
D
Tr
Ef
Ef

1

d
ti
ac
th
[1
th

00
ht

⇑

Fuel 121 (2014) 57–64
Contents lists available at ScienceDirect

Fuel

journal homepage: www.elsevier .com/locate / fuel
DO catalysts for triglycerides conversion into pyrolysis
nd isomerization feedstock
a

T
w
al
co
w
re
o
se
Si

o
m
ev
su
lu
u
h

d
lo
ve
p

16-2361/$ - see front matter � 2013 Elsevier Ltd. All rights reserved.
tp://dx.doi.org/10.1016/j.fuel.2013.12.014

Corresponding author. Tel.: +420 476163735; fax: +420 476768476.
E-mail address: jan.horacek@vuanch.cz (J. Horáček).
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NiMo is the most active composition
for deoxygenation.
Co promotes hydrodeoxygenation
over decarboxylation.
Hydrotalcite support favors
hydrodeoxygenation.
Si-SBA-15 is significantly more active
than ordinary silica support.
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b s t r a c t

he effects of promoters, active metals and catalyst support material on deoxygenation of rapeseed oil
ere investigated. At 250 and 270 �C and various flow rates (W/F = 0.25, 0.50, 1.00 h), Ni-promoted cat-
ysts were found more active than Co-promoted ones. NiMo catalyst was found as the most active metal
mbination, while CoW was the least active one. High selectivity for hydrodeoxygenation reaction path-
ay (total hydrogenation) was observed for CoMo type catalysts. Co addition into NiMo type catalyst
sulted in conversion decrease, nevertheless selectivity was not affected. From the support-type point

f view, alumina-supported NiMo was identified as the most active. SBA-15 support modified the product
lectivity to increased formation of the hydrodeoxygenation products in comparison with the ordinary
O2 support.

� 2013 Elsevier Ltd. All rights reserved.
. Introduction

The sustainable utilization of renewable feedstocks for the pro-
uction of fuels and chemicals is one of the great challenges of our
me. Heterogeneous catalysis offers various possibilities to
hieve the transformation of biomass-derived feedstocks into
e desired products in an energy and raw material efficient way
,2]. Triglycerides belong to biomass-related feedstocks that are
e easiest to convert into fuels [3,4]. The traditional way relies
n their transesterification with methanol yielding into fatty acids
ethyl esters (FAME) that are used as a diesel fuel component or
en neat diesel fuel [3]. However, there are several deficiencies,
ch as lower thermal and chemical stability or lower heating va-
e in comparison with petroleum-derived diesel fuel that limit the

sage of FAME [3]. As a result alternative conversion pathways
ave been looked for in the past decade or so [3–13].

Deoxygenation of triglycerides by their hydrogenation has been
emonstrated as an efficient way of their utilization [14,15]. It al-
ws also processing of lower quality oils and fats that can be con-
rted to FAME only with difficulties. In fact, hydrogenation-based

rocesses using HDS and hydrotreating catalysts were already

http://crossmark.crossref.org/dialog/?doi=10.1016/j.fuel.2013.12.014&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fuel.2013.12.014&domain=pdf
http://dx.doi.org/10.1016/j.fuel.2013.12.014
http://dx.doi.org/10.1016/j.fuel.2013.12.014
mailto:jan.horacek@vuanch.cz
mailto:jan.horacek@vuanch.cz
http://dx.doi.org/10.1016/j.fuel.2013.12.014
http://dx.doi.org/10.1016/j.fuel.2013.12.014
http://www.sciencedirect.com/science/journal/00162361
http://www.sciencedirect.com/science/journal/00162361
http://www.elsevier.com/locate/fuel
http://www.elsevier.com/locate/fuel
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applied industrially for the conversion of non-food quality oils and
fats into fuels and petrochemicals (NExBTL, Ecofining, Bio-synfin-
ing, Agtane/Supercetane). Typical product of simple deoxygenation
is mixture of n-alkanes [8]. The reaction mechanism consists of
two reaction pathways: (i) hydrodeoxygenation (HDO) producing
even-numbered hydrocarbon chains and (ii) (hydro)decarboxyl-
ation (DC) yielding odd-numbered hydrocarbon chains [8]. The
reaction mechanism is depicted in Fig. 1. The other products of
deoxygenation include propane, water, carbon dioxide and its
hydrogenation products: carbon monoxide and methane [8].

Potential utilizations of n-alkanes formed by triglyceride hydro-
deoxygenation are steam cracking (ethylene and propylene pro-
duction) [16] and diesel fuel production [6,7,11,13,17–19]. Steam
cracking of linear hydrocarbon chains typically produces excellent
yields of ethylene (about 40 wt.%) and propylene (17–18 wt.%)
[16]. Direct utilization of deoxygenation products as diesel fuel is
limited by their high melting points and thus unsuitable cold-flow
properties [17–19].

The economic viability of the production of hydrocarbons from
triglycerides is determined apart from the price of the feedstock by
the hydrogen consumption, which depends strongly on the reac-
tion pathway (Fig. 1). As both pathways (HDO and DC) take place
over sulfided catalysts, it is important to control the extent of
HDO and DC reactions during deoxygenation. This work is focused
on the elucidation of the effect of promoters (Ni or Co), active
phase metals (Mo or W) as well as the support materials (alumina,
silica, titania, SBA-15 and hydrotalcite) on the activity and selectiv-
ity of the catalysts in deoxygenation of rapeseed oil.
2. Experimental

2.1. Catalysts

A series of deoxygenation metal-sulfide-based catalysts using
different supports and active components were prepared to inves-
tigate the role of the support material and active components on
the catalytic deoxygenation of triglycerides. The studied supports
included commercially available supports – alumina (Sasol), silica
(Cherox) and titania (Cherox) – as well as an in-house synthesized
support – mesoporous silica with the SBA-15 structure. The active
phase of the catalysts consisted of molybdenum or tungsten sul-
fides promoted by nickel or cobalt sulfides. In addition to bimetal-
lic catalysts, tri-metallic catalysts were studied as well.

The bimetallic catalysts were denoted as follows: PA/S where P
stands for the promoter (Ni or Co), A for the active phase (Mo or W)
and S for the support (Al2O3, TiO2, SiO2, SBA-15). Similarly, the tri-
metallic catalysts were denoted as PRA/S where P and R stand for
CH2-O-CO-C17H33

CH-O-CO-C17H33

CH2-O-CO-C17H33

CH2-O-CO-C17H35

CH-O-CO-C17H35

CH2-O-CO-C17H35

+3 H2

- C
3

Hydrodeoxygena

(HDO)

(Hydro)Decarboxyl

(DC)

Fig. 1. Reaction scheme of tr
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the promoter and A for the active phase. The composition of the
prepared catalysts and their basic characteristics are summarized
in Table 1.

Two or three step (according to number of loaded metals) incip-
ient wetness impregnation was used to introduce the metal oxides
on the support. The metal oxides were loaded in the following se-
quence: MoO3 or WO3 followed by NiO or CoO. In the case of cat-
alysts with both NiO and CoO, NiO was introduced prior to CoO.
Nickel nitrate hexahydrate (Sigma Aldrich), cobalt chloride (Sigma
Aldrich), ammonium molybdate (Sigma Aldrich) and, ammonium
metatungstate (Sigma Aldrich) were used as the precursors of the
respective supported metal oxides/sulfides. Precursors were
loaded to obtain 4 wt.% of the promoter (Ni or Co) and 15 wt.% of
the active phase metal (Mo or W) in the final catalyst. Every
impregnation step was followed by calcination at 550 �C. Mesopor-
ous silica was prepared using SBA-15 preparative method de-
scribed in [20]. The other supports were commercially produced
supports.

2.2. Catalyst testing

Catalytic tests were performed in stainless steel tubular reactor
with internal diameter of 17 mm. Reactor was equipped by a three-
zone electric furnace and integrated thermo-well for thermocouple
insertion Fig. 2. The experiments were carried out at temperatures
250 and 270 �C and overall pressure 5 MPa. F/W ratios, i.e. space
velocities tested were 1, 2, 4 h�1 (F = mass flow rate (g/h);
W = amount of oxide form catalyst (g)). The reaction products were
collected in a heated gas–liquid separator and sampled in defined
times on stream (see below).

Before each test, the reactor was loaded with 5 g of fractionated
catalyst (particle size 0.25–0.50 mm). Catalysts were mixed with
fine inert (SiC, particle size 0.1 mm) in volume ratios 1–5:1 (SiC:
catalyst) to enable better removal of released reaction heat and thus
better temperature control along the catalyst bed. Catalyst
activation/sulfiding was carried out using 5 vol.% dimethyldisulfide
(DMDS) solution in isooctane in presence of hydrogen at tempera-
tures up to 340 �C and pressure 5.1 MPa. After activation, the feed-
stock was exchanged and rapeseed oil (food quality) containing
0.3 wt.% of DMDS was pumped into the reactor. DMDS addition into
the vegetable oil is needed to protect the sulfided active sites from
desulfiding and losing activity. The amount of DMDS was selected
based on a previous work [21] and additional experiments using
gradually decreasing amount of DMDS in feedstock (rapeseed oil)
in which the minimum addition of DMDS that ensured a stable con-
version of triglycerides was determined. Sulfur presence in the
reaction mixture and the gas phase inside reactor, respectively sta-
bilizes the hypothetical surface sites equilibria [22]. The constant
3 C17H35COOH

3 C18H38

3 C17H36

+ 3 H2

- C3H8

+ 3 H
2H

8 , -3 CO
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, -6
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O
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- 3 H2O
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Table 1
The basic catalyst characterization.

Catalyst type Metal content (wt.%) (XRF) Support surface area (m2/g)

Co Ni W Mo

NiMo/Al2O3 0.0 3.9 0.0 16.3 198
NiW/Al2O3 0.0 3.7 15.4 0.0
CoMo/Al2O3 3.9 0.0 0.0 13.2
CoW/Al2O3 3.7 0.0 15.9 0.0
NiMo/SiO2 0.0 3.3 0.0 11.9 57
NiMo/TiO2 0.0 3.0 0.0 15.5 109
NiMo/SBA-15 0.0 3.7 0.0 9.7 650
NiMo/HTC 0.0 4.0 0.0 15.4 171
NiCoMo/Al2O3 3.7 3.7 0.0 13.8 198
CoNiW/Al2O3 3.6 3.6 15.5 0.0 198

Ta
Te

80°C

H2/N2

TIR 1

TIR 2

TIR 1

TIRC 1

TIRC 2

TIRC 1

FIRC

FEED

25°C

PIRC

Outlet gas

S1

S2

th
e

rm
o

c
o

u
p

le
s

g/l

S1 - sampling position "behind" reactor

S2 - sample collector (400 ml), heated

g/l - gas/liquid separator, cooled

Reactor No. 40

Fig. 2. Scheme of the reactor used in the deoxygenation experiments.

J. Horáček et al. / Fuel 121 (2014) 57–64 59
lfur content in the active phase results in a more stable catalytic
stem and reduces catalyst deactivation [21]. The reactor was
oled down to the reaction temperature from the activation tem-
rature in presence of the feedstock. The collected liquid phase
mples were separated into organic and aqueous phase. The or-
nic phase was analyzed as described previously [21]. In brief,
e composition of the organic phase was determined by on-col-

n gas chromatography using an Agilent 7890 A instrumentation
d ‘‘Select Biodiesel for Glycerides’’ column with a retention gap.
e temperature profile is described below in Table 2. Helium was
ed as carrier gas with inlet pressure of 15 kPa.
The description of the catalytic results is based on conversion of

iglycerides and selectivity to hydrocarbons. The conversion is de-
ed as the difference between the amount of triglycerides enter-

g and exiting the reactor divided by the amount of triglycerides
tering the reactor. It follows that hydrogenation of the original
th
th
pl
st
A
fo
of
m
do

ble 2
mperature program of the GC analysis method.

Rate (�C/min) Set point (�C) Hold time (min)

– 50 1.00
5 120 0.00
15 230 0.00
10 395 1.67

ART - 21
peseed oil triglycerides to saturated ones is not considered as
nversion here. The selectivity to C17 and C18 hydrocarbons is de-
ed as the amount of n-heptadecane and n-octadecane, respec-

vely, formed per the amount of converted (consumed)
iglycerides.

Results and discussion

1. Catalytic test optimization

Deoxygenation of triglycerides was performed in a wide range
conversions by varying the reaction conditions (temperature

d feed rate). Consequently, the time needed to achieve steady
ate operation varies significantly as well. The reaction conditions
d the sampling of the reaction products thus had to be optimized
ensure reproducible results of the catalytic tests obtained under
e steady state conditions while minimizing the overall length of
e catalytic test. To achieve this, a preliminary test with 1 h sam-
ing interval was carried out to establish the time needed for the
abilization of the reactor after changing the reaction conditions.
commercial NiMo/Al2O3 catalyst was used as a model catalyst
r the optimization. Based on the experimental data (conversion
triglycerides, yield of hydrocarbons) depicted in Fig. 3, the opti-

um duration of each of the reaction conditions and the time win-
w for sampling under the steady state conditions was
3/8
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determined. Finally, the overall time on stream was optimized to
108 h.

3.2. The effect of active metals and promoters on the course of the
deoxygenation

The catalysts were prepared using the same preparation meth-
od to compare the catalytic role of the active metals and precursors
at defined reaction conditions and to find the effect of the various
catalyst support materials on the activity and selectivity of the
catalysts.

3.2.1. Bimetallic catalysts

The direct comparison of the promoters, i.e. Ni and Co, in the
bimetallic combinations (NiMo, CoMo, NiW and CoW) showed a
higher promoting effect of nickel in comparison with cobalt. The
highest conversions (extent of deoxygenation) and hydrocarbons
yields at 250 and 270 �C were obtained over NiMo/alumina fol-
lowed by NiW/alumina catalyst. A significantly lower conversion
was observed over CoMo/alumina and CoW/alumina catalyst.
While the conversion and more importantly deoxygenation of tri-
glycerides over the CoMo/alumina catalyst could be increased to
the values observed for the Ni-promoted catalysts by increasing
the reaction temperature and contact time, the deoxygenation of
triglycerides over CoW/alumina remained low (<40%) even at
270 �C (Fig. 4).

Apart from the clear effect of promoters one can also observe dif-
ferences in the function of the active metals. When comparing the
ART - 21
active phase metals (Mo and W), tungsten was found to be active
in triglyceride structure decomposition, but its activity for deoxy-
genation was lower than that of molybdenum, e.g. at approximately
85% conversion level the yield of hydrocarbons was nearly 60% over
NiMo/alumina, but only slightly over 20% over NiW/alumina
(Fig. 4). This behavior resulted in enhanced formation of fatty
carboxylic acids and fatty esters over the tungsten-based catalyst
(not shown). Although almost complete rapeseed oil conversion
was observed over CoW/alumina, it can be described as inactive
due its low deoxygenation activity and consequently low hydrocar-
bons formation. For instance, the yield of hydrocarbons was below
20% over CoW/alumina at the conversion of triglycerides >95%
(Fig. 4).

Although lower yields of hydrocarbons were obtained over the
Co-promoted catalyst, the promoting effect of cobalt is still very
interesting from the selectivity point of view. Hydrodeoxygenation
is preferred over all tested catalysts (Fig. 5, C18/C17 > 1), but Co as a
promoter induced important selectivity changes leading to the
dominant formation of hydrodeoxygenation (HDO) products
(Fig. 5, C18/C17 > 20). This behavior can be attributed to the fact
that nickel is promoting C–C bond cleavage in carboxylic acids,
specifically splitting off the carboxylic group and releasing CO2,
i.e. decarboxylation. The selectivity to hydrocarbon products is
important for several reasons, like hydrogen consumption, catalyst
deactivation and byproduct formation. Decarboxylation is directly
connected with the shortening of the hydrocarbon chains of hydro-
carbons and decreasing thus the hydrocarbons yields (in compari-
son with the hydrodeoxygenation pathway). Carbon dioxide
produced by decarboxylation is being typically partially reduced
4/8
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to CO that is responsible for catalyst activity inhibition. Except
talyst inhibition (by CO), decarboxylation reaction pathway also
ART - 21
pidly increases hydrogen consumption due to the complete
duction of CO2 into methane and water.
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3.2.2. Tri-metallic catalysts

The effect of both promoters on the alumina-supported Mo and
W catalysts was investigated as well. The comparison of these tri-
metallic catalysts (NiCoMo/alumina and NiCoW/alumina) is de-
picted in Fig. 6. The addition of Ni into the inactive CoW/alumina
type (see Fig. 6) resulted in a conversion increase at both reaction
temperatures and promoted deoxygenation reactions and hydro-
carbons formation respectively. As depicted in Fig. 6 A CoNiMo/
alumina catalyst is very sensitive to the change in the reaction
temperature. It is caused by the Co presence which results in the
activity increase in comparison with NiMo/alumina catalyst and
significant selectivity changes (Fig. 7). It can be inferred that Co
as a promoter requires higher reaction temperature in comparison
with Ni. This conclusion is in good agreement with results obtained
from comparison of bimetallic catalysts (Fig. 4 A and B).
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Fig. 7. Product selectivities over tri-metallic catalysts; the effect of reaction
conditions on the hydrodeoxygenation/decarboxylation products ratio (C18/C17).
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3.3. Role of catalyst support

Five catalyst supports (alumina, titania, silica, SBA-15 and
hydrotalcite) were compared to study their role in triglycerides
deoxygenation. For all the materials, NiMo bimetallic combination
was applied and the same nominal loadings of promoter and active
metal (3 wt.% Ni and 15 wt.% Mo, respectively) were used.

At temperatures 250 and 270 �C, alumina and SBA-15 were
found to be very good supports for NiMo catalyst. Rapeseed oil
was completely deoxygenated at the contact time of 1 h (Fig. 8)
when catalysts supported on alumina and highly porous silica
was used. Moreover, over alumina supported catalyst complete
oil deoxygenation was achieved in 30 min at 270 �C (Fig. 8B). Silica
and titania together with hydrotalcite were not found as good
choice for the low temperature conversion of triglycerides into
hydrocarbons. Based on previous experience [23], temperature in-
crease promotes catalytic activity of these materials and behavior
of catalyst might even be better than in case of alumina-based
type. Hydrotalcite supported NiMo was found little less active at
250 �C than silica and titania, but the increase of reaction temper-
ature by 20 �C promoted its activity more, than in the case of silica-
and titania-based NiMo catalysts. In Fig. 8, the promoting effect of
the support specific surface area is clearly depicted, the increase of
the specific surface area from approximately 57 m2/g (Silica,
Cherox) to 650 m2/g (SBA-15) results in higher deoxygenation de-
gree. This effect can be attributed to the plausibly better dispersion
of the active sulfide phase on the support surface as the active-
phase-support interactions can be expected to be very similar
due to the similar chemical nature of both supports. In addition
to SBA-15, the hydrodeoxygenation reaction mechanism is pro-
moted over the hydrotalcite support as well. The increased selec-
tivity for decarboxylation (Fig. 9) in the case of silica and titania
supports is in good agreement with previous work [23]. The selec-
tivity of NiMo/SBA-15 for HDO reaction mechanism can be attrib-
0

20

40

60

80

100

0.0 0.2 0.4 0.6 0.8 1.0 1.2

W/F [h]

0

20

40

60

80

100

0 10 20 30 40 50 60 70 80 90 100

Conversion [wt. %]

D
e

o
x

y
g

e
n

a
ti

o
n

 a
t 

2
7

0
°
C

 [
w

t.
%

]
H

y
d

r
o

c
a

r
b

o
n

s
 y

ie
ld

 a
t 

2
7

0
°
C

 [
w

t.
%

]

B

D

ilica) loaded with NiMo; the comparison of the deoxygenation extent as a function of
ycerides conversion.

6/8



u
in
y
h
(s
th
(s

4

co
2
at
w
C
in
ti
b
[2
1
in
h
an
te
in

A

P
G
0

R

[

[

[

0

5

10

15

0.0 0.2 0.4 0.6 0.8 1.0 1.2

W/F [h]

0

5

10

15

0.0 0.2 0.4 0.6 0.8 1.0 1.2

W/F [h]

0

5

10

15

0 20 40 60 80 100

Deoxygenation [%]

0

5

10

15

0 20 40 60 80 100

Deoxygenation [%]

A B

C D

C
1
8
/C

1
7
 a

t 
2

5
0

°
C

 [
w

t.
%

 /
 w

t.
%

]

C
1
8
/C

1
7
 a

t 
2
7

0
°
C

 [
w

t.
%

 /
 w

t.
%

]

C
1
8
/C

1
7
 a

t 
2

5
0

°
C

 [
w

t.
%

 /
 w

t.
%

]

C
1
8
/C

1
7
 a

t 
2

7
0

°
C

 [
w

t.
%

 /
 w

t.
%

]

Fig. 9. Comparison of reaction pathways based on the hydrodeoxygenation/decarboxylation products ratio (C18/C17) for various support materials presented as a function of
residence time, W/F (h) (A and B) and extent of deoxygenation (C and D).
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ted to its high specific surface area, organized structure improv-
g transport parameters avoiding C–C bond cleavage of decarbox-

lation. Increased selectivity to hydrodeoxygenation of
ydrotalcite-based NiMo catalysts is given by its typical basicity
pecific for this type of materials) that results in lower acidity of
e catalyst and thus to the reduced C–C bond cleavage activity
ee Fig. 9).
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. Conclusions

Alumina-supported NiMo bimetallic promoter-active metal
mbination was found as most active catalyst type at 250 and

70 �C. Co presence in the catalyst strongly affected the deoxygen-
ion mechanism; it was found that promoting effect of Co starts to
ork at higher temperatures in comparison with Ni as promoter.

oW was identified as the least active metal combination at the
vestigated reaction conditions. The lower activity of silica- and
tania-supported catalysts and their higher selectivity to decar-
oxylation pathway are in good agreement with previous work
3]. The high specific surface of an in-laboratory-prepared SBA-

5 support resulted in significantly higher deoxygenation degrees
comparison with silica- and titania-supported catalysts. The

ydrotalcite-based NiMo catalyst was little less active than silica-
d titania-based types at 250 �C, but the increase of the reaction
mperature resulted in a more pronounced activity increase than
the case of silica- and titania-supported NiMo.
[1

[1
[1

[1
cknowledgements

The financial support by the Czech Science Foundation – project
106/12/G015 – is highly acknowledged. The project (P106/12/
015) is being carried out in the UniCRE centre (CZ.1.05/2.1.00/
3.0071) using its research infrastructure.
ART - 21
eferences

1] Huber G, Iborra S. Corma, synthesis of transportation fuels from biomass:
chemistry, catalysts, and engineering. A. Chem. Rev. 2006;106(9):4044–98.
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6] Kubička D, Lederer J, Bělohlav Z. Catalytic transformation of triglycerides in

refineries – a promising route to clean fuels and feedstocks for petrochemicals.
Oil Gas Eur Mag 2009;35:40–3.
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Deoxygenation of vegetable oils over sulfided Ni, Mo and NiMo catalysts
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1. Introduction

Sustainable production of biofuels is an important scientific
challenge with a potential to tackle, at least partially, the
environmental problems resulting from the extensive use of fossil
fuels [1–3]. Hence, a lot of attention is paid to research and
development of advanced biofuel technologies – so-called 2nd
generation biofuels. The main characteristics of 2nd generation
biofuels are: (i) higher greenhouse gas (GHG) emission reduction
in the complete life cycle in comparison with current biofuels and
(ii) non-food biomass raw materials [4].

Common vegetable oils consist of triglycerides that have bound
in their molecules fatty acids with 14 to 22 carbon atoms in their
chain. Due to a rather low degree of functionalization and its
simplicity (the carboxylic group is the only functional group
present in triglycerides) as compared with other types of biomass-
based raw materials and suitable chain length, direct upgrading of
triglycerides into hydrocarbons has been patented by several
companies [5–8] and already commercially demonstrated by Neste
Oil [9]. Moreover, several environmental advantages of direct
transformation of triglycerides to hydrocarbons over their con-

version to fatty acid methyl esters, known also as biodiesel, have
been reported [10,11].

Refined vegetable oils require the removal of oxygen, the sole
heteroatom present, to obtain hydrocarbons. Due to the nature of
oxygen bonding in triglycerides, there are two possible deox-
ygenation approaches: (i) hydrodeoxygenation and (ii) decarbox-
ylation. In the first approach, oxygen is removed in the form of
water while in the latter one it is removed as CO2 [3,12]. Hence
suitable probe molecules are either fatty acids or their esters,
including triglycerides.

Investigations of conventional hydrodesulfurization catalysts,
such as CoMo, NiMo, NiW supported on alumina, have revealed
that complete conversion of triglycerides can be achieved over
these catalysts [10–15]. Moreover, the studies have shown that
both reaction pathways, i.e. hydrodeoxygenation and decarbox-
ylation, are responsible for hydrocarbons formation. The extent of
the pathways depended on the catalyst choice and reaction
conditions [3,12–14]. The effect of reaction parameters, namely
temperature and pressure, has been recently described by a basic
thermodynamic model [16]. It has confirmed the experimental
observations showing that higher hydrogen pressure and lower
reaction temperature favour the hydrodeoxygenation pathway
over the decarboxylation one. In comparison with hydrodeox-
ygenation pathway decarboxylation offers the advantage of lower
hydrogen consumption. Thus, decarboxylation of fatty acids and
their methyl esters has been studied extensively over Pd/C [17–21]
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and Pt/Al2O3 [22] catalysts, which have shown quite selective
propensity to formation of hydrocarbons and carbon oxides. It is,
however, essential to avoid subsequent reactions of CO2 that
consume hydrogen, such as methanization, otherwise the
increased hydrogen consumption together with the decreased
diesel yield will make this route less attractive than hydrodeox-
ygenation [12].

In addition to studies using neat vegetable oils or probe
molecules such as fatty acids or their methyl esters, attention has
been paid to co-processing of vegetable oils with crude-oil-derived
fractions and detailed characterization of the products [15,23–25].
The advantages of the co-processing would be lower investments
and use of already existing infrastructure. However, due to the
stringent limits for diesel fuel quality and the need to isomerize the
obtained hydrocarbons owing to their poor cold-flow properties,
the separate processing of vegetable oils followed by blending of
the products seems to be preferred by the refiners [7–11]. The
possible negative impact of co-processing on the diesel fuel quality
is due to mutual inhibition effects. Not only the rate of
deoxygenation is affected by presence of other heteroatoms, e.g.

inhibition of deoxygenation has been reported when the feed
contained both S- and O-containing compounds [26], desulfuriza-
tion can be inhibited by O-containing compounds as well [27].

It is obvious that sulfided hydrotreating catalysts are suitable
candidates for deoxygenation of triglycerides. Nevertheless,
relatively little is known about their activity and the activity of
their individual active components. The present work is, therefore,
focused on investigation of the activity and selectivity of sulfided
Ni/Al2O3, Mo/Al2O3 and NiMo/Al2O3 and aims at description of the
differences among their catalytic functions. Such knowledge is
essential for further optimization of hydrotreating catalysts to
become efficient deoxygenation catalysts. Moreover, the presented
results make it possible to shed light on the effect of the individual
active components, i.e. Ni and Mo sulfide phases, on the
deoxygenation pathways of triglyceride deoxygenation.

2. Experimental

2.1. Catalyst preparation and characterization

The support Al2O3 (Eurosupport Manufacturing Czechia), was
crushed and sieved to a 0.25–0.50 mm particle size fraction. The
catalysts were prepared by conventional impregnation of the
support grain using an aqueous solution of (NH4)6Mo7O24 and
Ni(NO3)2 (Purum, Lachema, the Czech Republic). The support was
mixed with the impregnation solution and after stirring for 1 h it
was dried in a rotary vacuum evaporator and calcined in an air
stream at 400 8C for 1 h. The loadings of MoO3 and NiO in the
monometallic catalysts were 21.8 and 12.7 wt.%, respectively,
which represent 3.4 atoms of Mo or Ni per nm2. The catalysts were
labelled Mo/Al2O3 and Ni/Al2O3.

The Mo/Al2O3 catalyst was also used in preparation of
bimetallic NiMo catalysts. It was mixed with an appropriate
amount of Ni(NO3)2 solution to achieve the required atomic ratio
Ni/(Ni + Mo) and after stirring for 1 h it was dried in a rotary
vacuum evaporator. The solid was calcined at 400 8C for 1 h in a
fixed-bed reactor in an air stream. Three bimetallic catalysts with
the atomic ratio Ni/(Ni + Mo) equal to 0.2, 0.3 and 0.4 were
prepared by this procedure. The bimetallic catalysts were named
as follows: 0.3NiMo/Al2O3, for instance, is the NiMo sample having
the atomic ratio of Ni/(Ni + Mo) equal to 0.3.

N2 adsorption–desorption isotherms were measured using a
Micromeritics ASAP 2010 M instrument over samples evacuated at
350 8C for 4 h. Specific surface area (SBET) was determined by the
common Brunauer, Emmett and Teller (BET) procedure. The specific
surface area of the mesopores (SM) and the volume of the micropores

(VMicro), were determined by the t-plot method. The total pore
volume (VTotal) was calculated from the volume of N2 adsorbed at the
relative pressure p/p0 0.97. Pore size distribution was calculated
from the desorption branch of the adsorption–desorption isotherms
by the Barrett–Joyner–Halenda (BJH) method. All textural para-
meters were normalized also per gram of support.

2.2. Catalytic activity measurements

Refined rapeseed oil (food grade) with the following mass
distribution of fatty acids was used as a starting material: palmitic
acid: 4.8%, stearic acid: 1.9%, oleic acid: 61.9%, linoleic acid: 19.8%
and linolenic acid: 9.2% [15]. The content of metals and other
heteroatoms in refined rapeseed oil was low (S: 7 mg kg�1; N:
15 mg kg�1, P: <1 mg kg�1; Na: <1 mg kg�1; K: <1 mg kg�1; Ca:
2 mg kg�1; Mg: 3 mg kg�1) [24]. Refinery hydrogen gas with >99%
of H2 was used in the experiments. The main impurities were
methane (0.6%) and nitrogen (0.3%). The experiments were
performed in an electrically heated fixed-bed reactor of inner
diameter equal to 17 mm. The reactor was loaded prior to the
experiments with catalyst diluted by an inert (SiC) to ensure
sufficient catalyst-bed length and to improve the reaction-heat
transfer. A layer of the inert material was placed above the catalyst
bed to preheat rapeseed oil and hydrogen and to guarantee a good
feed flow distribution prior to entering the catalyst bed. The
particle sizes of the catalyst and SiC were 0.25–0.5 mm and
<0.1 mm, respectively. In the vertical axis of the reactor, there was
a thermo-well of the outer diameter equal to 5 mm, in which three
adjustable thermocouples, used to determine the reaction
temperature, were placed. The catalysts were activated (sulfided)
in situ prior to the experiments by means of a mixture of dimethyl
disulfide (DMDS) in isooctane (5 wt.% DMDS) at 320 8C. The
reaction temperature was varied during the experiments in the
range of 260–280 8C. The contact time of the liquid feed with the
catalyst (V/F) was varied in the range of 0.25–4 h by varying the
catalyst mass (V) and rapeseed oil feed rate (F) within the range
10–16 g and 4–40 g h�1, respectively. The hydrogen-to-rapeseed-
oil molar ratio and hydrogen pressure were constant at 50 and
3.5 MPa, respectively. The approximate apparent bulk densities of
the NiMo, Mo and Ni catalysts were 0.80, 0.84 and 0.76 g/cm3; the
density of rapeseed oil at 15 8C was 0.92 g/cm3. The liquid and
gaseous products were separated at the reactor outlet in a heated
gas–liquid separator as some of the products are solid at ambient
temperatures.

The liquid products (collected and separated at 80 8C) were
withdrawn after stabilization of reaction conditions (6 h) in two-
hour intervals and analyzed by off-line gas chromatography after
separation of the water phase. Due to the presence of triglycerides
in the products, on-column injection had to be used. Trikaprin
(Fluka,>99%) was used as an internal standard in order to quantify
the concentration of triglycerides. Moreover, the reaction inter-
mediates included fatty acids and alcohols and silylation of
reaction products by MSTFA (Acros, 97%) was applied to enhance
their volatility and to improve the shapes of the peaks. The
products were separated on a Restek MTX-Biodiesel TGw/Int-GAP
column (14 m � 0.53 mm � 0.16 mm) and detected using a flame
ionization detector (FID). The following temperature program was
used: initial temperature 50 8C for 3 min, heating first 11 8C/min to
180 8C, then 5 8C/min to 230 8C and finally 15 8C/min to 390 8C with
dwelling time of 7 min at 390 8C. The individual products were
identified using GC standards and the identification was further
confirmed by GC–MS analysis. The gas-phase products were
collected once at every reaction condition and analyzed off-line
using a standard three-column GC setup with flame ionization and
thermal conductivity detectors enabling the detection of both
permanent gases and hydrocarbons at the same time.
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3. Results and discussion

3.1. Catalyst characterization

The textural parameters of the Al2O3 support and the selected
catalysts are summarized in Table 1. The impregnation of the
support with Ni species resulted in about 25% decrease of all
textural parameters studied probably because of partial over-
loading of the Al2O3 support surface with three-dimensional Ni
oxide phase, which blocked the porous system. This assumption
was supported by powder XRD (not shown) where a broad weak
peak corresponding to NiO crystalline phase was detected. In
contrast, the support texture remains practically unaffected after
Mo and NiMo deposition and their powder XRD spectra did not
show any crystalline phase except a week signal from the Al2O3

support. The average pore radiuses taking from the pore size
distributions of the support and the catalysts were the same in the
range 1.9–2.5 nm.

The loading of Mo in Mo/Al2O3 and of Ni in Ni/Al2O3 catalyst
were 21.85 and 12.67 wt.%, respectively. These loadings corre-
spond to the surface concentration of active metals approximately
3.4 atoms/nm2. The bimetallic catalysts were prepared by
impregnation of the Mo/Al2O3 catalyst by Ni to obtain Ni/(Ni + Mo)
atomic ratios equal to 0.2, 0.3 and 0.4. The resulting concentrations
of Ni and Mo in the 0.2NiMo, 0.3NiMo and 0.4 NiMo were 2.76 and
21.24 wt.%, 4.63 and 20.84 wt.%, and 7.03 and 20.31 wt.%, in that
order. Owing to the chosen catalyst synthesis method the given
nominal loading values can be considered as the actual loadings
because all dissolved species deposited onto the support during
vacuum impregnation.

3.2. Conversion of rapeseed oil

Conversion of rapeseed oil, i.e. of triglycerides that make up
rapeseed oil, was determined in order to compare the perfor-
mances Ni/Al2O3, Mo/Al2O3 and 0.3NiMo/Al2O3 catalysts. The
catalysts contained the same total amount of active sites (i.e. Ni
and Mo atoms) to allow a fair comparison of their performance.
The concentration of active sites was about 3.4 atoms/nm2. The
conversion of triglycerides over these catalysts as a function of
contact time (V/F) is depicted in Fig. 1. The conversion decreased
in the following order at all investigated reaction temperatures:
0.3NiMo > Mo > Ni. The contact time, at a given reaction
temperature, had to be doubled and quadrupled for Mo and Ni
catalyst, respectively, to achieve same conversion as over
0.3NiMo catalyst (Fig. 1). These results are in qualitative
agreement with the results obtained during hydrodesulfuriza-
tion [28]. It can be concluded that, similarly to desulfurization, Ni
functions as an activity promoter of Mo catalysts in deoxygena-
tion of triglycerides. Furthermore, it can be seen that the
conversion over all three catalysts increases with increasing
reaction temperature and that complete conversion of triglycer-
ides can be obtained already at 270 8C (Fig. 1). These results
suggest that the deoxygenation reactions of triglycerides are
irreversible at the selected reaction conditions.

The concentration of Ni, i.e. of the promoter, was varied to
obtain different Ni/(Ni + Mo) atomic ratios. It is known that the
optimum ratio Ni/(Ni + Mo) for desulfurization is about 0.3 [28,29].
Therefore, a series of the deoxygenation catalysts with the Ni/
(Ni + Mo) ratio equal to 0.2, 0.3 and 0.4 was synthesized to assess
its influence on deoxygenation of triglycerides. Fig. 2 shows that
the effect of Ni/(Ni + Mo) ratio on triglycerides conversion is rather
minor at all three tested reaction temperatures. Largest differences
can be observed at short contact times (0.25 h) at which the

Table 1
Textural parameters of Al2O3 support and Ni, Mo and NiMo catalyst.

Al2O3 Ni/Al2O3 Mo/Al2O3 0.3NiMo/Al2O3

Per gram

of catalyst

Per gram

of Al2O3

Per gram of catalyst Per gram of Al2O3 Per gram of catalyst Per gram of Al2O3

SBET, m2g�1 344 220 252 274 351 259 348

SMESO, m2g�1 243 160 183 174 223 168 225

VTotal, cm3g�1 0.405 0.291 0.333 0.306 0.392 0.277 0.372

VMicro, cm3g�1 0.070 0.043 0.049 0.063 0.081 0.058 0.078

Fig. 1. Conversion of triglycerides over NiMo ( – Ni/(Ni + Mo) = 0.3); Mo (&) and

Ni ( ) catalysts at different reaction temperatures; T = 260–280 8C, p = 3.5 MPa.
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catalyst with Ni/(Ni + Mo) ratio of 0.2 gives the highest conversion
at all three reaction temperatures. However, the differences among
the three NiMo catalysts (Fig. 2) are not as considerable as they
were in the case Ni, Mo and NiMo catalysts (Fig. 1).

The activity of the catalysts in deoxygenation can be described
either by looking at the conversion of triglycerides, i.e. evaluating
the rate of disappearance of triglycerides, or by looking at the
concentration of oxygen in liquid products at the reactor outlet, i.e.

evaluating the rate of disappearance of oxygen from liquid
products. Both dependencies have been obtained by using the
pseudo-first-order kinetics to fit the relevant experimental data for
0.3NiMo, Mo and Ni catalysts at three reaction temperatures. The
results are depicted in Fig. 3, where it is seen that the experimental
data followed the empiric pseudo-first-order-kinetics. A compar-
ison of the concentration profiles of triglycerides, on the one hand,
and oxygen, on the other hand, reveals significant differences
among the catalysts. These are most obvious in the case of Ni

catalyst. In order to quantify these differences, the relative pseudo-
first order rate constants have been calculated at 270 8C (Table 2).

The rate of disappearance of triglycerides is the highest over the
bifunctional catalyst being approximately two and three times
higher than that over Mo and Ni catalysts, respectively (Table 2). In
the case of the rate of oxygen disappearance, it is again the highest
over 0.3NiMo catalyst with the rates over Mo and Ni catalysts
being 3.5 and 19 times slower. The difference between the rates of
disappearance of triglycerides and of oxygen clearly shows that
conversion of triglycerides leads at first to oxygen-containing
intermediates that are subsequently converted into hydrocarbons.
Moreover, it can be also inferred from the data that the Ni catalyst
is significantly less efficient in the subsequent deoxygenation step,
probably due to a different mechanism as it is discussed bellow
based on the organic liquid products distributions. While the
relative rate constant of consumption of the organically bound
oxygen is about 63% of the relative rate constant of triglycerides
disappearance in the case of 0.3NiMo catalyst, it corresponds to
only 10% and 40% of the relative rate constant of triglycerides
disappearance in the case of Ni and Mo catalysts, correspondingly
(Table 2).

The very low activity of Ni catalyst in comparison with Mo and
in particular with NiMo catalysts (Table 2) cannot be explained
only by its lower surface area (Table 1) since addition of Ni to Mo
phase results in 3.5 higher activity of the promoted catalyst.
Furthermore, the NiMo is ca. 19 times more active in deoxygena-
tion than the Ni catalyst and an implausible increase in Ni
dispersion on NiMo catalyst in comparison with Ni catalyst would
be needed. Hence in can be concluded that similarly to
hydrodesulfurization NiS phase acts in synergy with MoS2

increasing thus the catalyst deoxygenation activity [28].

3.3. Overall product distribution

Deoxygenation of triglycerides over all investigated catalyst
yielded two main classes of organic liquid reaction products and
intermediates – hydrocarbons and oxygenates. The ultimate
products of deoxygenation were hydrocarbons, oxygenates were
the reaction intermediates, in particular fatty acids (e.g. stearic
acid), fatty alcohols (e.g. n-octadecanol) and their fatty esters (e.g.

stearylstearate). The shape of the selectivity curves of the two main
reaction product classes confirms that hydrocarbons are the final
reaction products and that their formation is preceded by the
formation of oxygenated intermediates (Fig. 4). The hydrocarbons
consisted mainly of n-octadecane, n-heptadecane, n-hexadecane
and n-pentadecane. In addition to the organic liquid products,
water and gaseous products, such as propane, carbon oxides and
methane, were formed during deoxygenation of triglycerides. This
is in agreement with previous studies on deoxygenation
[12,13,15,22,30]. However, in contrast to Craig [30] no organic
liquid products with boiling point below 210 8C (i.e. cracking
products) were obtained in this study. This difference can be
attributed to the different reaction temperature ranges used in
both studies, the reaction temperatures used by Craig (350–420 8C)
favour cracking of the primary n-alkanes considerably more than
the temperatures used here (260–280 8C).

It can be seen that oxygen is principally eliminated in two forms
– water and carbon oxides. It has been shown previously that
formation of carbon oxides is connected with decarboxylation and
formation of hydrocarbons with odd number of carbon atoms in
their molecule, i.e. predominantly n-heptadecane and n-pentade-
cane in the case of rapeseed oil. On the other hand the production
of water is related to (i) reduction of triglycerides yielding
hydrocarbons with an even number of carbon atoms in their
molecule, i.e. predominantly n-octadecane and n-hexadecane in
the case of rapeseed oil, and to (ii) reduction of carbon oxides. The

Fig. 2. Conversion of triglycerides over NiMo catalysts with different Ni/(Ni + Mo)

atomic ratio at different reaction temperatures (& – Ni/(Ni + Mo) = 0.2; – Ni/

(Ni + Mo) = 0.3; – Ni/(Ni + Mo) = 0.4); T = 260–280 8C, p = 3.5 MPa.
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primarily formed carbon dioxide is at first reduced to carbon
monoxide, which can be further reduced to methane. The
reduction of triglycerides to hydrocarbons and water, i.e. without
formation of carbon oxides, is called hydrodeoxygenation. The last
gaseous product, propane, originates from the glycerol part of
triglycerides.

The cracking activity of the tested catalysts was very low under
the experimental conditions since no other gaseous products or
short chain liquid hydrocarbons were found in reaction products.
Moreover, the extent of isomerization was also negligible under
the investigated conditions since only traces of skeletal isomers
were identified in the organic liquid reaction products. On the
other hand, all tested catalysts exhibited a good hydrogenation
activity as olefinic products, such as propene and C15–C18 alkenes,
were not present in the reaction products.

The selectivities of the two main organic liquid reaction
products, based on the total yield of organic liquid products are
depicted in Figs. 4 and 5 for Ni, Mo and 0.3NiMo catalysts and for
the series of NiMo catalysts with different Ni/(Ni + Mo) atomic
ratio, respectively. The selectivity to hydrocarbons increases for all
tested catalysts with increasing conversion, which reveals that
hydrocarbons are formed, at least partially, from the oxygenated
intermediates. It is also interesting to note that while in the case of
monometallic catalysts oxygenates appear to be the exclusive
primary products (Fig. 4), in the case of bimetallic catalysts even
hydrocarbons appear to be formed as primary products. This might
be a consequence of the higher activity of bimetallic catalysts that
results in deoxygenation of deoxygenation intermediates before
they can desorb and be found as reaction intermediates in the
liquid phase.

Furthermore, there is a clear difference in selectivity between the
monometallic catalysts (Ni, Mo) on the one hand, and bimetallic
0.3NiMo catalyst on the other hand (Fig. 4). The selectivity to
hydrocarbons of 0.3NiMo catalyst is, at a comparable conversion,
substantially larger than that of Ni and Mo catalysts. Correspond-
ingly, 0.3 NiMo catalyst exhibits lower selectivity to oxygenates than

Fig. 3. The change in concentration of triglycerides (A–C) and oxygen (D–F) as a function of contact time for 0.3NiMo (A and D), Mo (B and E) and Ni (C and F) catalysts at three

temperatures ( – 280 8C; & – 270 8C; – 260 8C). Solid points = experimental data, solid lines = concentrations based on the pseudo-first-order kinetics approximation of

experimental data. Oxygen concentration corresponds to the concentration of organically bound oxygen and was calculated by using the composition of the products and

their corresponding oxygen fraction.

Table 2
Relative pseudo-first order rate constants for triglycerides and oxygen disappear-

ance over 0.3NiMo, Mo and Ni catalysts at 270 8C.

Catalyst/reaction Triglycerides disappearance Oxygen disappearance

0.3NiMo/Al2O3 2.08 1.31

Mo/Al2O3 1.00 0.38

Ni/Al2O3 0.65 0.06

Fig. 4. Selectivity to the main product types – hydrocarbons (A) and oxygenates (B)

– as a function of conversion for NiMo ( – Ni/(Ni + Mo) = 0.3); Mo (&) and Ni ( )

catalysts; T = 260–280 8C, p = 3.5 MPa, V/F = 0.25–4 h.
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the monometallic catalysts (Ni, Mo). It can be thus inferred that the
overall deoxygenation activity of the NiMo catalysts is larger than
that of monometallic catalysts, i.e. that at a given conversion of
triglycerides the oxygenated intermediates are converted faster into
the ultimate reaction products (hydrocarbons) over the 0.3NiMo/
Al2O3 catalyst than over Ni/Al2O3 and Mo/Al2O3. Interestingly, the
selectivities to hydrocarbons are virtually the same for Ni and Mo
catalysts over the whole range of triglyceride conversions (Fig. 4)
even though the Mo catalyst gave higher conversion of triglycerides
than Ni catalyst under comparable reaction conditions (Fig. 1) and
thus seemed to have a higher deoxygenation activity. The same
holds also for the selectivities to oxygenates over these catalysts.
These results further support the suggestion that there is a
synergetic effect between the NiS and MoS2 phase.

A comparison of the three NiMo catalysts with different Ni/
(Ni + Mo) atomic ratio is shown on Fig. 5. The differences in
selectivities among the catalysts are just minor. Nevertheless, a
careful inspection of the data reveals that the catalyst with the
lowest Ni concentration, i.e. 0.2NiMo (Ni/(Ni + Mo) = 0.2) gives
slightly lower selectivity to hydrocarbons and consequently
slightly higher selectivity to oxygenates than the other two NiMo
catalysts at comparable conversions. It suggests that the promot-
ing effect of Ni in the 0.2NiMo catalyst is lower than in the other
two catalysts and that the Mo character of the catalysts begins to
prevail. However, the deoxygenation activity of the 0.2NiMo
catalysts is still much closer to that of the other two NiMo catalysts
than to that of monometallic Mo catalyst (Figs. 4 and 5).

3.4. Product distribution of oxygenates

A deeper understanding of the deoxygenation of triglycerides
can be obtained from a detailed analysis of the both main product

groups, i.e. from selectivities to different types of oxygenates and
hydrocarbons. The oxygenated products and intermediates consist
of three main types of products – fatty acids (almost exclusively
stearic and palmitic acids), fatty alcohols (almost exclusively n-

octadecanol and n-hexadecanol) and their fatty esters, i.e. the
esters that are formed by the reaction of fatty acids with fatty
alcohols that are both reaction intermediates in deoxygenation of
triglycerides. The other plausible reaction intermediates – fatty
aldehydes – were not found among reaction products most
probably due to their high reactivity.

The selectivity curves of the three main classes of oxygenated
products confirm that fatty acids and fatty alcohols are formed
prior to the formation of fatty esters (Fig. 6). A striking difference
can be seen between catalysts containing Mo, i.e. Mo/Al2O3 and
NiMo/Al2O3, on the one hand, and those without any Mo, i.e. Ni/
Al2O3 (Fig. 6), on the other hand. There are virtually no alcohols
formed over the Ni catalyst and, consequently, fatty esters cannot

Fig. 5. Selectivity to the main product types – hydrocarbons (A) and oxygenates (B)

– as a function of conversion for NiMo catalysts with different Ni/(Ni + Mo) atomic

ratio (& – Ni/(Ni + Mo) = 0.2; – Ni/(Ni + Mo) = 0.3; – Ni/(Ni + Mo) = 0.4);

T = 260–280 8C, p = 3.5 MPa, V/F = 0.25–1 h.

Fig. 6. Selectivity to different types of oxygenated products – fatty esters (A), fatty

alcohols (B) and fatty acids (C) as a function of conversion of triglycerides for NiMo

( – Ni/(Ni + Mo) = 0.3); Mo (&) and Ni ( ) catalysts; T = 260–280 8C, p = 3.5 MPa,

V/F = 0.25–4 h.
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be formed either (Fig. 6). Subsequently, the only oxygenates
formed over Ni/Al2O3 are fatty acids. In contrast, high selectivities
to fatty esters and fatty alcohols are obtained when deoxygenation
is catalyzed by Mo/Al2O3 or NiMo catalysts. The absence of fatty
acids, which have to be formed prior to the formation of fatty
alcohols and fatty esters, in the reaction products over the Mo
containing catalysts is due to their subsequent reaction with fatty
alcohols to form fatty esters. It can be inferred that esterification is,
under the experimental conditions over Mo containing catalysts,
faster then the formation of fatty acids from triglycerides and fatty
acids are thus not detected in the reaction products. Moreover,
esterification competes with the final deoxygenation step, i.e. with
deoxygenation of fatty alcohols. In accordance with the higher
selectivity to oxygenates over Mo/Al2O3 in comparison with
0.3NiMo/Al2O3 (Fig. 4), the selectivity to fatty esters and fatty
alcohols is significantly higher over the Mo/Al2O3 catalyst (Fig. 6).

These results indicate that there is a major difference between
Ni and Mo catalysts. While the oxygenates obtained over Mo
catalyst correspond to the sequence of stepwise reduction, i.e. of
fatty acids to fatty alcohols, this step is completely missing over the
monometallic Ni catalyst. It can be explained either by insufficient
hydrogenation activity of the Ni catalyst or by the involvement of a
competing reaction pathway. The overall hydrocarbons and
oxygenates selectivities (Fig. 4) strongly suggest that fatty acids
are converted directly into hydrocarbons by decarboxylation, i.e.

there is a different prevailing deoxygenation pathway for
monometallic Ni catalyst (decarboxylation) than for monometallic
Mo catalyst (hydrodeoxygenation), as will shown by the hydro-
carbon products distribution which is discussed below. This
difference can be attributed, most probably, to differences in
electronic properties of these catalysts.

The differences among the three NiMo catalysts with different
Ni/(Ni + Mo) atomic ratio are not very significant (Fig. 7). Free fatty
acids were not found in the products of any of these three catalysts.
The main products were fatty esters and fatty alcohols. In
agreement with the overall selectivity to oxygenates (Fig. 5),
the selectivity to fatty esters is slightly higher over 0.2NiMo
catalyst than over the other two NiMo catalysts. The selectivities to
fatty alcohols are virtually identical for all three NiMo catalysts
(Fig. 7). It can be thus concluded that the 0.2NiMo catalyst, i.e. the
catalyst with lowest Ni concentration, shows more prominently its
Mo character than the other two NiMo catalysts. However, the
difference in the selectivity to fatty esters between the mono-
metallic Mo catalyst and 0.3NiMo catalyst is more pronounced
than the difference in the selectivity to fatty alcohols for these two
catalysts (Fig. 6). Therefore, the slightly lower promoter efficiency
of the 0.2NiMo catalyst in comparison with the other two NiMo
catalysts can be seen only in the selectivity to fatty esters and not
in the selectivity to fatty alcohols.

3.5. Product distribution of liquid-phase hydrocarbons

The selectivities to n-heptadecane and n-octadecane were
calculated based on the total yield of liquid-phase hydrocarbons,
i.e. the sum of selectivities to individual hydrocarbons is 100% and
the sum of selectivities to n-heptadecane and n-octadecane is
>90%, which is the consequence of the rapeseed oil composition
and of the absence of cracking reactions. These selectivities provide
valuable information about the final reaction step in deoxygena-
tion of triglycerides. The striking difference in the product
distribution observed for the oxygenated products is reflected in
the distribution of hydrocarbons as well (Fig. 8). The selectivities
to the two major hydrocarbons formed, i.e. n-heptadecane and n-

octadecane, are in this case plotted as a function of the total yield of
hydrocarbons to achieve better visualization. The other hydro-
carbons, mainly n-pentadecane and n-hexadecane, were formed in

quantities corresponding to the concentrations of respective fatty
acids bound in triglycerides. As their concentrations are low and
the trends are the same as those determined for n-octadecane and
n-heptadecane, the discussion will focus, for the sake of clarity,
only on these two major hydrocarbons. Furthermore, n-heptade-
cane and n-octadecane can be used as indicators of the
decarboxylation and hydrodeoxygenation pathways, respectively.

The inspection of Fig. 8 reveals that n-heptadecane is formed
selectively over Ni/Al2O3 while n-octadecane is formed almost
exclusively over Mo/Al2O3. The 0.3NiMo catalyst yields both
hydrocarbons with n-octadecane being the favoured hydrocarbon
product with selectivity in the range 50–70%. The complete
selectivity to n-heptadecane over the Ni/Al2O3 catalyst is the result
of fatty acids decarboxylation as fatty acids were the virtually
exclusive oxygenates (Fig. 6). It can be thus concluded that over Ni/
Al2O3 the deoxygenation is achieved by decarboxylation of fatty
acids that are formed from triglycerides. Furthermore, it can be
inferred that the decarboxylation step over Ni catalyst is
significantly faster than the hydrogenation step as neither fatty
alcohols nor n-octadecane were found in the reaction products. On
the other hand, there is virtually no n-heptadecane formed over the
Mo catalysts, which means that hydrogenation is significantly
faster than decarboxylation over Mo catalyst. These results suggest
that both metals are very specific either in promoting decarbox-
ylation or in favouring a sequence of hydrogenation steps of
hydrodeoxygenation. This difference can be attributed to the
inherently different electronic properties of the Ni and Mo sulfided
phases. The behaviour of the 0.3NiMo catalysts reflects this
specificity and the final hydrocarbon products contained both n-

heptadecane and n-octadecane. Since Ni is a promoter and is

Fig. 7. Selectivity to different types of oxygenated products – fatty esters (A) and

fatty alcohols (B) as a function of conversion of triglycerides for NiMo catalysts with

different Ni/(Ni + Mo) atomic ratio (& – Ni/(Ni + Mo) = 0.2; – Ni/(Ni + Mo) = 0.3;

– Ni/(Ni + Mo) = 0.4); T = 260–280 8C, p = 3.5 MPa, V/F = 0.25–1 h. Only traces of

fatty acids have been found in the products.
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present in a lower concentration than Mo, n-octadecane is the
main hydrocarbon formed over 0.3NiMo catalyst (Fig. 8).

Similar selectivities to hydrodecarboxylation products, to those
shown here for the sulfided monometallic Ni catalyst, were
previously reported also on various Pd/C catalysts under similar
reaction temperatures (260–300 8C) and lower H2 partial pressures
[17–20] using stearic acid as a probe molecule. However, a Pd/C
catalyst was also shown to yield n-pentadecane from stearic acid
with high selectivity [21]. Decarboxylation has been recently
shown to be the preferred reaction pathway for deoxygenation of
methylstearate over Pt/Al2O3 catalyst at 325 8C [22]. On the
contrary, bimetallic catalysts containing MoS2 phase yield, in
addition to decarboxylation products, also hydrodeoxygenation
products [12,13,15], e.g. n-octadecane as discussed above, that
were not observed over Pd/C or Pt/Al2O3 catalysts.

A mixture of n-heptadecane and n-octadecane was obtained
over all three NiMo catalysts. Once again the lower promoting
effect of Ni in the 0.2NiMo catalyst is reflected by the slightly
higher selectivity to n-octadecane which is achieved at the expense
of the selectivity to n-heptadecane (Fig. 9). The selectivity to n-

octadecane increases with increasing conversion from the initial
value of about 50% to ca 70% (Fig. 9). This peculiar behaviour can be
explained by the fact that with increasing conversion, hydro-
carbons are formed from oxygenated intermediates (fatty acids,
alcohols and esters) rather than from triglycerides. Deoxygenation
of n-octadecanol yields selectively n-octadecane (it cannot
undergo decarboxylation) while deoxygenation of stearic acid
yields over NiMo catalysts both n-heptadecane, i.e. a hydrode-
carboxylation (HDC) product and n-octadecane, i.e. a hydrodeox-
ygenation (HDO) product, in ratios that are affected by reaction
temperature and pressure [3]. As fatty esters are products of

reaction between fatty acids and fatty alcohols, they are bound to
give over NiMo catalysts higher yields of HDO products than
triglycerides or fatty acids and hence the selectivity to n-

octadecane increases with increasing yield of hydrocarbons.

3.6. Gas-phase product distribution

The gas-phase products consisted of propane, CO, CO2 and
methane. Other gaseous products were present only in negligible
concentrations. The concentration of the main gaseous products
was usually lower than 1 mol% as the reaction was carried out in a
large excess of hydrogen (the molar ratio of hydrogen-to-rapeseed
oil was equal to 50). Due to the low concentration of products in
the gaseous phase as well as the off-line analysis, which was
performed once per an experimental condition, the results have
mainly supporting character. As the composition of the gaseous
products suggest, they reflect the decarboxylation performance of
the catalyst and the overall conversion of triglycerides. It can be
clearly seen from the data collected in Fig. 10 for Ni/Al2O3, Mo/
Al2O3 and 0.3NiMo/Al2O3 that highest concentrations of carbon
oxides, i.e. decarboxylation products, were observed for Ni/Al2O3.
On the contrary, the lowest concentration of decarboxylation
products was found over Mo/Al2O3. These findings are in line with
the conclusions resulting from the analysis of organic liquid
products (see above) – the Ni catalyst exhibits the highest
decarboxylation selectivity from the investigated catalysts while
the Mo catalyst shows the lowest decarboxylation selectivity.
Furthermore, propane concentration is a partial indicator of
triglyceride conversion and it increases with increasing triglycer-
ide conversion. It has to be kept in mind, however, that due to the
stepwise elimination of fatty acid chains from a triglyceride

Fig. 8. Selectivity within the hydrocarbon products group to main hydrocarbons –

n-heptadecane (A) and n-octadecane (B) as a function of total yield of hydrocarbons

for NiMo ( – Ni/(Ni + Mo) = 0.3); Mo (&) and Ni ( ) catalysts; T = 260–280 8C,

p = 3.5 MPa, V/F = 0.25–4 h.

Fig. 9. Selectivity within the hydrocarbon products group to main hydrocarbons –

n-heptadecane (A) and n-octadecane (B) as a function of total yield of hydrocarbons

for for NiMo catalysts with different Ni/(Ni + Mo) atomic ratio (& – Ni/

(Ni + Mo) = 0.2; – Ni/(Ni + Mo) = 0.3; – Ni/(Ni + Mo) = 0.4); T = 260–280 8C,

p = 3.5 MPa, V/F = 0.25–1 h.
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molecule, propane can be released only when all three fatty acid
chains had been cleaved off, i.e. even at complete conversion of
triglycerides propane can be still bound in some reaction
intermediates. In fact, GC–MS analysis of reaction products has
revealed that propylstearate (propyl octadecanoate) is a reaction
intermediate in deoxygenation of rapeseed oil, the other plausible
intermediates being diglycerides and monoglycerides identified
mainly over deactivated catalysts and 1,2- or 1,3-propanediyl

dioctanedecanoate (not yet confirmed experimentally). The
concentration of propane also indicates higher efficiency of
0.3NiMo in hydrocarbon formation as compared with the
monometallic catalysts since it is higher over 0.3NiMo than over
the monometallic catalysts (Fig. 10), particularly in the region of
low conversions (40–80%). Nevertheless, due to the abovemen-
tioned limitations of the analysis of gas-phase products the results
should be used only as further evidence supporting the conclusions
based on the analysis of organic liquid products.

3.7. Deoxygenation pathways

The experimental data collected over three sulfided catalysts,
namely Ni/Al2O3, Mo/Al2O3 and 0.3NiMo/Al2O3 are very helpful in
shedding light on the reaction pathways involved in transforma-
tion of triglycerides into hydrocarbons. Moreover, the results also
imply possible strategies for further development of deoxygena-
tion of triglycerides with respect to hydrogen consumption, which
is an important issue for the petroleum refinery point of view.

The discussed results provide additional experimental evidence
for the reaction scheme of triglyceride deoxygenation proposed
previously without experimental support [3]. The scheme is
schematically depicted in Fig. 11. The double bonds in
triglycerides, the main components of vegetable oils, are at first
saturated. Then they are converted into fatty acids that can either
(i) undergo further hydrogenation steps to yield fatty alcohols and
ultimately saturated n-alkanes with an even carbon atoms number
(hydrodeoxygenation) or (ii) undergo decarboxylation to yield
hydrocarbons directly, i.e. hydrocarbons with an odd number of
carbon atoms (hydrodecarboxylation). Hydrodeoxygenation
(HDO) leads to elimination of water from triglycerides, fatty acids,
fatty alcohols and fatty esters as a result of reaction with hydrogen.
It has been proposed that this reaction occurs via adsorbed enol
intermediate [12]. Hydrodecarboxylation (HDC) consists of dec-
arboxylation (CO2 elimination) of compounds containing car-
boxylic functional group and hydrogenation of the unsaturated
intermediates of CO2 elimination. CO2 is a primary product of this
reaction and it may undergo further reactions, particularly
hydrogenation, which is undesired since it causes significant
increase in hydrogen consumption. Consequently, there are
numerous efforts to achieve selective decarboxylation without
CO2 hydrogenation [19–21].

Fig. 10. Concentrations of main gaseous products at reactor outlet in hydrogen –

carbon oxides (A) and propane (B) as a function of conversion of triglycerides for

NiMo ( – Ni/(Ni + Mo) = 0.3); Mo (&) and Ni ( ) catalysts; T = 260–280 8C,

p = 3.5 MPa, V/F = 0.25–4 h.

Fig. 11. The reaction pathways involved in conversion of triglycerides into hydrocarbons.
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The simultaneous presence of both fatty acids and alcohols
leads to formation of fatty esters thanks to esterification of fatty
acids with fatty alcohols. These esters are, nevertheless, subse-
quently converted into hydrocarbons. There are two possible
initial steps of triglycerides conversion: (i) hydrolysis yielding fatty
acids and glycerol or (ii) hydrogenolysis yielding fatty acids and
propane. Since neither the feed contains water nor the conversion
of triglycerides increases with due to deoxygenation increasing
concentration of water in the product mixture, it is plausible to
assume that the reaction is initiated by hydrogenolysis of the C–O
bond between the fatty acid chain and the propane (glycerol)
backbone of triglycerides.

The decarboxylation pathway seems to be more interesting
from the industrial point of view since it requires less hydrogen.
However, it has to be kept in mind that under the reaction
conditions of deoxygenation the hydrotreating catalysts are active
also in CO2 hydrogenation. Should CO2 be completely reduced to
methane, the consumption of hydrogen would be even higher than
in the case of hydrodeoxygenation.

The significant differences in reaction pathway and conse-
quently in the product distribution between monometallic Ni
catalyst, on the one hand, and monometallic Mo catalyst on the
other hand require further studies to explain them. It can be
proposed they originate from differences in electronic properties of
NiS and MoS2 [31–33] that might lead to different adsorption of
triglycerides and fatty acids on the surface of different sulfides and
consequently to either reaction of adsorbed hydrogen with oxygen
atoms (HDO) or cleavage of carbon–carbon bond at the carboxylic
group resulting in elimination of CO2 (HDC).

4. Conclusions

Reaction pathways in deoxygenation of rapeseed oil were
investigated over sulfided Ni/Al2O3, Mo/Al2O3, and a series of
NiMo/Al2O3 with atomic ratio of Ni/(Ni + Mo) in the range 0.2–0.4.
The catalysts were prepared by impregnation of commercial Al2O3

support having specific surface area equal to 344 m2/g. Its textural
properties were not significantly affected by the impregnation
process. The experiments were carried out in a fixed-bed reactor at
260–280 8C, 3.5 MPa and 0.25–4 h�1 and the conversion of
triglycerides was hence varied in the range of 30–100%.

The activity of the catalysts decreased in the order NiMo/
Al2O3 > Mo/Al2O3 > Ni/Al2O3 showing hence the synergy between
Ni and Mo. The rate of disappearance of triglycerides was larger, at
least by almost 40%, than the rate of oxygen disappearance for all
investigated catalysts, which indicated that oxygenated inter-
mediates were formed. Moreover, the difference between the rates
of triglycerides and oxygen disappearance increased in the order
NiMo/Al2O3 < Mo/Al2O3� Ni/Al2O3 demonstrating thus the low-
est overall deoxygenation efficiency of Ni/Al2O3 and suggesting
that a different reaction pathway as compared with Mo and NiMo
catalysts plays an important role.

Organic-liquid-phase analysis provided evidence of the
differences in reaction pathways over the studied catalysts. Ni/
Al2O3 was found to catalyze selectively decarboxylation of fatty
acids that are reaction intermediates of triglycerides deoxygena-
tion. There were not found any products of hydrogenation of fatty
acids, i.e. fatty alcohols or hydrocarbons with an even number of
carbon atoms. Over Mo/Al2O3, on the other hand, there were only
minor concentrations of decarboxylation products and conse-
quently the hydrogenation (hydrodeoxygenation) pathway was
nearly the exclusive one. NiMo/Al2O3 catalysts yielded both

hydrogenation and decarboxylation products. The molar ratio of
hydrodeoxygenation and decarboxylation products was in the
range 1–3.5 and it increased with increasing conversion. The
increase was caused by formation of fatty esters, i.e. inter-
mediates formed by esterification of fatty acids with fatty
alcohols, which were formed at lower conversions of triglycer-
ides and were transformed into hydrocarbons at higher conver-
sion levels. The reason is that while the fatty acid part of such
ester may yield decarboxylation as well as hydrodeoxygenation
products, the fatty alcohol part of the ester yields only
hydrodeoxygenation products.
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[25] P. Šimáček, D. Kubička, Fuel, in press, doi:10.1016/j.fuel.2009.09.029
[26] T.-R. Viljava, E.R.M. Saari, A.O.I. Krause, Appl. Catal. A: Gen. 209 (2001) 33–43.
[27] E. Furimsky, Appl. Catal. A: Gen. 199 (2000) 147–190.
[28] H. Topsoe, B.S. Clausen, F.E. Massoth, Hydrotreating Catalysis, Springer-Verlag,

1996,, p. 164.
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a b s t r a c t

The deoxygenation of rapeseed oil has been studied over sulfided NiMo-alumina catalysts (NiMoS-
alumina). The main focus has been on the preparation of catalyst precursors (oxide form of sulfided
NiMo-alumina catalysts – NiMoO-alumina) with a different distribution of Ni species in order to
contribute to the understanding of the effect of catalyst preparation on the activity/selectivity of
NiMoS-alumina catalysts in the deoxygenation of rapeseed oil. To analyze the state of Ni species the
NiMoO-alumina catalysts have been characterized by UV–vis diffuse reflectance spectrometry (DRS),
X-ray diffraction (XRD) and XPS. It has been found out that the NiMoO-alumina catalysts with higher
population of octahedral nickel species resulted in more active NiMoS-alumina catalysts than those
containing higher population of tetrahedral nickel species.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Nowadays, liquid biofuels are becoming more and more impor-
tant, mainly because of their application as transportation fuels.
Many countries worldwide have been increasing the amount of bio-
fuels blended with regular petroleum-derived fuels in an attempt
to decrease the greenhouse gases emissions. Two types of bio-
fuels, namely biodiesel and so called green or renewable diesel,
are being produced as alternatives to the conventional diesel fuel
[1]. Biodiesel as fatty acids methyl esters (FAME) is produced by
transesterification of triglycerides with methanol, while renew-
able diesel is produced by hydrotreating of vegetable oils. The
latter alternative has several advantages over the biodiesel made
by transesterification – its production can be implemented in the
present refineries and the products are straight-chain alkanes con-
sisting of 15–20 carbons, which after isomerization are much alike
the hydrocarbons found in conventional diesel. The conventional
catalysts employed in deoxygenation are sulfided forms of Mo or

∗ Corresponding author. Tel.: +420 47616 3735.
E-mail addresses: david.kubicka@vuanch.cz (D. Kubička), libor.capek@upce.cz

(L. Čapek).

W supported on alumina, promoted with Ni or Co. These catalysts
have been used for many decades as hydrodesulfurization catalysts
for sulfur removal from crude oil streams.

Many effects, such as type of the support, preparation
procedure and additives (phosphorus, potassium or fluorine)
[2–6], sulfur species [7–12], water [13,14] or other reaction
variables, i.e. temperature, pressure and type of the cata-
lyst [15–19] have been studied for deoxygenation of various
oxygenated compounds, such as rapeseed oil [17–19], vari-
ous esters and fatty acids [2,3,7–9,11,13,20] or aromatic and
cyclic oxygenates [2–8,10,12,21,22]. Upgrading of triglycerides and
related feedstocks has been recently reviewed by several authors
[1,23,24].

The identification of active sites or their precursors is much
desired information in heterogeneous catalytic reactions. This
approach is a matter of discussion in many reactions, but a complex
analysis of active sites is very challenging. Due to the complex-
ity of hydrotreating catalysts, there is a lack of information about
the nature of active sites in the deoxygenation of rapeseed oil over
NiMoS-alumina catalysts. The activity and selectivity of hydrotreat-
ing catalysts in the deoxygenation of vegetable oils can be expected
to be affected by (i) total amount, distribution and crystallite size of
Ni and Mo species, (ii) nature and specific surface area of the support
and (iii) Ni and Mo precursors and their impregnation order.

0926-860X/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.apcata.2011.02.022
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Table 1
The list of prepared NiMoO-alumina catalysts and their properties.

Catalysta Ni-alumina Mo-alumina NiO450 NiO800 NiMoO450 NiMoO600 NiMoO800

Ni calcination temp., ◦C 600 – 450 800 450 600 800
Mo calcination temp., ◦C – 600 – – 600 600 600
Ni, % – XRF 3.1 – 11.2 11.4 3.0 3.0 2.8
Ni, % – XPSb – – – – 3.6 (O), 2.7 (S) – 1.8 (O), 1.7 (S)
Mo, % – XRF – 6.0 – – 5.7 5.8 6.4
Mo, % – XPSb – – – – 7.9 (O), 6.8 (S) – 10.7 (O), 10.7 (S)
Impregnation order – – – – Mo, Ni Mo, Ni Ni, Mo
Catalyst color Azure blue White Blue gray Azure blue Light green Light green blue Light blue
S(BET), m2 g–1 – – – – 129 153 137
d (37.6◦), nm – – 1.72 3.28 3.34 4.85 5.70

a The catalysts are denoted NiMoX where X is either S or O; S – sulfide form of the catalyst, O – oxide form of the catalyst.
b The metal concentrations calculated from XP spectra in oxide (O) and sulfide (S) catalysts forms are surface concentrations, while the concentrations by XRF are bulk

concentrations.

Several authors have investigated the influence of the impreg-
nation order of hydrotreating catalysts on their catalytic activity in
hydrotreating reactions, either as NiMoS on alumina [25], on Al-
pillared clays [26], on AlMCM-41 [27] or as CoMoS on activated
carbon [3]. The results of these studies are rather inconclusive.
Nonetheless, impregnation with the promoter (Ni, Co) prior to
impregnation with Mo yields typically a more active catalyst.

The distribution of Ni sites and their structure can be affected by
catalyst pretreatment temperature. It has been studied with respect
to catalyst characterization using TPR [28], electron spectroscopy
[29], XRD [29], Raman spectroscopy [30], UV–vis DRS [30], XPS [30]
and HRTEM [30] and also with respect to its catalytic activity in var-
ious chemical reactions, such as thiophene hydrodesulfurization
[31–34], acrylonitrile hydrogenation [35] or oxidative dehydro-
genation of ethane [36].

In this manuscript the attention is aimed at identification of
the structure of Ni species in the precursors of hydrotreating
catalysts (i.e. as-prepared NiMoO-alumina catalysts) that can be
transformed by sulfidation into highly active hydrotreating cat-
alysts for deoxygenation reactions (NiMoS-alumina catalysts). In
order to investigate solely the effect of Ni species, NiMoO-alumina
catalysts with the different distribution of Ni species and constant
distribution of Mo species were prepared. The change in the dis-
tribution of Ni species was achieved by varying the pretreatment
temperature as reported previously [28–38]. The NiMoO-alumina
catalysts were characterized with respect to the amount of metal
species deposited on the support (XRF), the structure of the cata-
lysts (XRD), coordination states of metal species (diffuse reflectance
UV–vis), homogeneity of metals surface distribution (SEM-EDX),
the specific surface area of catalysts (N2-adsorption) and surface
composition and coordination of the NiMoO phase (XPS). In addi-
tion, fresh NiMoS-alumina catalysts were characterized by XPS as
well in order to describe any changes in the catalyst structure (NiMo
coordination) resulting from the sulfidation procedure.

2. Experimental

2.1. Preparation of catalysts

�-Alumina, supplied by Eurosupport Manufacturing Czechia,
was used as a support for NiMo-based deoxygenation catalysts.
Table 1 shows notation of Ni- and NiMoO-alumina catalysts,
concentration of Ni and Mo, the pretreatment temperatures of cat-
alysts, impregnation order of Ni and Mo species, catalysts color,
their specific surface area and average particle size of alumina.

NiO and MoO3 were supplied by Sigma–Aldrich. Ni- and
NiMo-alumina catalysts were prepared by impregnating alu-
mina with an ethanol solution of nickel acetonate tetrahydrate
((CH3COO)2Ni·4H2O, Sigma–Aldrich) and molybdenyl acetylace-
tonate (C10H14MoO6, Acros Organics). After impregnation, the

materials were dried overnight at 120 ◦C, followed by calcination
in the air flow for 5 h. NiO450 and NiO800 were prepared by
impregnation of Ni and calcined at 450 and 800 ◦C, respectively.
NiMoO450 was first impregnated with Mo and calcined at 600 ◦C,
followed by the impregnation of Ni with subsequent calcination
at 450 ◦C. NiMoO600 was impregnated with Mo, followed by the
impregnation of Ni and the calcination at 600 ◦C. NiMoO800 was
first impregnated with Ni and calcined at 800 ◦C, followed by the
impregnation of Mo with subsequent calcination at 600 ◦C.

To discuss the UV–vis spectra of NiMoO-alumina catalysts, the
Ni- and Mo-alumina were prepared with the same amount of Ni (ca
3.1 wt.%) and Mo (ca 6.0 wt.%) as dual NiMoO-alumina catalysts. The
calcinations of these catalysts were carried out at 600 ◦C.

2.2. XRF

Concentration of the Ni and Mo species in the catalysts was
determined with Elvatech desktop energy-dispersive XRF spec-
trometer Elva X equipped with a Ti anode X-ray tube.

2.3. XRD

X-ray diffractograms were recorded with Bruker AXE D8-
Advance diffractometer using Cu K� radiation with a secondary
graphite monochromator.

2.4. SEM-EDX

Electron microscopy images of samples were taken with JEOL
JSM-5500LV scanning electron microscope equipped with X-ray
energy-dispersive (EDX) microanalyzer (IXRF Systems, detector
GRESHAM Sirius 10).

2.5. UV–vis DRS

UV–vis diffuse reflectance spectra of granulated (0.25–0.50 mm
diameter) catalysts were recorded using GBC CINTRA 303 spec-
trometer equipped with a spectralon-coated integrating sphere
against a spectralon reference. Kubelka–Munk function was cal-
culated from reflectance by formula: F(R) = (1 − R)2/2R, where F(R)
is the Kubelka–Munk function and R is reflectance.

2.6. XPS

The catalyst samples were measured at room temperature using
a VG ESCA3 MkII (VG Scientific, UK) electron spectrometer with a
base pressure 2 × 10−9 mbar. Al K� radiation was used for excita-
tion of electrons. The hemispheric electron analyzer was operated
in the fixed analyzer transmission mode at constant pass energy
of 20 eV. The spectra of Al 2p, O 1s, Mo 3d, Mo 3p, Ni 2p and S 2p
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Table 2
Catalytic testing conditions.

Variable, unit Range

Hydrogen pressure, MPa 3.5
H2/rapeseed oil molar ratio, – 50
Hydrogen flow, Nl h−1 12.9–51.4
Temperature, ◦C 260–280
WHSV, gfeed gcat

−1 h−1 1–4
Rapeseed oil flow, g h−1 10–40

(for the sulfided catalysts) were measured. The overlapping spec-
tral lines were resolved into individual components using the lines
of Gaussian–Lorentzian shape and damped nonlinear least squares
method. The spectra were calibrated using Al 2p core level binding
energy at 74.4 eV. Quantification of elemental surface concentra-
tions was accomplished by correcting the photoelectron peak areas
for their cross-sections.

2.7. N2-adsorption

Specific surface areas of the catalysts were measured at the
boiling point of the liquid nitrogen (77 K) on flow BET appara-
tus equipped with TCD detection. The nitrogen relative pressure
was varied in the 0.02–0.34 range. The specific surface area (SBET)
was determined by the fitting of the experimental data to the BET
isotherm.

2.8. Catalytic testing

Catalytic tests were performed in a bench-scale catalytic appa-
ratus equipped with electrically heated fixed-bed reactor of 17 mm
inner diameter. Food grade rapeseed oil (distribution of fatty acids:
oleic acid 62%, linoleic acid 20%, linolenic acid 9%, stearic acid
2%, palmitic acid 5%, gondoic acid 2%) was used as a liquid feed
and refinery hydrogen gas (>99% purity) was used as a gas feed.
The main impurities of hydrogen gas were methane (ca. 0.6%) and
nitrogen (ca. 0.3%). Prior to the catalytic testing, catalysts mixed
with silicon carbide were introduced into the reactor and sulfide
(S-form of catalysts). Sulfidation included several steps as fol-
lows. The reactor was heated to the 200 ◦C in hydrogen (5 MPa,
50 Nl h−1). Once the temperature of 200 ◦C was reached, sulfid-
ing agent (5 vol.% dimethyl disulfide in iso-octane) was introduced
(1.17 ml min−1). The temperature gradient was set to 10 ◦C h−1.
After reaching 220 ◦C, the slope was increased to 30 ◦C h−1 until
achieving final temperature of 340 ◦C, at which the catalyst was
sulfided for the next 4 h. Reaction conditions used in catalytic tests
are specified in Table 2.

2.9. Products analysis

Liquid products were analyzed after separation of water by gas
chromatography. Analysis was performed with Shimadzu GC-2010
gas chromatograph equipped with RESTEK MTX® Biodiesel TG film-
coated column (l = 10 m, d = 0.32 mm, tf = 0.1 �m). Conversion of
rapeseed oil was calculated as: X = 100 − c(TG), where c(TG) is sum
of the concentrations of triglycerides determined by GC analysis
(%). The sum of triglycerides consists of both original triglycerides
and triglycerides formed by double bond saturation of the original
triglycerides. Selectivity was calculated as: S(i) = c(i)/X × 100, where
c(i) is concentration of the product (%) determined by GC analysis.
The reaction scheme including the main products of triglyceride
deoxygenation can be found in the previous studies [1,17,23].

3. Results

3.1. Catalysts characterization

3.1.1. N2-adsorption
Impregnation of Ni and Mo on alumina support leads to a

decrease in the specific surface area. The decrease in specific sur-
face area is approximately 30% in comparison with alumina support
(181 m2 g−1). It can be seen (Table 1) that the decrease in the
specific surface area of NiMoO450, NiMoO600 and NiMoO800 is
comparable and it is not affected by the change in the temperature
pretreatment

3.1.2. SEM-EDX
Fig. 1 shows the Ni and Mo species distributed on the alumina

surface as it is evidenced from SEM-EDX images of NiMoO600 cat-
alyst. The light dots represent Ni and Mo, while alumina surface is
depicted in dark color. It can be seen that Ni and Mo species are
homogeneously distributed on the alumina surface evenly and no
aggregates can be observed.

3.1.3. XRD
Fig. 2 depicts XRD patterns of alumina support, Ni-alumina and

NiMoO-alumina catalysts. It also shows the XRD patterns of NiO,
MoO3 and NiAl2O4 as reference materials. The alumina support
exhibits poorly resolved diffraction peaks at 14.4◦, 37.6◦, 45.8◦

and 67◦, which can be attributed to the �-alumina phase [39–43].
The peak at 28.2◦ is assigned with Al(O)OH phase [41]. The max-
ima in diffraction patterns for Ni- and NiMoO-alumina catalysts
can be seen at 2� angles of 19.2◦, 37.5◦, 45.8◦ and 67◦, where
the peak at 19.2◦ is ascribed to NiAl2O4 structure [44], while the
latter three peaks correspond to the �-alumina phase [39–43].
However, the peak at 19.2◦ is only visible in the XRD pattern of
NiO800, NiMoO600 and NiMoO800 catalysts. No signs of crys-

Fig. 1. SEM-EDX images of NiMoO-alumina catalysts (NiMoO600).
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Fig. 2. XRD patterns of NiO, NiAl2O4, MoO3, alumina support and NiMoO-alumina
catalysts.

talline NiO or MoO3 formation can be found in the XRD patterns
of NiMoO-alumina catalysts. This is evidenced from the absence
of NiO characteristic peaks at 37.3◦, 43.3◦, 63◦ and of MoO3 main
characteristic peaks at 12.8◦, 23.3◦, 25.7◦ and 27.3◦.

Many authors [45–50] discussed the change of material crys-
tallite size based on the broadening of the characteristic diffraction
maxima in the XRD patterns. We have adopted this approach to dis-
cuss the effect of the alumina crystallite size change in the Ni- and
NiMoO-alumina catalysts (Table 1). XRD maxima at 37.6◦ charac-
teristic for �-alumina phase were used in the calculations based on
the Scherrer’s formula for the determination of the alumina crys-
tallite size: d = K�/ˇ cos �, where d is the crystallite size [nm], K
is Scherrer constant, which depends on the crystal shape, diffrac-
tion line indices and the dispersion of particle sizes of powder [45]
(value 0.9 is used), � is the X-ray wavelength [nm] (0.154056 nm),
ˇ is the full width of the peak at half maximum [rad] and � is the
Bragg angle [rad]. The values calculated for the above mentioned
diffraction maxima are displayed in Table 1. Several authors com-
pared crystallite sizes obtained from XRD and TEM [18,51,52], but
our main concern in this matter is to show the change of the alu-
mina crystallite size itself in the Ni- and NiMo-alumina catalysts.
It can be seen (Table 1) that the alumina crystallite size is increas-
ing with increasing calcination temperature of the catalysts. This
might be caused by the aggregation of small crystallites at elevated
temperatures.

3.1.4. UV–vis DRS
Seven UV–vis bands can be seen in the spectra of NiMoO450,

NiMoO600 and NiMoO800 catalysts at 15,970, 16,860, 24,130,
33,480, 36,230, 40,270 and 46,750 cm−1 (Fig. 3A). The identi-
fication and discussion of the presence of individual Ni and
Mo species in NiMoO-alumina catalysts based on the UV–vis
spectra is difficult. Thus, the UV–vis spectra of single Ni- and Mo-
alumina catalysts with the same amount of Ni and Mo as in dual
NiMoO-alumina catalysts are shown in Fig. 3B. The UV–vis spec-
tra of Ni-alumina exhibit the diffuse reflectance (DR) bands at
13,000–14,000, 15,970–16,860, 24,000–26,000, 34,300, 38,400 and

46,750 cm−1. The UV–vis spectra of Mo-alumina exhibit the DR
bands at 33,800, 35,970, 37,700, 40,300 and 46,750 cm−1.

The identification of the Ni and Mo transitions to individual DR
bands, based on the literature, is presented in Table 3. The doublet
at 15,970–16,860 cm−1 is attributed to the transition characteristic
for tetrahedral Ni2+(Td) ions [53–56]. The shoulder at 24,130 cm−1

is ascribed with the transition of the octahedral Ni2+(Oh) ions
[53,54,57]. The band at 33,480 cm−1 is characteristic for Mo6+(Oh)
species [30,58–61] and unspecified Ni2+-O charge transfer tran-
sition. Absorptions typical for transitions of Mo6+(Td) ions can
be found at 36,230 cm−1 [30,58,59,61], 40,270 cm−1 [58,61] and
46,750 cm−1 [60,62,63]. The UV–vis band at 36,230 cm−1 is also
connected with transition of the three-coordinated Ni3c

2+ ions
[55]. Finally, Yang and Xia [57] and Oetliker et al. [64] calculated
wavenumbers for the absorptions of the Ni2+(Oh) ions, which cor-
respond with absorption bands at 40,270 cm−1 and 46,750 cm−1,
respectively.

3.1.5. XPS
The obtained XP spectra of all samples confirmed that only

expected elements (Ni, Mo, Al, O and in the case of NiMoS also
S) are present in the surface layer of the NiMoO and NiMoS cat-
alysts. The determined surface concentrations of Mo exceed the
bulk values determined by XRF (Table 1) due to the fact that the
Mo precursor deposits preferentially in the surface layer. The dif-
ference between bulk and surface concentration is larger when Ni
impregnation and calcination at 800 ◦C preceded Mo impregna-
tion. On the contrary, Ni surface concentration is lower than the
Ni bulk concentration (NiMoO800) or similar to the Ni bulk con-
centration (NiMoO450) as shown in Table 1. This reflects the order
of impregnation (Table 1).

The binding energies of Mo 3d5/2 as well Mo 3p3/2 electrons
in the NiMoO-alumina catalysts correspond to those reported for
Mo6+ in molybdenum oxide [65,66]. The binding energy of the
predominant Mo 3d5/2 component in the spectra of Mo 3d–S 2s
electrons in the NiMoS samples (229.1 eV) is consistent with the
value reported for Mo4+ in molybdenum sulfide [66,67] (Fig. 4).

The measured binding energy of Ni 2p3/2 electrons
(856.2 ± 0.2 eV) in NiMoO samples is in agreement with the
binding energy published for NiMo catalysts [65,67]. After sulfida-
tion, an additional component appeared in the spectra of Ni 2p3/2
electrons with binding energy corresponding to sulfided nickel
[65,67] (Fig. 5). It can be seen from the comparison of Figs. 4 and 5
that the extent of sulfidation of Mo is higher than the extent of Ni
sulfidation. Moreover, the extent of sulfidation of Ni in NiMoS800
is only 25% while it is about 55% in NiMoS450 (Fig. 5).

3.2. Catalytic activity of NiMoS-alumina catalysts in the
deoxygenation of rapeseed oil

Fig. 6 shows the dependence of the conversion of rapeseed oil
on temperature during its deoxygenation over NiMoS-alumina cat-
alysts at WHSV = 4 h−1. The values of the conversion of rapeseed oil
decrease in order NiMoS450 > NiMoS600 ∼ NiMoS800. Fig. 7 shows
the dependence of the conversion of vegetable oil on the WHSV at
260 ◦C. The decreasing trend in the conversion of rapeseed oil can
be also seen in order NiMoS450 > NiMoS600 ∼ NiMoS800.

Summarized selectivities for NiMoS450, NiMoS600 and
NiMoS800 catalysts to oxygenated products (sum of fatty acids,
fatty alcohols and their esters) and hydrocarbons (typically C15–C18
n-alkanes) are shown in Fig. 8 as a function of the conversion. All
three catalysts (NiMoS450, NiMoS600 and NiMoS800) exhibit one
selectivity-conversion behavior. Oxygenates prevail in the product
mixtures at low conversions of rapeseed oil. On the other hand,
with increasing conversion of rapeseed oil, composition of the
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Fig. 3. (A) UV–vis DR spectra of oxide forms of NiMoO-alumina catalysts. Legend: ( ) Ni(Oh), (�)Ni(Td), ( ) Mo(Oh) and (�) Mo(Td). (B) UV–vis DR spectra of oxide forms

of NiO450 and NiO800 catalysts. Legend: ( ) Ni(Oh) and (�) Ni(Td).

mixture is changed towards the domination of the main desired
products of the reaction, i.e. hydrocarbons.

Ratio of the selectivity to C18 and C17 hydrocarbons (S18/S17),
i.e. the main hydrocarbon products, is shown in Fig. 9 as a
function of the conversion of rapeseed oil. It describes the rel-
ative rates of the two main deoxygenation reactions, namely
hydrodeoxygenation yielding C18 alkanes and hydrodecarboxyla-
tion resulting in formation of C17 alkanes. S18/S17 decreases in order
NiMoS800 > NiMoS600 ∼ NiMoS450.

To understand better the role of Ni species in NiMo-alumina
catalysts, NiS450 and NiS800 catalysts were tested in the deoxy-

genation of rapeseed oil as well. The NiS-catalysts exhibited lower
deoxygenation activity than the NiMoS-catalysts as it is docu-
mented in Fig. 10 by plotting oxygen elimination as a function
of WHSV. In comparison with NiMoS-catalysts NiS-catalysts favor
formation of fatty acids from triglycerides, which is reflected in con-
version of triglycerides. However, this reaction does not contribute
to deoxygenation and therefore a fair comparison of NiS-catalysts is
possible only when conversion is replaced by oxygen elimination.
It should be also noted that no hydrocarbons having even number
of carbon atoms in their molecule (e.g. C18), i.e. hydrodeoxygena-
tion products, were formed. The comparison of the two Ni catalysts
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Table 3
Assignment of the UV–vis bands for NiMoO-alumina catalysts from literature.

Wavenumber, cm−1 Wavelength, nm Metal coordination Transition References

13,000–14,000 714–769 Ni2+ (Oh) 3A2g → 1T2g(P) [53–55]
15,970 626 Ni2+ (Td) 3T1 → 3T1(F) [53–56]
16,860 593 Ni2+ (Td) 3T1 → 3T1(F) [53,56]
24,130 414 Ni2+ (Oh) 3A2g → 3T1g(P) [53,54,57]
33,480 298 Ni2+ (–) Ni2+-O CT [36]

Mo6+ (Oh) O2− → Mo6+ [30,58–61]
36230 276 Ni3c

2+ (D3h symmetry) 3A2
′(F) → 3E′′(P) [55]

Mo6+ (Td) O2− → Mo6+ [30,58,59,61]
40,270 248 Ni2+ (Oh) 3A2g(F) → 1T2g(G) [57]

Mo6+ (Td) O2− → Mo6+ [58,61]
46,750 213 Ni2+ (Oh) 3A2g → 1A1g(2) [64]

Mo6+ (Td) – [60,62,63]

shows that NiS450 exhibited higher deoxygenation activity than
NiS800 (Fig. 10).

4. Discussion

4.1. Factors that could cause the observed change in the activity
and selectivity of NiMoS-alumina catalysts

The observed changes in the activity and selectivity of NiMoS-
alumina catalysts could be plausibly attributed to variations of the
following catalyst related parameters (i) concentration of Ni, Mo,
(ii) distribution of Ni species (iii) distribution of Mo species, (iv)
catalyst specific surface area, (v) crystallite size of Ni, Mo, Al2O3,
and (vi) impregnation order of Ni and Mo precursors.

The variations in Ni and Mo concentrations in the NiMoO-
alumina catalysts as well as in their specific surface areas are only
small (Table 1) and Ni and Mo species are homogeneously dis-
tributed on the support (Fig. 1). As these parameters are not affected
by the sulfidation of NiMoO-alumina to provide the active NiMoS-
alumina catalysts used in the deoxygenation experiments, the
contribution of the differences in these parameters to the observed
changes in the activity and selectivity of NiMoS-alumina catalysts
can be considered to be insignificant.

Fig. 4. Fitted spectra of S 2s and Mo 3d photoelectrons for NiMo450 and NiMo800
catalysts.

Fig. 5. Fitted spectra of Ni 2p photoelectrons for NiMo450 and NiMo800 catalysts.

The NiMoO450 and NiMoO600 catalysts were prepared in
the same impregnation order (Mo impregnated first), while for
NiMoO800 the impregnation order had to be reversed in order to
keep the constant pretreatment temperature of Mo. As there can be

Fig. 6. Conversion of vegetable oil as a function of the temperature (p(H2) = 3.5 MPa,
H2/rapeseed oil molar ratio = 50, F(H2) = 51.4 Nl h−1, F(rapeseed oil) = 40 g h−1,
WHSV = 4 h−1).
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Fig. 7. Conversion of vegetable oil as a function of WHSV (p(H2) = 3.5 MPa,
H2/rapeseed oil molar ratio = 50, F(H2) = 12.9–51.4 Nl h−1, F(rapeseed
oil) = 10–40 g h−1, T = 260 ◦C).

Fig. 8. Selectivity to oxygenates (S(oxo)) and hydrocarbons (S(HC)) as a
function of the conversion (p(H2) = 3.5 MPa, H2/rapeseed oil molar ratio = 50,
F(H2) = 12.9–51.4 Nl h−1, F(rapeseed oil) = 10–40 g h−1, T = 260 ◦C).

observed significant differences in activity and, to a lesser extent, in
selectivity of NiMoS450 and NiMoS600 catalysts, it can be inferred
that the change of impregnation order is not the main cause of
the observed differences. Nonetheless, there can be observed dif-
ferences in Ni and Mo distribution in the catalyst (Table 1). The
catalyst impregnated first with Ni, then calcined at 800 ◦C and
subsequently impregnated with Mo (NiMoO800) exhibits higher

Fig. 9. Selectivity to octadecane (S18) and selectivity to heptadecane (S17) ratio
as a function of the conversion (p(H2) = 3.5 MPa, H2/rapeseed oil molar ratio = 50,
F(H2) = 12.9–51.4 Nl h−1, F(rapeseed oil) = 10–40 g h−1, T = 260 ◦C).

Fig. 10. Oxygen elimination as a function of the WHSV (p(H2) = 3.5 MPa, H2/rapeseed
oil molar ratio = 50, F(H2) = 12.9–51.4 Nl h−1, F(rapeseed oil) = 10–40 g h−1,
T = 280 ◦C).

surface concentration of Mo and lower surface concentration of Ni
than NiMoO450. The same is observed also for the sulfided forms of
these catalysts (NiMoS800 and NiMoS450). These differences might
then contribute to the observed differences in catalytic activity and
selectivity.

As the impregnation with Mo precursor was carried out in the
same way for all three NiMoO-alumina catalysts (only the sup-
port was already modified with Ni and calcined at 800 ◦C prior to
impregnation with Mo in NiMoO800) and they were all calcined at
600 ◦C, it can be assumed that there are no significant differences in
the distribution of Mo species. This assumption is further supported
by the fact that no significant difference in the UV–vis spectra of
NiMoO-alumina catalysts was found with respect to the charac-
teristic bands of Mo6+ species between 28,000 and 50,000 cm−1

(Fig. 3A).
Consequently, due to the elimination of most of the catalyst vari-

ables, two important parameters relating to Ni that could affect the
catalyst performance remain – namely distribution of Ni species
in the NiMoO-alumina catalysts and crystallite size of Ni species.
Unfortunately, there is not sufficient information on Ni crystal-
lite size as the crystallites could not be observed by XRD (due to
either their small size or amorphous nature, Fig. 2). Nevertheless,
the alumina particle size increased with the increasing pretreat-
ment temperature. With respect to the reported results [68,69], it
can however be proposed that, similarly to alumina particle size,
the nickel particle size increased with the increasing pretreatment
temperature.

The observed differences in the catalytic performance of the
NiMoS-alumina catalysts can be, hence, related to the variation in
the calcination temperature of Ni species that affects the distribu-
tion of Ni species in the NiMoO-alumina catalysts. The changes in
Ni distribution in NiMoO-alumina catalysts are discussed in detail
in Section 4.2. However, it is very difficult to relate the observed
changes in Ni species distribution on NiMoO-alumina catalysts, i.e.
in the structure of the active sites, to the structure of their working
NiMoS-alumina catalysts counterparts. Nonetheless, based on the
comparison of XPS analysis of NiMoO-alumina and NiMoS-alumina
catalysts it can be inferred that the different calcination tempera-
ture affects the extent of Ni sulfidation, which in turn may play an
important role in the catalyst activity and selectivity.

4.2. Distribution of Ni species

Ni species can be present as surface Ni2+ in the form of stoi-
chiometric or non-stoichiometric NiO and Ni2+ as stoichiometric
or non-stoichiometric NiAl2O4, which can be present at the surface
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or in the bulk [70]. There was also reported presence of surface
reduced nickel [70] and Ni2O3 [25]. These species can be present
either in octahedral or in tetrahedral coordination.

In order to discuss the change in the distribution of Ni species
in NiMoO-alumina catalysts, the attention has been focused firstly
on the distribution of Ni species in a simpler system, namely in
Ni-alumina catalysts (NiO450 and NiO800) that were specifically
prepared for this purpose.

4.2.1. NiO450 and NiO800 catalysts.
The first hint about the distribution of the Ni species in NiO450

and NiO800 catalysts is given by the catalysts color (Table 1).
NiO450 catalyst is gray with blue touch. The greyish color is an indi-
cation of non-stoichiometric NiO formation [71], while the bluish
touch indicates the formation of small amount of nickel aluminate
(NiAl2O4) [70,72,73]. The formation of non-stoichiometric NiO in
NiO450 could be the reason why it is not seen in XRD pattern (Fig. 2)
and it can be also evidenced by elevated background of the UV–vis
spectra (Fig. 3) [71]. In contrast, the color of the NiO800 is bright
azure blue, which is the evidence of the nickel aluminate presence
[70,72].

Nickel aluminate is partially inverse spinel NiAl2O4 [71,74–76].
Its inversion is given by the calcination temperature and it is an
indication of how many Ni(II) and Al(III) ions occupy tetrahedral
(Td) and octahedral (Oh) sites. In normal spinel, Ni(II) ions occupy
Td sites and Al(III) ions occupy Oh sites. In inverse spinel, Ni(II)
ions occupy Oh sites and Al(III) ions occupy Td and Oh sites [77].
Dufresne et al. [76] reported that Ni(Td) should have higher binding
energy with support and, thus, be more stable at elevated tempera-
tures. However, the presence of NiAl2O4 having close to the inverse
spinel structure was also reported [74–76].

Regarding the UV–vis spectra of NiO450 and NiO800 catalysts,
several differences can be seen (Fig. 3B). The spectrum of NiO450
shows intensive DR bands at 34,300 and 38,400 cm−1. It is known
that Ni ions in nickel oxide are in octahedral coordination. Thus, it
is possible that Ni2+-O charge-transfer band at 34,300 cm−1 along
with bands at 13,000–14,000, 27,000 and 38,400 cm−1 could be
assigned in the spectra of the NiO450 catalyst to the Ni(Oh) ions in
NiO lattice. In agreement with the visual observations, these bands
are significantly weaker in the spectrum of NiO800.

Furthermore, a low-intensity doublet at 15,970–16,860 cm−1

can be observed in the spectrum of NiO450, while it is rather promi-
nent in the spectrum of NiO800. This doublet is characteristic for
Ni species with tetrahedral coordination. Here it reflects elevated
diffusion of the Ni species into the alumina lattice, where Ni ions
are located in tetrahedral coordination [78]. Moreover, presence of
the Ni(Td) in NiAl2O4 was also reported [25].

Based on the visual observations and UV–vis spectra it can be
concluded that at increased calcination temperature the primar-
ily formed NiO having Ni in exclusively octahedral coordination is
transformed into the NiAl2O4 with Ni in both octahedral as well as
tetrahedral coordination.

4.2.2. NiMo450, NiMo600 and NiMo800 catalysts
In agreement with Ni catalysts, the formation of the NiAl2O4 sur-

face spinel structure is observed also in NiMoO-alumina catalysts
at high Ni calcination temperatures. It is evidenced particularly in
the XRD pattern of NiMoO800 (Fig. 2) by the increased signal at 2�
of 19.2◦, which is attributed to the NiAl2O4 surface spinel struc-
ture. In the XRD pattern of NiMoO600, peak at 19.2◦ is only poorly
notable, meaning lower NiAl2O4 concentration and for NiMoO450,
this peak is not visible at all, meaning that calcination temperature
as low as 450 ◦C does not allow for Ni to create appreciable con-
centration of NiAl2O4 in NiMoO-alumina system. This can be also
evidenced by the absence of bluish color in NiMoO450 (Table 1).
Many authors reported that in NiAl2O4 as a mostly inverse spinel

Ni is found mainly in octahedral coordination [74–76], however
also presence of the NiAl2O4 in a tetrahedral Ni arrangement was
reported [25,76].

UV–vis spectra of the NiMoO-alumina catalysts exhibit DR
bands of the transitions of tetrahedral (Td), octahedral (Oh) and
some other unspecified Ni2+ species (Fig. 3A). The main objective
here is not to discuss the individual DR bands, but rather investi-
gate the changes in the distribution between the octahedral and
tetrahedral Ni species. UV–vis bands of the Ni(Td) are present as a
doublet at 15,970–16,860 cm−1, while Ni(Oh) can be seen at 24,130,
34,300, 38,400, 40,270 and 46,750 cm−1. However, the bands of
Ni(Oh) at 34,300, 38,400, 40,270 and 46,750 cm−1 in the spec-
tra of NiMoO-alumina catalysts are overlapped by the DR bands
of the molybdenum (Fig. 3A). Therefore, only bands of Ni(Td) at
15,970–16,860 cm−1 and band of Ni(Oh) at 24,130 cm−1 can be
discussed.

From UV–vis spectra shown in Fig. 3A, it can be clearly seen, that
the intensity of the DR band at 24130 cm−1, which we attributed to
the Ni(Oh), is the highest for NiMoO450 catalyst and its intensity
decreases in order: NiMoO450 � NiMoO600 > NiMoO800. Based on
the intensities of the DR doublet at 15,970–16,860 cm−1, which is
attributed to the Ni(Td), relative concentration of the Ni(Td) species
is increasing in the order: NiMoO450 � NiMoO600 < NiMoO800.
Thus, the most pronounced difference in the distribution of Ni(Oh)
and Ni(Td) species is observed for NiMoO450 and NiMoO600. On
the other hand, the NiMoO600 and NiMoO800 exhibited small dif-
ference in the population of Ni(Oh) and Ni(Td) species. However,
the difference between NiMoO600 and NiMoO800 can be observed
mainly in the population of NiAl2O4 spinel.

According to the literature, Ni in tetrahedral coordination is
hardly reducible [25,79], because it is incorporated in and strongly
interacts with the alumina lattice [25,29]. It could be therefore
assumed that the increasing calcination temperature enables part
of the Ni species to diffuse preferably into the alumina lattice, in
which Ni is present in the tetrahedral coordination. There is also
possible creation of Ni(Td) in NiAl2O4 spinel [25]. Therefore, we
assign the lowest intensity of Ni(Td) doublet to the effect of the
low calcination temperature in terms of low diffusion of Ni into
the alumina lattice. This finding is in agreement with the results
presented above for NiO450 and NiO800 catalysts and it is also in
agreement with a previous study of the behavior of Ni-alumina
catalysts pretreated at 600 and 800 ◦C, where the increase in the
calcination temperature led to the increase of the relative popula-
tion of Ni(Td) and the decrease in the relative population of Ni(Oh)
[36].

There are several explanations possible for the relative increase
in the population of Ni(Td) arising from the increase of the pre-
treatment temperature: (i) some of the Ni(Oh) species in the NiO
lattice (characteristic by the decrease of the intensity of transition
at 24,130 cm−1) are diminished and Ni diffuses into the alumina
lattice and also creates NiAl2O4 (increase at 15,970–16,860 cm−1),
both in a tetrahedral coordination, (ii) more of the Ni(Oh) species
in the NiO lattice are diminished and Ni diffuses into the alu-
mina lattice and it is in tetrahedral coordination (increase at
15,970–16,860 cm−1) and also creates NiAl2O4, however in octa-
hedral coordination, which could be poorly visible, because of the
nickel aluminate location under the surface of the alumina support.

Nevertheless, it is obvious that due to increased calcina-
tions temperature of Ni precursors, NiMoO-alumina catalysts
with increasing population of Ni in tetrahedral coordination are
obtained. As discussed in the following section, the NiMoS-alumina
catalysts, prepared by sulfidation of NiMoO-alumina catalysts,
exhibit different catalytic performance. While it is impossible to
make a direct link between the structure of NiMoO-alumina cata-
lysts, on the one hand, and of NiMoS-alumina catalysts, on the other
hand, the XPS investigations of both catalyst forms (i.e. oxide and
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sulfide) clearly demonstrate that there is a difference in the extent
of sulfidation of NiMoS450 and NiMoS800 (Fig. 5).

The catalyst with the highest concentration of Ni(Td), i.e.
NiMoO800, exhibits significantly lower extent of Ni sulfidation than
the catalyst that has predominantly octahedral coordination of Ni,
i.e. NiMoO450 (Fig. 5). It has been previously reported [67] that
sulfidation of Ni in tetrahedral coordination in nickel aluminate is
more difficult than sulfidation of Ni(Oh). It can be thus concluded
that higher calcination temperature of Ni precursor leads to for-
mation of Ni(Td) species that are more difficult to transform into
sulfide form that is active in deoxygenation.

4.3. Structure vs. catalytic activity of NiMo-alumina (HDO)

The above-reported catalyst characterization results indicate
differences in the structure of the NiMoO-alumina catalysts and
are here combined with the performance of the NiMoS-alumina
catalysts in an attempt to reveal a link between catalyst prepa-
ration and its performance in the deoxygenation of triglycerides.
Even though the coordination of Ni species has been determined for
NiMoO-alumina catalysts and the experiments have been carried
out using NiMoS-alumina catalysts, the differences in the catalysts
activities and selectivities suggest that the structural differences
of NiMoO-alumina catalysts have been propagated into the work-
ing NiMoS-alumina catalysts. This is confirmed by the XPS results
that indicate a lower extent of Ni sulfidation in catalyst with higher
concentration of Ni in tetrahedral coordination. Moreover, if the dif-
ferences in the structure of the NiMoO-alumina catalysts were not
significant, the working NiMoS-alumina catalysts should exhibit
the same catalytic performance.

The catalytic performance of the NiMoS-alumina catalysts in the
deoxygenation of rapeseed oil is described by three basic param-
eters (i) conversion (or oxygen elimination that describes the real
deoxygenation efficiency [17,80]), (ii) selectivity towards hydro-
carbons (non-oxygenated products) and oxygenated products (sum
of fatty acids, fatty alcohols, and their esters) and (iii) selectiv-
ity to the hydrodeoxygenation (HDO) and hydrodecarboxylation
(HDC) reaction pathway that is expressed as the ratio of C18/C17
hydrocarbons, i.e. products of HDO and HDC, respectively.

4.3.1. Conversion
Conversion of the rapeseed oil (Figs. 6 and 7) as well as oxy-

gen elimination (Fig. 10) is the highest for the NiMoS450 catalyst.
The NiMoS600 and NiMoS800 catalysts exhibit similar conver-
sion (Figs. 6 and 7) and oxygen elimination (Fig. 10), respectively,
but visibly lower than NiMoS450. The deoxygenation activity
seems to correlate with the relative population of Ni(Oh) species
that is also the highest in NiMoO450. Moreover, NiMoO600 and
NiMoO800 catalysts exhibit almost similar relative population of
Ni(Oh) species (Section 4.2) and similar conversion of rapeseed oil
(Figs. 6 and 7). Therefore, it can be concluded that Ni(Oh) in NiMoO-
alumina catalysts could be the precursors of the active Ni species in
the hydrotreating NiMoS-alumina catalysts. This conclusion is fur-
ther supported by the performance of Ni catalysts calcined at 450
and 800 ◦C, respectively (Fig. 10) and is in line with previous reports
discussing that the active form of the promoter metal (Ni, Co) in
the alumina supported hydrotreating catalysts exhibits octahedral
coordination [81,82]. Moreover, the XPS measurements reveal dif-
ferences in the extent of sulfidation of Ni species that can be related
to their nature (Ni(Td) vs. Ni(Oh) as discussed above).

4.3.2. Oxygenates vs. hydrocarbons
At low conversion levels of rapeseed oil, the products of triglyc-

eride transformation consist almost exclusively of oxygenates
(fatty acids, fatty alcohols and their esters). This is in agreement
with previous studies [14–17] that have established that formation

of oxygenates precedes that of hydrocarbons. Consequently, with
increasing conversion of rapeseed oil the amount of desired hydro-
carbons is increasing, while the amount of oxygenates is decreasing.
In contrast to the activity of NiMoS-alumina catalysts, there are
no discernible differences in selectivity to hydrocarbons and oxy-
genates among the catalysts, i.e. when the selectivity to both main
product groups is plotted as a function of conversion (Fig. 8).

4.3.3. C17 vs. C18
There are two major deoxygenation reaction routes over NiMoS-

alumina catalysts [17] – hydrodeoxygenation (HDO) yielding
hydrocarbons with even carbon number and hydrodecarboxyla-
tion (HDC) yielding hydrocarbons with odd carbon number. As
over 90% of fatty acids bound in triglycerides present in rapeseed
oil have 18 carbon atoms in their molecule, provides the ratio of
selectivities to C18/C17 (S18/S17) a useful tool for describing the
relative importance of HDO and HDC. Despite the product distri-
bution between oxygenates and hydrocarbons was not affected by
the catalyst structure, significant differences can be found in selec-
tivities to C18 and C17 hydrocarbons that reflect the differences in
deoxygenation mechanism. S18/S17 ratio for the tested catalysts is
decreasing in order: NiMoS800 � NiMoS600 > NiMoS450 (Fig. 9).

Sulfided Mo-alumina catalyst has been shown to deoxygenate
rapeseed oil selectively by HDO, while sulfided Ni-alumina cata-
lyst yielded almost exclusively HDC products [17]. The difference in
S18/S17 between NiMoS450 and NiMoS600 can be hence attributed
to the higher population of the more active Ni(Oh) in NiMoO450
that results in higher HDC activity and, in turn, in lower S18/S17
ratio (Fig. 9). The significantly higher S18/S17 ratio observed for
NiMoS800 can be caused by two factors (i) increased population
of Ni(Td) that lead to Ni sites in NiMoS catalysts with low HDC
activity or (ii) impregnation order. In contrast to NiMoO450 and
NiMoO600, NiMoO800 was prepared by impregnating the alumina
support first with Ni and then with Mo, and Mo sites could be thus
more readily accessible and HDO route preferred. This explanation
is supported by the surface concentration of Ni and Mo obtained
from XPS (Table 1).

5. Conclusions

NiMoS-alumina catalysts are highly active in the deoxygenation
of rapeseed oil. In order to obtain information about the role of Ni
species and their effect on the activity of NiMoS-alumina catalysts
in the deoxygenation of rapeseed oil, the NiO- and NiMoO-alumina
catalysts with a different distribution of Ni species were prepared.
The change in the distribution of Ni species has been achieved by
various temperature pretreatments of Ni species, while keeping the
total amount of Ni and Mo species and the pretreatment procedure
of Mo species constant.

The prepared NiMoO-alumina catalysts mainly differed in the
population of octahedral and tetrahedral nickel species. However,
there was not found any significant difference in the distribution of
Mo species. This was determined for NiMoO450 and NiMoO600 cat-
alysts, where the Ni species were impregnated on the Mo-alumina
catalyst prepared by the same procedure. Although NiMoO800 cat-
alyst was prepared by reversed impregnation order of Ni and Mo
species, there was not observed any difference in the population
of the UV–vis bands characteristic for Mo species in comparison
with NiMoO450 and NiMoO600 catalysts. All NiMo-alumina cata-
lysts had similar specific surface area and did not contain any bulk
NiO and MoO3 like species.

A change in pretreatment temperature led to changes in the
population of Ni species. With increasing pretreatment tempera-
ture of Ni species, the Ni(Oh) concentration decreased and Ni(Td)
increased in NiO- and NiMoO-alumina catalysts. Thus, the Ni(Oh)
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species in the NiO lattice were diminished and Ni diffused into
the alumina lattice in a tetrahedral coordination and also created
NiAl2O4 in Ni(Oh) and/or Ni(Td) coordination. This conclusion was
further supported by XPS measurements that revealed that Ni was
more difficult to convert into its sulfide form in the catalyst with
higher Ni(Td) concentration.

The activity of NiMoS-alumina catalysts in the deoxygenation of
rapeseed oil was discussed with respect to the conversion of rape-
seed oil, selectivity to oxygenates and hydrocarbons and selectivity
to C17 and C18 hydrocarbons.

Conversion. Conversion of rapeseed oil was affected by the
population of the octahedral and tetrahedral nickel species in
NiMoO-alumina catalysts. It has been found that the catalysts with
higher population of octahedral nickel species are more active than
those containing higher population of tetrahedral nickel species.
This was attributed to the lower sulfidation of Ni(Td) species in
comparison with Ni(Oh) species.

Oxygenates vs. hydrocarbons. Selectivities to oxygenates and
hydrocarbons were not affected by the population of Ni species, but
by the conversion of rapeseed oil. Oxygenates were mainly formed
at low conversion of rapeseed oil, while hydrocarbons prevailed at
high conversion of rapeseed oil.

C17 vs. C18. Based on previous measurements [17], single Ni-
alumina catalysts favor almost exclusively deoxygenation through
the hydrodecarboxylation pathway (the formation of the C17
hydrocarbons) whereas single Mo-alumina catalysts favor the
hydrodeoxygenation pathway (the formation of C18 hydrocarbons).
Here, it has been found that due to the lower surface concentra-
tion of Ni in NiMoS800 (a consequence of a different impregnation
order in comparison with the other tested catalysts) and lower
extent of Ni sulfidation (a consequence of higher concentration
of Ni species in tetrahedral coordination), NiMoS800 favors the
hydrodeoxygenation pathway more prominently than NiMoS450
and NiMoS600 catalysts.
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a b s t r a c t

Three industrially important supports, SiO2, TiO2 and Al2O3, were used for preparation of NiMo cata-
lysts (3.3 wt.% Ni and 15.0 wt.% Mo) and used in deoxygenation of rapeseed oil in presence of hydrogen
(3.5 MPa) at 260–300 ◦C and liquid feed weight-hourly space velocity in the range 2–8 h−1. Due to the
same method of preparation and activation (sulfidation) of the catalysts, the final properties were affected
mainly by the differences in the nature of supports as well as their properties, such as specific surface
area, pore size distribution or acidity. Most notably the dispersion of the active phase decreased in the
following order SiO2 > Al2O3 > TiO2. As a result, the SiO2-supported NiMo catalyst exhibited smaller extent
of hydrogenation reactions and a larger extent of decarboxylation. On the other hand, the TiO2-supported
NiMo catalyst exhibited increased selectivity to hydrodeoxygenation products, plausible due to the larger
active phase cluster size and broad pore size distribution. The results provide clear evidence that even
with the conventional hydrotreating active phase, such as sulfided NiMo, the selectivity can be fine-tuned
by support selection and modification.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Deoxygenation of triglycerides is one of key processes making
possible a convenient production of high quality automotive fuels
components (sulfur-, oxygen- and aromatics-free). Various alter-
native routes for upgrading of triglycerides and related feedstocks,
such as free fatty acids, into hydrocarbons have been reported
in the literature [1–3]. Three most promising options include (i)
catalytic cracking of triglycerides [4–11] under conditions simi-
lar to those of fluid catalytic cracking, (ii) decarboxylation using
supported Pd catalysts [12–19] and (iii) hydrotreating using con-
ventional hydrotreating catalysts, i.e. supported sulfides of Mo or
W promoted by Ni or Co [20–32].

The advantage of catalytic cracking is that deoxygenation can
be accomplished without hydrogen consumption. However, the
process exhibits rather low selectivity towards diesel fuel com-
ponents as gaseous and gasoline-range products are formed. The
yields vary significantly depending on the catalyst type [4,7–9,11].
The highest yield of diesel cut products were obtained when using
hierarchical zeolites (micro-mesoporous materials, such as ZSM-
5–MCM-41) [8,33]. Moreover, due to the acid nature of cracking
catalysts, cyclization and hydrogen transfer reactions resulting

∗ Corresponding author.
E-mail address: david.kubicka@vuanch.cz (D. Kubička).

in formation of aromatics take place in addition to cracking and
deoxygenation reactions. Consequently, the diesel fuel properties
(cetane number, aromatics content) are worse as compared with
hydrodeoxygenation products.

The alternative approach using noble metal catalysts, particu-
larly palladium on carbon, is highly selective, as fatty acids undergo
virtually exclusively decarboxylation [12]. Moreover, the reaction
does not per se consume hydrogen [12], nonetheless, it has been
demonstrated that hydrogen helps in preventing rapid catalyst
deactivation by side reactions [14,17,19]. Hydrogen is also needed
to saturate any double bonds in the fatty acid moieties to be deoxy-
genated in order to obtain deoxygenated product having good
thermal and oxidation stability. From the industrial perspective
point of view, long-term stability and activity of Pd/C catalysts for
deoxygenation was not yet demonstrated hindering their wide-
spread application. Recently, another alternative class of catalytic
materials has attracted attention for deoxygenation of triglycerides,
namely carbides, nitrides and phosphides of molybdenum or nickel
[34–36]. These materials offer several advantages for processing
of neat triglycerides as these catalysts are stable with time-on-
stream [36] and co-feeding of sulfur-containing compounds, which
is required for sulfided catalysts to maintain their activity, can be
avoided. Since these catalysts are sulfur resistant, co-processing of
refinery feeds with triglycerides is possible as well [36].

In contrast to the previous two alternatives, sulfided hydrotreat-
ing catalysts have been shown as active and selective catalysts and

0926-3373/$ – see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.apcatb.2013.01.012
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have been also employed commercially [37,38]. While diesel fuel
components are obtained selectively, the only by-products being
water, carbon oxides and propane, even at total conversion, and
the catalysts are well-known and widely used in the industry, there
are several disadvantages to this approach. They include higher
consumption of hydrogen than in decarboxylation or cracking [1],
need of an external sulfur source to keep the sulfided catalyst in
active state [30] and possible formation of sulfur species in the final
product [39]. Generally, the formation of new sulfur-containing
species is rather limited not threatening the diesel fuel specifica-
tion limits and hydrogen-sulfide-containing hydrogen streams are
readily available in conventional refineries. Hence, the most signif-
icant challenge, both from the environmental as well as economical
point of view, is the high hydrogen consumption caused by the high
oxygen content of triglycerides and fatty acids (ca. 11 wt.%).

The issue can be, in principal, tackled by varying the selectivity
of the two main reaction pathways, namely hydrodeoxygenation
(HDO) and decarboxylation (HDC). Assuming a model triglyc-
eride consisting exclusively of C18 fatty acids moieties, then in
HDO is oxygen eliminated as water and n-octadecane (n-C18) is
formed while in HDC oxygen is removed primarily as CO2 and
n-heptadecane (n-C17) is formed. Looking at the different stoi-
chiometric requirements for hydrogen consumption in the just
described reaction pathways, it becomes obvious that hydrogen
consumption could be reduced if one could steer the selectivity
towards the HDC pathway. Another aspect that needs to be noted
is that by favoring decarboxylation pathway, the yield of diesel fuel
range products will be decreased (approximately by 5–6%), as there
will be one carbon atom less in the final products than in the case
of HDO reaction pathway.

The aim of the work is to investigate the effect of catalyst support
on its deoxygenation performance, in particular on the selectivity
towards HDO and HDC, respectively. Hence three NiMo catalysts
having the same active phase composition were prepared using
different industrially relevant supports (Al2O3, SiO2, TiO2). The
deoxygenation performance focusing on deoxygenation products
distribution was investigated under typical deoxygenation con-
ditions reported previously [24,32] using rapeseed oil as model
feedstock.

2. Experimental

2.1. Catalyst preparation and characterization

NiMo catalysts having the same loading of active components
(Ni–3.3 wt.% and Mo–15 wt.%) and different support (Al2O3, SiO2
and TiO2) were prepared by incipient wetness. The commercial
supports were crushed and the fraction 0.25–0.50 mm was used
in catalyst preparation. Aqueous solutions of Ni(NO3)2·6H2O and
(NH4)6Mo7O24·4H2O were used as the source of nickel and molyb-
denum, respectively. A two-step procedure was applied. At first
the catalyst was impregnated with (NH4)6Mo7O24·4H2O to contain
15 wt.% Mo and dried at 95–100 ◦C. Then it was calcined in an oven
at 400 ◦C. Subsequently, the Mo-containing support was impreg-
nated with Ni(NO3)2·6H2O to contain 3.3 wt.% of Ni and dried again
at 95–100 ◦C. Finally, the catalyst was calcined at 400 ◦C. The same
procedure was used for all three supports.

The catalysts were characterized by several physico-chemical
methods to assess their relevant catalytic properties. The methods
included N2 physisorption isotherm, DR UV–vis and FTIR spec-
troscopy, H2 TPR and NH3 TPD, and elemental composition (C, S).
Nitrogen physisorption method was used to determine textural
properties of catalysts (specific surface area and pore size distri-
bution) using a Micromeritics ASAP 2020 volumetric instrument
at–196 ◦C, for details see [40]. The BET surface area was evaluated

using adsorption data in a relative pressure range from 0.05 to
0.25 and mesopore size distributions were calculated using BJH
algorithm using Harkins–Jura equation calibrated to accurately
determine the pore diameter and volume.

The UV–vis diffuse reflectance spectra of dehydrated samples
were measured using Cintra 303 spectrometer (GBC Scientific
Equipment, Australia) equipped with a Spectralon-coated inte-
grating sphere using a Spectralon coated discs as a standard. The
spectra were recorded in the range of the wavelength 190–850 nm.
Before the spectra measurement the samples were dehydrated and
oxidized in the glass apparatus under static oxygen atmosphere
(15 kPa) in two steps: 120 ◦C for 30 min and 450 ◦C for 60 min and
subsequently cooled down to 250 ◦C and evacuated for 30 min. After
the evacuation the samples were transferred into the quartz opti-
cal cuvette 5 mm thick and sealed under vacuum. This procedure
guaranteed complete dehydration and defined oxidation state of all
NiMoOx particles on the catalyst surface. The obtained reflectance
spectra were transformed into the dependencies of Kubelka–Munk
function F(R∞) on the wavenumber [41].

Redox behavior and dispersion of NiMoOx surface species was
investigated by the temperature programmed reduction by hydro-
gen (H2-TPR) using the AutoChem 2920 (Micromeritics, USA). A
100 mg sample in a quartz U-tube microreactor was oxidized in
oxygen flow at 450 ◦C for 60 min prior the TPR measurement. The
reduction was carried out from 50 ◦C to 1 050 ◦C with a temperature
gradient of 10 ◦C/min in flow (25 ml/min) of reducing gas (5 vol% H2
in Ar). The changes of hydrogen concentration were monitored by
the TCD detector and simultaneously hydrogen consumption and
water formation was also detected on a quadrupole mass spectrom-
eter OmniStarTM GDS 300 (Pfeiffer vacuum, Germany).

Acidity of supported NiMoO catalysts was investigated by
the temperature programmed desorption of ammonia (NH3-TPD).
NH3-TPD experiments were carried out on the same instrument
as H2-TPR. Before each experiment a 100 mg of sample were pre-
treated in a flow of dry oxygen at 450 ◦C for 60 min and after that
the sample was exposed to NH3 (5 vol% NH3 in He) at 75 ◦C for
30 min. The physically adsorbed ammonia was removed by purging
with a helium flow for 30 min. Then the TPD was performed in He
flow (25 ml/min) with a temperature gradient of 10 ◦C/min and the
desorbed NH3 was monitored by a TCD detector and by mass spec-
trometer which allow a monitoring other products of desorption as
well.

2.2. Catalytic experiments

The catalytic experiments were carried out in an electrically-
heated fixed bed reactor (inner diameter 17 mm) using rapeseed
oil as a feedstock (food grade quality, without addition of sulfiding
agent) in presence of hydrogen (3.5 MPa) at 260–300 ◦C. The sulfi-
ding agent was not used to have a clear view on the effect of support
only. The liquid feed weight-hourly space velocity was varied in
the range 2–8 h−1, while the hydrogen to liquid feed ratio was kept
constant at 50 mol/mol. A wide range of LHSV was used in order
to evaluate the selectivity changes over a wide range of conver-
sions and degrees of deoxygenation. The conversion and degree of
deoxygenation is defined in Eqs. (1) and (2), respectively:

Conversion = CTG0 − CTG

CTG0

× 100 (1)

Degree of deoxygenation = COX0 − COX

COX0

× 100 (2)

where CTG0 and COX0 are the concentration of triglycerides and
oxygen, respectively, in the feedstock, and CTG and COX are the
concentration of triglycerides and oxygen in products.
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Table 1
Basic physico-chemical properties of studied catalysts.

BET (m2/g) S (wt.%) C (wt.%)

NiMo/SiO2 343 (524)a 15.6 5.6
NiMo/Al2O3 177 (198)a 9.8 5.9
NiMo/TiO2 117 (203)a 7.1 5.5

a The number in parentheses gives the BET surface area of the support.

The NiMo catalysts (particle size 0.25–0.50 mm) were loaded
in the reactor and were diluted with silicon carbide (particle size
0.1 mm) to improve the temperature profile along the catalyst
bed. The profile was monitored by three adjustable thermocou-
ples placed in a thermowell located in the axis of the reactor. The
void space above the catalyst bed was filled with silicon carbide
and in this part of the reactor the feed and hydrogen were pre-
heated, mixed and distributed over the reactor cross-section. The
catalyst was activated (sulfided) in situ prior to each experiment
using dimethyldisulfide (DMDS) in isooctane. The sulfiding proce-
dure lasted 10 hours including a dwell at 340 ◦C.

Several samples from each reaction condition were collected
and analyzed by GC equipped with an on-column injection system
and a flame ionization detector. Details of the analytical method
were reported previously elsewhere [24,32].

3. Results and discussion

3.1. Catalyst characterization

The catalysts were prepared by incipient wetness impregna-
tion to contain the same concentration of active components, i.e.
3.3 wt.% Ni and 15.0 wt.% Mo. The final catalysts differed in their
specific surface area as shown in Table 1. The sulfur content of the
catalysts, measured after reaction, exhibited a linear correlation
with the catalyst specific surface area as it increased from 7.1 wt.%
for NiMo/TiO2 to 15.6 wt.% for NiMo/SiO2 (Table 1). Since the metal
content and preparation and pre-treatment methods were iden-
tical, it can be concluded that the dispersion of the active NiMo
phase increased in the order TiO2 < Al2O3 < SiO2 which can also be
associated with the available specific surface area that increased in
the same order. At the same time, the content of carbon, reflect-
ing the amount of carbonaceous deposits on the catalyst surface,
was virtually the same for all three catalysts regardless their total
specific surface area (Table 1). This indicates that the deactivation
reactions proceeded approximately at the same rate. Moreover,
TiO2-supported catalyst exhibited a rather broad pore size distri-
bution, while SiO2 and Al2O3-supported catalysts showed a narrow
and unimodal pore size distribution centered around 6 and 9 nm,

Fig. 1. Pore size distribution of the catalysts determined by BJH method.

Fig. 2. Temperature programmed reduction (H2-TPR) of catalysts. The shaded area
(420–500 ◦C) shows the position of the first reduction peak.

respectively (Fig. 1). In all three cases the pore sizes are sufficient
for triglycerides to enter them.

The catalysts exhibited different temperature programmed
reduction profiles (H2-TPR, Fig. 2) indicating that there were differ-
ences in the active phase-support interaction. The main reduction
peak corresponding to the active phase reduction was located
approximately between 350 and 600 ◦C (Fig. 2). As the active phase
composition was identical, these differences could be explained by
different strength of active phase-support interaction reflecting the
support nature and active phase cluster size. The TiO2-supported
catalyst was the most easily reduced (reduction maximum at
460 ◦C) probably due to the largest active phase cluster size
(as indicated by the lowest sulfur content in the sulfided cat-
alyst) weakening the active phase-support interaction, whereas
the SiO2-supported catalyst showed a clear shift to higher reduc-
tion temperature (ca. 550 ◦C). It could be attributed to the smaller
active phase cluster size (as indicated by the catalyst sulfur content,
Table 1) and hence more intimate contact with the support (Fig. 2,
Table 2). Finally, it was seen that alumina-supported catalyst was
the most difficult to reduce suggesting a strong interaction of the
intermediate clusters of active phase.

The UV–vis spectra of the catalysts did not exhibit any surprising
features (Fig. 3). It could be seen that the nickel in tetrahe-
dral coordination Ni(Td), typically recognizable by a band around
17000 cm−1, was absent (Fig. 3, compare with [32]). A close inspec-
tion of the bands corresponding to nickel in octahedral coordination
Ni(Oh) revealed though that there was an important difference in
the intensity and hence in population of the Ni(Oh) species at ca.
22500 cm−1 in different catalysts (Fig. 3). While a very intense band
was found in the case of SiO2-supported catalyst, this band was
absent in the case of alumina-supported catalyst and only a shoul-
der was visible (taking into account the shift of the edge) in the
case of TiO2-supported catalyst (Fig. 3). It might be speculated that
this band could be connected with shift in H2-TPR to higher reduc-
tion temperature and, in turn, with the differences in selectivity as
discussed later. Obviously, further fundamental investigations are
needed to prove or disprove this conclusion.

The measurements of temperature programmed desorption of
ammonia demonstrated differences among the catalysts in the

Table 2
H2-TPR and NH3-TPD characteristic data.

H2-TPR NH3-TPD

H2 consumption
mmol

Tmax (◦C) Desorbed NH3

mmol
Tmax (◦C)

NiMo/SiO2 3.0 549 108.1 160
NiMo/Al2O3 3.1 896 98.3 167
NiMo/TiO2 3.7 461 54.1 195
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Fig. 3. UV–vis spectra of catalysts (in oxide form). The shade area shows the Ni(Oh)
region exhibiting difference among the catalysts.

amount of acid sites interacting with ammonia as well as in their
strength. The highest amount of acid sites contained the SiO2-
supported catalyst, which could be explained by the largest surface
area and the best dispersion of the active phase resulting in high
number of Lewis acid sites originating from dispersed MoNiOx

phase and alternatively remaining silanols, as the desorption peak
was at low temperature (ca. 160 ◦C, Fig. 4). A desorption peak at
a similar position (desorption temperature) could be also seen in
the remaining two catalysts. In contrast to SiO2-supported catalyst,
TiO2- and Al2O3-supported catalysts had a second desorption peak
with a maximum around 300 ◦C (Fig. 4). It was thus clear that there
was another type of acid sites in these two catalysts and that these
sites were stronger than the acid sites found in the SiO2-supported
catalyst. The population of these sites was the largest in the case
of Al2O3-supported catalyst and it could be one of the reasons for
stronger interaction between the active phase and support and
consequently for the lower reducibility of the alumina-supported
catalyst.

The catalyst characterization results showed rather convinc-
ingly that the SiO2-supported NiMo catalyst exhibited, in spite
of the same composition of the active phase and catalyst prepa-
ration and activation procedures, different properties than the
other two catalysts (TiO2- and Al2O3-NiMo supported catalysts).
The above-discussed differences could be related to one common
denominator, namely the interaction between the active phase and
the support.

3.2. Catalytic experiments

Sulfided NiMo active phase supported on three different indus-
trially relevant supports – Al2O3, SiO2 and TiO2 – had the ability to

Fig. 4. Temperature-programmed desorption (TPD) of NH3 of catalysts (in oxide
form). The shaded area shows the second desorption peak of ammonia.

Fig. 5. Conversion, A, and deoxygenation, B of rapeseed oil as a function of reaction
temperature (260–300 ◦C) at 4 h−1, 3.5 MPa and 50 molH2 /molfeed.

convert triglycerides completely into products at 300 ◦C (Fig. 5A).
This is in line with previous reports [20,24,32]. With decreasing
reaction temperature the conversion decreased and at 260 ◦C it
was in the range 52–62% for all three catalysts (Fig. 5A). Despite
the large conversion achieved, it can be clearly seen that the
degree of deoxygenation (defined as reduction in oxygen content
as compared to the feedstock, Eq. (2)) was significantly lower than
conversion (Fig. 5B). The information about oxygen content was cal-
culated from concentration of individual products determined by
GC analysis of products. It can be observed that within the range of
temperature ca. 250–300 ◦C, at WHSV of 4 h−1, hydrogen pressure
3.5 MPa and hydrogen to feed ratio of 50 molH2/molfeed the deoxy-
genation degree varied from 0 to 100%, i.e. from exclusive formation
of oxygenated products to sole formation of hydrocarbons. It can
be concluded that oxygenates are reaction intermediates.

This conclusion is valid in the entire experimental range, i.e.
at 260–300 ◦C and 2–8 h−1 (Fig. 6) where yields of oxygenated
products and hydrocarbons are plotted as a function of degree of
deoxygenation. While the general trend in the dependence of the
yields of oxygenated products on the degree of deoxygenation is
an expected one, there are obvious differences among the studied
supports. At the same degree of deoxygenation, the highest yield
of hydrocarbons is obtained over SiO2-supported catalyst and the
lowest over TiO2-supported catalyst (Fig. 6B). This is also reflected
in the shift of the maximum on the yield curve of oxygenates
towards higher deoxygenation degree from SiO2 to TiO2-supported
catalyst (Fig. 6A). The difference among the supports stems from
different relative reaction rates of hydrodeoxygenation (HDO) and
decarboxylation (HDC) reactions over sulfided NiMo active phase
supported on these supports. This can be clearly seen from analysis
of yield curves of the main product groups that were denoted as
oxygenated products, namely fatty acids, fatty alcohols and fatty
esters.
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Fig. 6. Yields of the main product groups (oxygenated products (A) and hydrocar-
bons (B)) as a function of deoxygenation performance of the catalysts at 260–300 ◦C,
2–8 h−1, 3.5 MPa and 50 molH2 /molfeed.

The mutual interdependence (inter-conversion) of these prod-
ucts including formation of byproducts is schematically depicted in
Fig. 7. Generally speaking, fatty acids originate from hydrogenolysis
of triglycerides, fatty alcohols are products of reduction (hydro-
genation) of carboxylic group in fatty acids and fatty esters are
products of reaction between the former two groups of products.
The yield curves support this claim as fatty acids can be seen as
the primary products followed by fatty alcohols and fatty esters
(Fig. 8A). The less pronounced yield curve of fatty alcohols (Fig. 8B)
is a consequence of their higher reactivity in comparison with fatty
acids or esters [42]. As a result, the concentration of fatty alco-
hols appears to be the rate-limiting step for the formation of fatty
esters (Fig. 8C). The general scheme is in agreement with previous
investigations [24].

An inspection of the Fig. 8 reveals that there is a significant
difference among the supports. The high yield of fatty acids over
SiO2-supported NiMo catalyst in comparison with the remaining
two supports (50 vs. ca. 20% at deoxygenation degree of ca. 25%,
Fig. 8A) combined with the significantly lower yield of fatty esters

Fig. 7. Schematic representation of (A) triglycerides (TG) deoxygenation to
oxygenated products (Ox) and hydrocarbons (HC) and of (B) fatty acid (FAc) interme-
diates deoxygenation to decarboxylation products (C17) or to fatty alcohols (FAlc)
and hydrodeoxygenation products (C18). Fatty esters (FEst) deoxygenation is cap-
tured as well.

Fig. 8. Yields of fatty acid (A) fatty alcohols (B) and fatty esters (C) as a function
of deoxygenation performance of the catalysts at 260–300 ◦C, 2–8 h−1, 3.5 MPa and
50 molH2 /molfeed.

(ca. 20% for SiO2 vs. ca. 50% for TiO2 at deoxygenation degree of
ca. 25%, Fig. 8C) can be attributed to lack of fatty alcohols (Fig. 8B)
in the product mixture. As the active phase and its composition is
the same for all studied catalysts, it can be inferred that the dif-
ferences are due to the involvement of the support, i.e. that the
support affects the performance of the catalyst in other way than
just influencing the active phase dispersion. The experimental data
indicate that in the case of SiO2-supported catalyst, fatty alcohols
are not formed (Fig. 8B) rather than they are immediately con-
sumed by deoxygenation. If it was the case, the fatty acids should
have been consumed faster, as it is seen in the case of TiO2 and
Al2O3-supported catalysts (Fig. 8A). It can be thus concluded the
catalyst hydrogenation performance in deoxygenation is affected
by the support type. The performance of TiO2 and Al2O3-supported
catalysts is in this respect more similar to each other (Fig. 8), the
main difference being the yield of fatty esters that is substantially
lower in the case of Al2O3-supported catalyst (Fig. 8C). As the yield
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Fig. 9. Yields of n-heptadecane (A) and n-octadecane (B) as a function of
deoxygenation performance of the catalysts at 260–300 ◦C, 2–8 h−1, 3.5 MPa and
50 molH2 /molfeed.

of fatty alcohols is at the same time slightly higher than in the case of
TiO2-supported catalyst, it can be suggested that the Al2O3 catalyst
is more efficient in hydrogenation.

The observed differences in oxygenated products distribution
are further propagated in the distribution of the ultimate deoxy-
genation products, hydrocarbons (Fig. 9). The SiO2-supported NiMo
catalyst yielded n-heptadecane as the main deoxygenation product,
while Al2O3- and particularly TiO2-supported catalysts afforded n-
octadecane as the main deoxygenation product (Fig. 9). This means
that over SiO2-supported NiMo catalyst decarboxylation was pre-
ferred to hydrodeoxygenation. In contrast, over Al2O3 and above
all TiO2-supported NiMo catalysts hydrodeoxygenation was the
predominant reaction pathway. The differences are summarized
in Fig. 10 depicting the value of C18/C17 ratio as a function of the
overall deoxygenation degree. If equal to unity, there is the same
extent of hydrodeoxygenation and decarboxylation. It can be seen
that for SiO2-supported catalyst the C18/C17 ratio is less than one at
complete deoxygenation, while over TiO2-supported NiMo catalyst
as high value as ten is achieved at complete deoxygenation (Fig. 10).
With Al2O3-supported NiMo catalyst the final C18/C17 ratio is about
four (Fig. 10).

It is known that the preferred deoxygenation pathway can be
related to catalyst composition. Alumina-supported Ni sulfided cat-
alysts were shown to act virtually exclusively as decarboxylation
catalysts whereas Mo sulfided catalysts exhibited a strong pref-
erence towards hydrodeoxygenation [24]. Variations in the yield
of C17 and C18 hydrocarbons have been reported also for differ-
ently pretreated NiMo catalysts supported on Al2O3 [32]. It has
been shown that with increasing content of NiO having tetrahedral
coordination (result of high calcination temperature) the C18/C17

Fig. 10. Molar ratio of n-octadecane to n-heptadecane (C18/C17) as a function of
deoxygenation performance of the catalysts at 260–300 ◦C, 2–8 h−1, 3.5 MPa and
50 molH2 /molfeed.

ratio increased, i.e. that hydrodeoxygenation was preferred over
decarboxylation [32].

As all the catalysts investigated here were pre-treated using
the same procedure and the UV–vis spectra indicate that NiO is
present only in octahedral coordination (Fig. 3), the noteworthy
difference in C18/C17 ratio (Fig. 10) among the investigated sup-
ports can be attributed to a role of the support. The SiO2-supported
NiMo catalyst affording mostly decarboxylation products, it can be
inferred that it is a consequence of its different properties, namely
higher dispersion giving rise to stronger active phase-support inter-
action. This can be observed not only in the shift in TPR profile
to higher reduction temperature, but also plausibly by a specific
Ni(Oh) band present in the UV–vis spectra at 22500 cm−1. A plau-
sible reason for the exceptional hydrodeoxygenation selectivity
of the TiO2-supported NiMo catalyst is not fully understood. The
characterization results though indicate that the broad pore size
distribution together with the largest active phase clusters among
the tested catalyst might be the cause.

The differences in catalyst performance might originate not only
from different interaction between the support and sulfide phase,
but they can be plausibly related also to the differences in interac-
tion between the oxides and the different supports. As seen from
TPR, there is the formation of different types of metal oxide phase
which could result in (after sulfiding) MoS2 slabs having different
stacking thus explaining the observed differences in deoxygenation
selectivity. While the effects of promotion and structure (brim or
edge sites, vacancies) of MoS2 slabs and their influence on activ-
ity and selectivity of hydrotreating catalysts have been studied in
great detail [43], there is still lack of knowledge regarding the rela-
tionship between deoxygenation activity/selectivity and catalyst
structure although some theoretical and experimental attempts
have been recently done [44].

4. Conclusions

Three different industrially important supports, SiO2, TiO2 and
Al2O3, were used for preparation of NiMo catalysts to be used in
deoxygenation of rapeseed oil. The catalysts were prepared using
the same method and activation (sulfidation) procedure and had
the same concentration of active components (3.3 wt.% Ni and
15.0 wt.% Mo). Due to the differences in the nature of supports
as well as their properties, such as specific surface area, pore size
distribution or acidity, the final properties differed as well. Most
notably the dispersion of the active phase decreased in the follow-
ing order SiO2 > Al2O3 > TiO2. Moreover, the different active phase
cluster size and support nature were reflected in differences in
active phase reducibility and in the character of Ni(Oh) species
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that were the only NiO coordination type. These changes could be
connected with the observed differences in catalyst selectivity as
their overall activity was affected only to a lesser extent. The SiO2-
supported NiMo catalyst exhibited smaller extent of hydrogenation
reactions and a larger extent of decarboxylation. As a result, n-
heptadecane was the main product and at a given deoxygenation
level less oxygenated products were yielded in comparison with
the other two catalysts. On the other hand, the TiO2-supported
NiMo catalyst exhibited increased selectivity to hydrodeoxygena-
tion products, plausible due to the larger active phase cluster size
and broad pore size distribution. The results provide clear evidence
that even with the conventional hydrotreating active phase, such
as sulfided NiMo, the selectivity can be fine-tuned by support selec-
tion and modification.
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a  b  s  t  r  a  c  t

Deoxygenation  of rapeseed  oil was  studied  over  NiMo–alumina  catalysts.  The  research  was  focused  on
supporting  of  Ni  and  Mo species  on a conventional  alumina  (255  m2 g−1)  and  a commercially  avail-
able  mesoporous  alumina  (520  m2 g−1) supports  and on establishing  their  catalytic  performance.  The
ilable online 16 December 2010

words:
oxygenation

o–alumina

NiMo–alumina/meso  catalyst  showed  significantly  better  performance  than  the  NiMo–alumina  cat-
alyst  in  deoxygenation  of  rapeseed  oil. The  better  performance  was  attributed  to  the  significantly
higher  specific  surface  area  and  the  total  pore  volume  of  NiMo–alumina/meso  in comparison  with  the
NiMo–alumina.

© 2010 Elsevier B.V. All rights reserved.
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Introduction

Transesterification, thermal and catalytic cracking and deoxy-
nation have been developed to produce the renewable fuels
m vegetable oils [1]. In general, the term deoxygenation can
er to several reactions, mainly decarboxylation, decarbonylation,
hydration and hydrodeoxygenation, and is often accompanied

 hydrogenation of double bonds [1,2]. The advantage of deoxy-
nation over transesterification and cracking is that it yields
aight-chain alkanes having 15–20 carbon atoms, which, after
merisation, are much alike the hydrocarbons found in conven-
nal diesel. Different types of catalysts have been investigated in
oxygenation reactions with particular focus on CoMo–alumina
, NiMo–alumina [4–6] and NiMoP–alumina [5] catalysts.
It  is generally accepted that mesoporous materials offer a great

tential as support for the active species in the catalytic processes
8]. Mesoporous alumina supports offer several advantages over
nventional alumina supports, such as high specific surface area
ulting in a possibility to achieve high dispersion and loading of

tive species on the support and narrow pore size distribution

th pore size ranging from 2 to more than 10 nm [7] enabling the
cess of large organic molecules to the active sites situated inside
e pores.
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Previously, Kubička  et al. [9] showed high potential of CoMo
ecies supported on the organized mesoporous materials synthe-
ed in a laboratory. In the present work, the attention is focused on
pporting of Ni and Mo  species on commercially available meso-
rous and conventional alumina supports and the comparison of
e activity/selectivity of NiMo–alumina/meso and NiMo–alumina
talysts in the deoxygenation of rapeseed oil.

Experimental

Alumina (denoted as alumina, 255 m2 g−1) and mesoporous alu-
ina (denoted as alumina/meso, 520 m2 g−1) were supplied by
rosupport Manufacturing Czechia and NanoScale Corporation,
spectively. NiMo–alumina catalysts were prepared by impreg-
ting the alumina supports with an ethanol solution of nickel
etonate tetrahydrate and molybdenyl acetylacetonate followed

 calcination at 600 ◦C in the air flow for 5 h. NiMo–alumina
d NiMo–alumina/meso catalysts were prepared with the same
ount of Ni (3.0 wt.%) and Mo  (6.0 wt.%). The concentration of the

 and Mo  species in the catalysts was determined with Elvatech
sktop energy-dispersive XRF spectrometer Elva X equipped with
i anode X-ray tube. X-ray diffractograms were recorded with

uker AXE D8-Advance diffractometer using Cu K� radiation with
econdary graphite monochromator. UV–vis diffuse reflectance
ectra of granulated catalysts (particle size 0.25–0.50 mm)  were
corded using GBC CINTRA 303 spectrometer equipped with a
ectralon-coated integrating sphere against a spectralon refer-
ce. The specific surface areas and the pore size distributions of
e catalysts were obtained by Coulter SA 3100 Surface Area and
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were characteristic for MoVI(Oh) and MoVI(Td) species, respectively
[16–19]. Unfortunately, the bands above 30,000 cm−1 character-
istic for Mo  species were also affected by NiII–O charge transfer
transitions. The spectra of NiMo–alumina/meso contained slightly
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Fig. 1. (A) XRD patterns of alumina–meso (a) and NiMo–alumina–meso material
(b)  and (B) adsorption/desorption isotherms of NiMo–alumina–meso catalyst.

Pore Size Analyzer. Specific surface area was calculated by the BET
method and the pore size distribution (pore diameter and pore
volume) was determined by the BJH method. Deoxygenation o
rapeseed oil was  performed in a bench-scale fixed-bed reactor o
17 mm inner diameter. Firstly, catalysts were mixed with silicon
carbide and sulfided with 5 vol.% dimethyl disulfide in iso-octane
at 340 ◦C. Secondly, the deoxygenation of rapeseed oil was studied
under hydrogen (3.5 MPa  and H2/rapeseed oil molar ratio 50) a
260–280 ◦C and W/F  0.25–1 h−1 [9].

3. Results and discussion

The  specific surface area of conventional alumina support was
255 m2 g−1, while the specific surface area of alumina/meso was
520 m2 g−1. The mesoporous alumina structure of alumina/meso
material was confirmed by XRD (Fig. 1) and sorption isotherm o
nitrogen. The diffraction pattern of alumina/meso (Fig. 1) showed
the intensive diffraction peak at 2–3◦, typical for organized meso
porous aluminas [7]. Nevertheless, it should be mentioned that the
low angle diffraction peak corresponds to the mesopores with high
pores diameter and long distance atom ordering [10].

Fig.  2 shows the pore size distribution and the physicochemica
properties of the NiMo–alumina and NiMo–alumina/meso cata
lysts. NiMo–alumina/meso catalyst exhibited a broad pore size
distribution (Fig. 2B) owing to the commercially available meso
porous alumina properties. On the other hand, the pore size
distribution of mesoporous alumina materials synthesized at lab
was reported to have narrow pore size distribution [7]. The specific
surface area of NiMo–alumina/meso (273 m2 g−1) was significantly
higher in comparison with NiMo–alumina catalyst (193 m2 g−1)
The decrease in the specific surface area was higher after the
impregnation of Ni and Mo  species on the alumina/meso sup
port (48%) in comparison with the impregnation of Ni and Mo
species on alumina support (25%). Addition of Ni and Mo  species
on the alumina/meso support decreased the specific surface area
(from 520 m2 g−1 to 272 m2 g−1) and total pore volume (from
1.3032 cm3 g−1 to 0.8402 cm3 g−1) suggesting that the impregnated
Ni and Mo  species blocked some pores in the alumina–meso sup

port.

Fig. 3 shows the normalized UV–vis spectra of NiMo–alumina
and NiMo–alumina/meso catalysts. Seven bands were observed in
the spectra of NiMo–alumina and NiMo–alumina/meso catalysts
with a maximum at 15 970, 16 860, 24 130, 33 480, 36 230, 40

ART - 25
Fig. 2. Specific surfaces area, porosity and BJH pores size distribution plots o
micropore  surface area versus pore radius of the (A) NiMo–alumina and (B
NiMo–alumina/meso catalysts.

270 and 46 750 cm−1. The identification of the individual bands to
the corresponding types of Ni and Mo  species was based on the
literature. The doublet at 15,970–16,860 cm−1 and the shoulder
at 24,130 cm−1 was  attributed to the transition characteristic for
tetrahedral NiII(Td) ions [11–14] and the octahedral NiII(Oh) ions
[11,12,15], respectively. The bands at 33 480 cm−1 and 36 230 cm−1
12000 2150 0 3100 0 40500 50000

wavenumber, cm
-1

Fig. 3. Normalized UV–vis spectra of NiMo–alumina/meso (dashed-line) and
NiMo–alumina  (solid-line) catalysts.
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o–alumina (solid line) catalysts; (B) dependence of the conversion of rapeseed oil 

r  NiMo–alumina/meso (dashed line) and NiMo–alumina (solid line) catalysts; and (C
bols) as a function of the conversion of rapeseed oil at 260 ◦C over NiMo–alumina/

her intensity of the bands at 24,130 cm−1 and 33,480 cm−1 rep-
enting the presence of the NiII(Oh) species and the MoVI(Oh)
cies, respectively, and slightly lower intensity of the band at

,230 cm−1 characteristic for the MoVI(Td) species. Thus, it was
cluded that the difference in the distribution of the bands char-

eristic for Ni and Mo  species in the spectra of NiMo–alumina and
o–alumina/meso catalysts was insignificant, suggesting that a

ilar distribution of the Ni and Mo  species was achieved on the
mina and alumina/meso materials.
Fig. 4A shows the dependence of the conversion of rape-
d oil on the reaction temperature in its deoxygenation over
o–alumina and NiMo–alumina/meso catalysts at W/F = 0.25 h.

. 4B shows the dependence of the conversion of rapeseed oil
a function of W/F (the ratio of catalyst mass (W, g) and rape-
d oil feed rate (F, g/h), i.e. contact time, in deoxygenation over
o–alumina and NiMo–alumina/meso catalysts at 260 ◦C. It is

arly seen that the conversion is higher for NiMo–alumina/meso
comparison with NiMo–alumina.
Oxygenates  and hydrocarbons are the most important prod-

ts of triglyceride deoxygenation. Previously, several authors
gested that the formation of oxygenates precedes that of

drocarbons [9,20]. The selectivity-conversion behaviour (the
pendence of the selectivity to oxygenates and hydrocarbons

 the conversion of rapeseed oil) of NiMo–alumina/meso and
o–alumina catalysts was difficult to compare due to the high

ivity of NiMo–alumina/meso catalyst (Fig. 4C). Nevertheless, no
nificant difference was observed in the selectivity-conversion
haviour  at around 90% conversion. To analyse the selectivity-

version behaviour in more detail, further experiments would
 needed in the future to obtain data at lower conversion levels
d for more catalysts.
NiMo–alumina and NiMo–alumina/meso catalysts were pre-

red with the same amount of Ni (3.0 wt.%) and Mo  (6.0 wt.%)

d by the same preparation procedure. Moreover, the impreg-
tion of Ni and Mo  species also led to catalysts with similar
tribution of metal species (Fig. 3). Thus, the main difference
tween NiMo–alumina/meso and NiMo–alumina catalysts was

 specific surface area and the pore size distribution (Fig. 2).

pr
po
Ni

ART - 25
alyst weight/total flow (W/F) ratio in the deoxygenation of rapeseed oil at 260 ◦C
endence of the selectivity of oxygenates (solid symbols) and hydrocarbons (open

 (squares) and NiMo–alumina (circles) catalysts.

Mo–alumina/meso exhibited significantly higher specific surface
a and the total pore volume than the NiMo–alumina catalyst,
ich originated from the conventional alumina support.
On  the other hand, the industrially available alumina/meso

pport exhibited a broad pore-size distribution (Fig. 2B), while
anized mesoporous alumina could be synthesized in a labo-
ory with a narrow pore-size distribution [7]. Thus, it could be
pected that the defined small-scale synthesis of organized meso-
rous alumina could lead to a better structural properties and
s result in the further enhancement of the catalytic properties

NiMo–alumina/meso catalysts.
The NiMo–alumina and NiMo–alumina/meso exhibited rela-
ely stable activity in the deoxygenation of rapeseed oil. The
crease in deoxygenation activity is estimated to be less than 5%
ring the 100 h catalytic run based on the previous results [21].
reover, the XRF analysis proved that the amount of Ni and Mo

ecies in the spent catalysts was approximately the same as in the
sh ones.
It  is generally accepted that the impregnation of metal species

 the support with higher specific surface area leads to the higher
persion of metal species on the support. However, only a min-
um difference was observed in the distribution of Ni and Mo
ecies in NiMo–alumina and NiMo–alumina/meso catalysts. Nei-
r NiO- nor MoO3-like species were present in the prepared
alysts, as evidenced from the absence of their characteristic
–vis bands (Fig. 3) and XRD (Fig. 1) diffraction peaks.
Thus, the better performance of NiMo–alumina/meso, as evi-

nced by the higher conversion of rapeseed oil, was attributed
the significantly higher specific surface area and the total

re volume of NiMo–alumina/meso in comparison with the
Mo–alumina.

Conclusions
The NiMo–alumina/meso and NiMo–alumina catalysts were
epared using commercially available mesoporous alumina sup-
rt and the conventional alumina support, respectively. The
Mo–alumina/meso catalyst showed significantly better perfor-
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mance than the NiMo–alumina catalyst in the deoxygenation of
rapeseed oil. As both catalysts were prepared with the same
amount of Ni and Mo  species, by the same procedure and they also
exhibited the similar population of Ni and Mo  species, the type of
alumina support played the critical role in the reaction. The bet-
ter deoxygenation performance of NiMo–alumina/meso could be
explained by the significantly higher specific surface area and the
total pore volume of NiMo–alumina/meso in comparison with the
NiMo–alumina.
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Abstract Deoxygenation of triglycerides over organized-

mesoporous-alumina-supported CoMo catalysts (CoMo/

OMA) has been investigated in this work. CoMo/OMA

catalysts exhibited higher activity for deoxygenation of

triglycerides than CoMo supported on MCM-41 (silica)

and ordinary alumina supports. Two main deoxygenation

pathways were found: hydrodeoxygenation and hydrode-

carboxylation. Their extent was affected by reaction

temperature, pressure and the support used. Hydrodeoxy-

genation was the main reaction under the studied

conditions. The extent of hydrodecarboxylation increased

with increasing reaction temperature and decreasing reac-

tion pressure.

Keywords Organized mesoporous alumina �
CoMo catalysts � Hydrodeoxygenation �
Hydrodecarboxylation � Triglycerides

1 Introduction

Biofuels have a potential to replace a part of fossil trans-

portation fuels and to contribute thus to the reduction of

CO2 emission [1, 2]. In order to minimize the impacts of

biofuel production on the environment, the research

activities have been focused on the development of

advanced biofuel technologies, so called second generation

biofuels. The main characteristics of second generation

biofuels are: (i) higher greenhouse gas (GHG) emission

reduction in the complete life cycle in comparison with

current biofuels and (ii) non-food biomass raw materials.

Vegetable oils have a suitable composition for produc-

tion of fuels and have been therefore exploited for the

production of biodiesel. However, biodiesel suffers from

several drawbacks such as limited compatibility with

conventional diesel engines, use of high quality food

feedstocks, etc. Therefore, direct upgrading of vegetable

oils into hydrocarbons have been proposed and commer-

cially demonstrated [3, 4]. Apart from the excellent

compatibility with conventional diesel, the diesel compo-

nents from triglycerides outperform the conventional

biodiesel in terms of both fossil cumulative energy demand

(CED, GJ/t) and GHG savings tCO2eq:
=t

� �
[5]. Moreover, in

contrast to the conventional biodiesel production, lower

quality triglyceride feedstocks such as used frying oils,

animal fats and trap greases can be used lowering the cost

and dependency on food grade vegetable oils.

Transformation of triglycerides into hydrocarbons

requires elimination of oxygen. It has been found that con-

ventional hydrotreating catalysts, such as CoMo or NiMo,

are suitable for deoxygenation of triglycerides [6–10].

Two general approaches have been proposed: hydrotreating

of neat vegetable oils [3, 11, 12] and co-processing

of vegetable oils with crude-oil-based refinery fractions
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[11–14]. The first approach offers the advantage of

high process flexibility, but it requires high investments. In

the latter one, the existing apparatus and utilities can be

utilized reducing the investments needed. However, the

flexibility is reduced as additional issues have to be

dealt with (e.g. sulfur content of the final product, effect of

water and carbon oxides on the catalyst lifetime, separation

of carbon oxides from the recycle gas, etc.). As a result

of these issues, the refiners seem to favor the former option

[3, 12].

Deoxygenation has been studied using a wide range of

probe molecules [6, 7, 15–20]. As the reaction mechanism

and the reaction rate depend on the type of oxygen

compounds, studies using fatty acids and their esters as

model reactants [15–20] or directly triglycerides [6, 7] are

the most relevant ones. It has been reported that deoxy-

genation of these compounds can follow three different

reaction pathways—hydrodeoxygenation, decarbonylation

and decarboxylation [6]. Moreover, inhibition of deoxy-

genation and desulfurization may occur when both types of

compounds (S- and O-containing compounds) are present

at the same time [20].

Mesoporous materials show a great potential as catalyst

supports [21]. Their synthesis and application have been

reviewed recently [22–24]. Moreover, mesoporous sup-

ports, such as mesoporous molecular sieves (MCM-41,

SBA-15) or organized mesoporous alumina (OMA) offer

several advantages over alumina support used in traditional

hydrodesulfurization catalysts [25, 26]. In contrast to

standard alumina supports and similarly to microporous

molecular sieves (zeolites), organized mesoporous alum-

inas have very high specific surface areas that can be used

to achieve very high dispersions of the supported active

phase [23] and high loadings of active phase. Moreover,

larger pore diameters as compared with zeolites make

mesoporous supports excellent candidates for applications

where large organic molecules have to access the well-

dispersed active sites located inside the pores. This is of a

high importance for instance in the case of hydrodesulfu-

rization of heavy crude oil fractions. The molecular size of

triglycerides suggests that mesoporous supports could be

used advantageously in catalytic transformations of tri-

glycerides as well.

The application of several mesoporous supports modi-

fied with cobalt and molybdenum for the catalytic

deoxygenation of rapeseed oil into hydrocarbons has been

investigated in the present work. The conversion and

selectivity over mesoporous supports are compared with

those obtained over industrial alumina support. The effects

of reaction temperature and hydrogen pressure on the

product distribution are discussed and a possible reaction

network of rapeseed oil transformation into hydrocarbons

is proposed.

2 Experimental

2.1 Catalyst Preparation and Characterization

Four different support materials were used to prepare

cobalt–molybdenum modified hydrodeoxygenation cata-

lysts. Three mesoporous supports—two different organized

mesoporous aluminas (OMA) and MCM-41 silica were

synthesized while the ordinary c-alumina was purchased

from Eurosupport Manufacturing Czechia (CZ).

MCM-41 was synthesized by homogeneous precipita-

tion [27]. The reaction mixture was prepared in a

polypropylene screw-cap bottle by dissolution of 9.8 g of

cetyltrimethylammonium bromide (CTABr, Aldrich) in

950 mL of warm water. The solution was cooled to room

temperature (RT) and 10 g of solid Na2SiO3 (Aldrich) was

added. After dissolution of Na2SiO3 15 mL of ethyl acetate

was added, mixture was intensively shaken and left to stand

for 8 h. Then the bottle was placed in an oven heated to

90 �C and kept at that temperature for 48 h. The product

was filtered off from the hot solution, washed by water and

ethanol, dried at RT and calcined at 600 �C for 20 h.

(temperature ramp 5 �C/min).

The first OMA (OMA1) was prepared as follows. 100 g of

PE 10400 (BASF) was dissolved in 600 mL of acetonitrile

(Riedel-de-Haen) and 100 g of aluminum-tri-sec-butoxide

(97%, Aldrich 20,107-3) was added to the solution. Then

60 mL of ammonium hydroxide solution (25%, Lachema)

was added slowly. The resulting gel was stirred 24 h at RT,

until white precipitate was formed. The product was filtered

off, dried at room temperature and calcined in muffle

oven using following temperature program: 1 �C/min to

120 �C–120 min hold, 1 �C/min to 240 �C–240 min hold,

1 �C/min to 540 �C–360 min hold.

The second OMA was synthesized according to the

following procedure. 17 g of stearic acid (Aldrich, 17,536-

6) were dissolved in 200 mL of 2-butanol (Lachema). 50 g

of aluminum-tri-sec-butoxide (97%, Aldrich 20,107-3) in

150 mL of 2-butanol were hydrolyzed by 20 mL of dis-

tilled water. Both solutions were mixed together and stirred

at RT for 24 h. The reaction mixture was then poured into

1,000 mL polypropylene screw-cap bottle and was heated

at 95 �C for 48 h. Solid product was collected by centri-

fugation, dried at 60 �C overnight and calcined in muffle

oven using following temperature program: 1 �C/min to

120 �C–120 min hold, 1 �C/min to 240 �C–240 min hold,

1 �C/min to 475 �C–360 min hold.

Metal modification of all supports was carried out using

the following procedure. First, the supports were mixed

with a specific amount of MoO3 (Lachema) corresponding

to a loading 15 wt% Mo on the support. The mixtures were

then calcined in a shallow layer in air at 550 �C for 6 h.

After calcination the Mo-containing catalysts were
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impregnated by Co(NO3)2 � 6H2O (Fluka, pa.) in methanol

(Fluka, HPLC grade) to obtain Co loading equal to 3 wt%.

The impregnated catalysts were first dried at 60 �C and

subsequently calcined in a shallow layer in air at 400 �C

for 3 h. Finally, the structural catalyst properties were

characterized by means of N2 physisorption (Micromeritics

ASAP 2020), XRD (Bruker D8) and SEM (Jeol), for details

see [28].

2.2 Catalytic Activity Measurements

Refined rapeseed oil (food grade) was used as a starting

material. The distribution of fatty acids in the oil was

determined by gas chromatography and is given in Table 1.

Refinery hydrogen gas with [99% of H2 was used in the

experiments. The main impurities were methane (0.6%)

and nitrogen (0.3%). The experiments were performed in

an electrically-heated fixed-bed reactor of inner diameter

equal to 17 mm. The reactor was loaded prior to the

experiments with 10–15 g of catalyst diluted by an inert

(SiC) to ensure sufficient catalyst-bed length and to

improve the reaction-heat transfer. A layer of the inert

material was placed above the catalyst bed to preheat

rapeseed oil and hydrogen and to guarantee a good feed

flow distribution prior to entering the catalyst bed. The

particle sizes of the catalyst and SiC were 0.1–0.25 mm and

\0.1 mm, respectively. In the vertical axis of the reactor

was a thermo-well of the outer diameter equal to 5 mm, in

which three adjustable thermocouples, used to determine

the reaction temperature, were located. The catalysts were

activated (sulfided) in-situ prior to the experiments by

means of a solution of dimethyl disulfide (DMDS) in

isooctane (5 wt% DMDS) at 320 �C. The reaction tem-

perature and hydrogen pressure were varied during the

experiments in the range of 250–350 �C and 0.7–7 MPa,

respectively. The liquid feed rate and the hydrogen-to-

rapeseed oil molar ratio were kept constant at 1.5 h-1 and

100, correspondingly. The liquid and gaseous products

were separated at the reactor outlet in a heated gas–liquid

separator as some of the products are solid at ambient

temperatures.

The liquid products (collected and separated at 80 �C)

were withdrawn after reaction-condition stabilization (6 h)

in 2-h intervals and analyzed by off-line gas chromatog-

raphy after separation of the water phase. Due to the

presence of triglycerides in the products, on-column

injection had to be used. Trikaprin (Fluka,[99%) was used

as an internal standard in order to quantify the concentra-

tion of triglycerides. Moreover, the reaction intermediates

included fatty acids and alcohols and silylation of reaction

products by MSTFA (Acros, 97%) was applied to enhance

their volatility and to improve the shapes of the peaks. The

products were separated on a Restek MTX-Biodiesel TGw/

Int-GAP column (14 m 9 0.53 mm 9 0.16 lm) and

detected using a flame ionization detector (FID). The fol-

lowing temperature program was used: initial temperature

50 �C for 3 min, heating first 11 �C/min to 180 �C, then

5 �C/min to 230 �C and finally 15 �C/min to 390 �C with

dwelling time of 7 min at 390 �C. The individual products

were identified using GC standards and the identification

was further confirmed by GC-MS analysis. The gas-phase

products were collected once at every reaction condition

and analyzed using a standard three-column GC setup

with flame ionization and thermal conductivity detectors

enabling the detection of both permanent gases and hydro-

carbons at the same time.

3 Results and Discussion

3.1 Catalyst Characterization

Basic characterization of the mesoporous supports syn-

thesized and of the industrial alumina support was

performed. The structure of the supports was determined

by XRD. The diffractograms are displayed in Fig. 1. The

observed patterns are in good agreement with literature

data [22, 27]. The specific surface area and mean pore

diameters were obtained from nitrogen physisorption using

the BET method. The results are summarized in Table 2.

The industrial support has a typical broad pore-size dis-

tribution whereas the mesoporous catalysts have a very

narrow pore-size distribution. The mean pore diameter of

MCM-41 is about 3 nm and of OMAs between 5 and 6 nm

(Table 2). Due to the different synthesis procedure slight

differences can be found between the OMAs. The proce-

dure using stearic acid as a structuring agent (OMA2) led

to a mesoporous alumina with larger surface area and wider

pores in comparison with OMA1. The difference between

OMA1 and OMA2 is about 10% (Table 2). More impor-

tantly, both OMAs have significantly larger surface area

Table 1 Distribution of fatty acids in rapeseed oil (raw material)

Fatty acid (X:Y)a Wt%

Myristic acid (14:0) 0.1

Palmitic acid (16:0) 4.8

Palmitoleic acid (16:1) 0.3

Stearic acid (18:0) 1.9

Oleic acid (18:1) 61.9

Linoleic acid (18:2) 19.8

Linolenic acid (18:3) 9.2

Arachidic acid (20:0) 0.6

Gadoleic acid (20:1) 1.4

a X:Y = carbon number: number of double bonds
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and pore volumes than the industrial alumina support

(Table 2).

3.2 Reaction Products and their Analysis

Transformation of rapeseed oil over CoMo-modified

catalysts yielded three main product groups—gaseous

products, liquid and solid organic products and water. The

gaseous products consisted of propane, propene (only at

low reaction pressures), methane, carbon monoxide and

carbon dioxide. Other hydrocarbons were present only in

trace amounts. The liquid and solid organic products

contained hydrocarbons, mainly in the range C15–C18,

saturated triglycerides, fatty acids, alcohols, and fatty esters

of fatty acids. Hydrocarbons consisted predominantly of

n-alkanes, only minor amounts of iso-alkanes and olefins

have been found. Short chain hydrocarbons that would

indicate hydrocarbon cracking reactions have not been

detected in the products. Fatty acids and alcohols were

saturated and their carbon chain length corresponded to

that of fatty acids present in triglycerides making up

rapeseed oil, i.e. stearic acid, palmitic acid and

octadecanol. Significant amounts of esters formed by

esterification of fatty acids, i.e. reaction intermediates, by

alcohols, i.e. another reaction intermediates, were identi-

fied in the products by GC/MS. Stearylstearate was

identified as the dominant ester.

Even though the triglycerides found in the products were

formed by hydrogenation of double bonds of the original

triglycerides, they were considered, for the purpose of

conversion determination, as raw materials since the main

objective was description of triglyceride deoxygenation.

Hydrogenation of double bonds in triglycerides always

precedes deoxygenation, since C=C double bonds can be

saturated already at low temperatures (100–180 �C) over

hydrogenation or hydrotreating catalysts [29], i.e. at tem-

peratures too low for deoxygenation to take place.

3.3 Catalytic Activity of Mesoporous Catalysts

The investigated CoMo-modified catalysts were active in

conversion of triglycerides into hydrocarbons. Complete

conversion of triglycerides was achieved at temperatures

equal to 280 �C or higher (Fig. 2a). It should be noted that

conversion is based on triglyceride disappearance from the

reaction mixture. Complete hydrogenation of rapeseed oil

triglycerides to their saturated counterparts, mainly tri-

stearin, was found in the whole studied range of reaction

conditions.

Differences in conversion among the individual cata-

lysts could be observed only at lower temperatures, where a

significant difference between the two studied mesoporous

alumina supports was found. OMA1 exhibited high activity
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Fig. 1 XRD patterns of

Al2O3 (a), MCM-41 (b),

OMA1 (c) and OMA2 (d)

Table 2 Specific surface area (BET), volume and average diameter

of mesopores

Catalyst SBET (m2/g) VME (cm3/g) DME (nm)

CoMo/Al2O3 159.5 0.233 4–10

CoMo/MCM-41 662.3 0.443 3.0

CoMo/OMA1 219.5 0.344 5.2

CoMo/OMA2 234.5 0.459 5.7
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even at 250 �C (conversion of 95%), while the conversion

over OMA2 dropped below 75%. This is surprising as their

surface areas and pore volumes were similar; in fact those

of OMA2 were even slightly higher (Table 2). The com-

mercial alumina supported CoMo catalyst showed the

lowest conversion; however, the experiment was carried

out at a higher WHSV than the experiments using OMAs

and MCM-41 (2 h-1 vs. 1.5 h-1).

The conversion was affected considerably by the

hydrogen partial pressure (Fig. 2b). When the total reaction

pressure was reduced from 7 to 0.7 MPa, the conversion

dropped by 20% at 280 �C and by 45% at 250 �C (Fig. 2b).

This can be ascribed to the lower reaction (deoxygenation)

rate due to the decreased reaction temperature and the

reduced availability of hydrogen at the active sites, which

is caused by the hydrogen-mass-transfer limitations

through the liquid film on catalyst–particle surface. On the

other hand, at 310 �C the reaction proceeds with such

speed that the effect of hydrogen-pressure reduction is

compensated by the temperature effect and thus could not

be observed at 1.5 h-1 (Fig. 2b).

Commercial catalysts have been studied previously in

the transformation of vegetable oils into hydrocarbons. It

has been found that approximately above 300 �C complete

conversion of triglycerides can be obtained [6, 7, 9, 10].

This has been further confirmed in this study by using a

commercial CoMo catalyst that showed complete conver-

sion of triglycerides in the same temperature range as the

mesoporous catalysts. It can thus be concluded that mes-

oporous supports supported CoMo catalysts are suitable for

deoxygenation of triglycerides.

3.4 Selectivity of Mesoporous Catalysts

The selectivity in deoxygenation of triglycerides can be

looked at from two different angles: (i) as selectivity to

hydrocarbons and oxygenated reaction intermediates, on

the one hand, and (ii) as selectivity to individual hydro-

carbons, on the other hand. Both views are equally

important as they provide useful insights into the chemistry

of deoxygenation and may help in selecting a good

catalyst.

The objective of triglyceride transformation into

hydrocarbons is to eliminate oxygen from the liquid

products. Hence selectivity to oxygenated compounds is

yet another measure of the catalyst activity, in addition to

conversion of triglycerides, as it describes the relative rate

of formation of intermediates and of their consumption (i.e.

the rate of formation of hydrocarbons). The plausible

reaction intermediates are corresponding fatty acids, alde-

hydes and alcohols. While the reactivity of hydroxyl- and

aldehyde group is higher than that of esters, the reactivity

of carboxyl group is lower [15]. Therefore, it is not sur-

prising that carboxylic acids were found in the reaction

mixture as reaction intermediates in large quantities

whereas only traces of alcohols were detected. Moreover,

aldehydes were not found at all. The most abundant oxy-

genated reaction intermediates were identified as esters of

fatty acids, e.g. stearyl stearate. These compounds are

formed by esterification of fatty acids with fatty alcohols

and their presence further substantiates the virtual absence

of free fatty alcohols. Their formation over hydrotreating

catalysts was previously reported in hydrogenation of fatty

acids by Landa and Weiser [30].

The selectivity to oxygenated products (here presented

as sum of acids, alcohols and esters) increased over the

studied catalysts with the decreasing conversion of tri-

glycerides and with the decreasing reaction temperature

(Fig. 3a). Whereas at temperatures above 300 �C were

these intermediates virtually absent, large quantities of

oxygenates (selectivity [50%), particularly of esters and

stearic acid, were observed below 280 �C (Fig. 3a).

Among the mesoporous catalysts stood out the perfor-

mance of MCM-41 with its significant concentrations of

oxygenates found already at 280 �C. This indicates that

alumina supports are superior to silica supports. Since the

surface area of MCM-41 is substantially higher than that of
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Fig. 2 Conversion of triglycerides as a function of reaction temper-

ature: a comparison of the supports (diamond Al2O3, circle MCM-41,

triangle OMA1, square OMA2); b the effect of reaction pressure over

OMA2 (diamond 7 MPa, triangle 0.7 MPa), WHSV = 1.5 h-1 for

Al2O3 and 2 h-1 for the other supports

Top Catal (2009) 52:161–168 165

123

ART - 26 5/8



alumina supports (Table 2), it can be expected that better

dispersion of the active phase is achieved. Therefore, the

differences could be attributed to the active-phase–support

interactions, as different surface groups are present in

MCM-41 (silica) than in alumina supports, or to diffusion

limitations of the bulky triglyceride molecules in the pores

of MCM-41 that are much narrower than those of the

alumina supports investigated (Table 2). However, the

latter reason is less likely since in previous studies using

MCM-41 and triglycerides no diffusion limitations of

triglyceride molecules in the pores of MCM-41 were

observed [31, 32]. Among the alumina supports, both

OMAs exhibit lower selectivity to the oxygenated products

and higher selectivity to hydrocarbons at comparable

reaction conditions. This can be ascribed to the differences

in their surface areas and consequently in the dispersion of

the active phase. However, this cannot be the only reason,

since the performance of both OMAs varies, even though

their structural parameters are not very different from each

other (Table 2).

The selectivity to oxygenated products is also appre-

ciably affected by the reaction pressure (Fig. 3b). This can

be seen predominantly at reaction temperatures 280 and

310 �C, where relatively comparable conversions were

obtained (Fig. 2b). Similarly to conversion of triglycerides,

the consecutive reactions of oxygenated intermediates are

inhibited by the lower availability of hydrogen and thus

increased selectivity to oxygenated products (e.g. from 10

to 45% at 280 �C, see Fig. 3b) is found at reduced reaction

pressure.

The distribution of hydrocarbons in the products is

affected by the way of oxygen elimination. Two princi-

pal deoxygenation pathways can be proposed based on

the experimental results: hydrodeoxygenation (HDO) and

hydrodecarboxylation (HDC). These are in line with the

previously published data [6–10]. In contrast to the previ-

ous works [6, 8], the suggested decarbonylation pathway

could not be confirmed or ruled out, as the origin of CO

found in the products could not be conclusively deter-

mined. Moreover, the formation of other hydrocarbon

products (such as naphthenes and aromatics) that was

reported previously [7] was not observed in this study. The

reason is most probably the lower reaction temperature

used in the present study (310 vs. 360 �C).

Hydrodeoxygenation (HDO) yields generally two prin-

cipal products: a hydrocarbon and water. The hydrocarbon

has the same number of carbon atoms in the molecule as

the corresponding fatty acid chain, from which it was

formed. This means that hydrocarbons formed by HDO

have exclusively even number of carbon atoms. On the

other hand, the principal products from hydrodecarboxy-

lation (HDC) are a hydrocarbon and carbon dioxide.

Therefore, hydrocarbons resulting from HDC have odd

carbon number, i.e. they have one carbon atom less than

the original fatty acid chain. Additionally, the glycerol

backbone of triglycerides is converted in both pathways

into propane.

The extent of both pathways and the effect of reaction

conditions on them can be consequently elucidated

from the liquid hydrocarbon distributions. The results for

the most abundant hydrocarbons, i.e. n-octadecane and

n-heptadecane that are formed by HDO and HDC,

respectively, of C18 fatty acid chains [they make up[90%

of total fatty acid chains (Table 1)], are presented in

Fig. 4a for all catalysts as a function of temperature. In the

region where complete or nearly complete conversion was

obtained (T [ 270 �C), the selectivity towards C17 hydro-

carbons increased with the increasing conversion (Fig. 4a),

i.e. the ratio C18/C17 decreased. The ratio is substantially

affected by the nature of the support. Once again, the

behavior of MCM-41 (silica) clearly deviates from the

alumina supports. However, even among the three alumina

supports significant differences can be observed. The dif-

ferences could be plausibly explained by different

adsorption mode of triglycerides induced by the active

phase–support interactions and by the differences in dis-

persion of the active phase. However, further experimental

work and detailed catalyst characterization is needed to
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justify these assumptions. Previously, different extents of

HDO and HDC pathways were observed as a result of the

active phase used (NiMo, Ni) [10].

Both reaction pathways are affected by the reaction

pressure as well (Fig. 4b). When reaction pressure was

decreased, the selectivity towards n-heptadecane increased

at the expense of n-octadecane formation (e.g. the C18/C17

ratio dropped from 14 to 6 as a result of decreasing the

reaction pressure from 7 to 0.7 MPa at 310 �C, see

Fig. 4b). This behavior is apparently connected to the

hydrogen availability. In terms of hydrogen consumption,

HDO is more demanding than HDC and is therefore pre-

ferred at higher hydrogen pressures. Moreover, more

gaseous products are formed during HDC and it is conse-

quently favored at lower reaction pressure. The hydrogen

consumption is an important issue from the industrial point

of view; a process with lower hydrogen demands has a

better chance to succeed.

The product distributions in the liquid phase can be

summarized in the following reaction scheme (Fig. 5). The

two main reaction pathways are affected by the reaction

conditions (temperature, pressure) as well as by the catalyst

employed (active phase, support) as discussed above. The

conclusions drawn here, based on the liquid-phase–product

distributions, concerning the main reaction pathways and

their dependence on the reaction temperature and pressure,

are further supported by the gas-phase composition.

3.5 Gas-Phase Selectivity

Gas-phase analyses were performed only once per each

reaction condition and have, thus, a supporting character.

Nevertheless, the data are in good agreement with the

liquid-phase analysis. The gas-phase composition for

OMA2 is given in Table 3. The balance to 100% is

hydrogen that was used in a large excess in all experiments

(100:1 mol/mol). Propane, the main gas-phase product, is a

partial indication of triglyceride conversion and its con-

centration in the gas-phase products decreases with

decreasing reaction temperature (Table 3), which is in

agreement with the triglyceride conversion trend (Fig. 2a).

Furthermore, at decreased pressure larger quantities of C1

gases are formed coinciding with the higher extent of HDC

pathway (Fig. 4b). Similarly, the share of C1 gases

increases with increasing reaction temperature, which is
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again the consequence of the promotion of HDC pathway

with increasing temperature (Fig. 4b). It is important to

note that CO2 is accompanied by CO and CH4 (for con-

centrations of these products at specific reaction conditions

see Table 3), which strongly suggests that under the chosen

reaction conditions CO2 is hydrogenated to CO and CH4.

Additionally, propane is accompanied by propene; at

decreased pressure propene is even more abundant than

propane (Table 3). This clearly shows that hydrogen

availability at the active-phase surface is limited. It can be

thus concluded that the gas-phase data support the con-

clusions drawn from the analysis of liquid product

distribution.

4 Conclusions

Hydrodeoxygenation catalysts consisting of mesoporous

support (organized mesoporous alumina and MCM-41),

modified with molybdenum and cobalt were synthesized

and their performance in deoxygenation of rapeseed oil

was investigated. Selective conversion of triglycerides into

hydrocarbons was achieved at 310 �C and 7 MPa. The

OMA catalysts showed better performance than the

industrial-alumina-based catalyst. The performance of

MCM-41 (silica) was worse than that of alumina-based

catalysts. Two main reaction pathways were observed:

hydrodeoxygenation and hydrodecarboxylation. The extent

of these reaction pathways is very important from the

industrial point of view since it determines the hydrogen

consumption. It is affected by reaction parameters (tem-

perature, pressure) as well as support choice. Further

research is needed to understand fully the influence of the

catalyst related properties (support type and its properties,

active phase type and its properties, active-phase–support

interactions) on the product distribution.
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CH4 0.09 0.03 0.01 0.02 0.00 0.00

CO 0.04 0.05 0.01 0.22 0.07 0.00
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a b s t r a c t

Several rapeseed oils with different degree of upgrading were used as feedstocks for deoxygenation over
sulfided CoMo/�-Al2O3 catalyst. The rapeseed oil samples differed in the concentration of inorganic impu-
rities, water, free fatty acids and phospholipids. The catalytic experiments were carried out in a fixed bed
reactor at constant reaction conditions (310 ◦C, WHSV = 2 h−1, hydrogen pressure 3.5 MPa). Refined rape-
seed oils were converted to hydrocarbons more efficiently than neat rapeseed oil, trap grease and waste
oil. The high concentration of phospholipids in trap grease was the most likely cause of catalyst deactiva-
tion by coking. Decomposition of phospholipids as well as oligomerization of rapeseed oil by phosphoric
oxygenation
activation
drotreating catalysts
fuels
etable oils

acid at 310 ◦C was confirmed by separate laboratory experiments. The high concentration of alkalis in
waste rapeseed oil was the main reason for increased deactivation in comparison with neat rapeseed oil.
Sulfur removal from catalyst active sites affected adversely the deoxygenation of triglycerides. The cata-
lyst deoxygenation activity was partially restored by pulse addition of dimethyldisulfide (DMDS) to the
feedstock, however the degradation of active sites by loss of sulfur was not fully reversible. In contrast,
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Introduction

Triglycerides are one of the most versatile and easily exploitable
ewable feedstocks for production of fuels and chemicals. By

oxygenation, they can be rather easily converted into hydrocar-
ns and provide an excellent feedstock for production of ethylene
steam cracking [1] or diesel fuel [2–6]. Owing to its topical-

, deoxygenation of triglycerides and related feedstocks has been
ently reviewed by several authors [7–9]. Fatty acids and their

ters as well as triglycerides, usually vegetable oils, have been
ed extensively as feedstocks in catalytic deoxygenation yielding
drocarbons [10–18]. The primary aim of these studies has been
understand the fundamental (mechanistic) aspects of catalytic
oxygenation [10,15,16,18–20], to develop/design suitable active
d selective catalysts [15–18,21–23] and to demonstrate the prop-
ies of deoxygenation products and their industrial applicability
–28].
Triglycerides can be converted into hydrocarbons either by
ing acidic catalysts, such as zeolites and mesoporous molecular
ves [9,29–34], or by using supported metal catalysts in reduced
sulfided state [3,4,9,11]. The former approach can be described as
n-selective one as wide variety of hydrocarbons having a broad
tribution of molecular weight is obtained. On the other hand, the
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(DMDS) ensured significantly slower catalyst deactivation. Moreover,
rably hydrodeoxygenation/decarboxylation ratio.

© 2010 Elsevier B.V. All rights reserved.

ter approach can be denoted as selective one since either only
ygen atoms or oxygen atoms together with one carbon atom are
moved per each fatty acid moiety. Consequently, the final liquid
oduct has a rather narrow distribution of molecular weights that
rresponds almost exclusively to diesel fuel range.
Supported metal catalysts in reduced state, such as Pd/C

,16,17,21], have been shown to transform fatty acids, their esters
d triglycerides into hydrocarbons by decarboxylation, i.e. n-
anes containing an odd number carbon atoms in molecule and

rbon dioxide were the main deoxygenation products. On the
her hand, sulfided metal catalysts, e.g. conventional hydrotreat-

catalysts, yield more complex hydrocarbon mixtures consisting
n-alkanes having both odd and even carbon atom numbers. It has
en demonstrated [10,11,15] that these hydrocarbons are formed
decarboxylation/hydrodecarboxylation and hydrodeoxygena-

n, respectively. While decarboxylation/hydrodecarboxylation
ld CO2 as the primary oxygenated product of deoxygenation,
hydrodeoxygenation oxygen is removed as water [9].
Hydrotreating catalysts are already applied industrially to pro-
ce diesel blending feedstocks from triglycerides [4] and hence
estigation of their deactivation behavior is of utmost impor-
ce. Several studies have analyzed the impact of hydrotreating
oducts originating from heteroatoms, mainly H2S, NH3 and
ter, on the catalyst activity and selectivity [35–37]. It has been

own that ammonia strongly inhibits both hydrodeoxygenation
d (hydro)decarboxylation reactions [35]. The inhibition effect of
ter was reported to be less than the effect of ammonia [35].
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Table 1
Concentration of main impurities in processed vegetable oils.

Feed Acid number (mg/g)a Ca (mg/kg) Mg (mg/kg) Na (mg/kg) K (mg/kg) P (mg/kg) M eq. (mmol/kg)b P (mmol/kg)

RRO 0.08 3.80 0.40 4.70 1.80 <0.5 0.237 <0.016
PRO 0.82 3.50 0.45 3.30 1.50 0.71 0.197 0.023
NRO 0.70 146.00 45.90 7.20 24.60 188.00 6.003 6.070
WRO 49.02 74.10 0.91 4.50 4.00 37.90 2.035 1.224

4.80

s equa .

f

,

,

,

f
.

.

.

.

.

Trap grease 61.00 6.60 2.60

a mg/g of KOH.

b M eq. =
∑

(cation charge×cation concentration)/cation atomic weight

|anion charge| , where anion charge wa

For example, addition 5000 wt. ppm of water reduced conversion
of methyl- and ethylheptanoate by ca. 5–10% [36]. In contrast to
ammonia and water, hydrogen sulfide promoted deoxygenation o
esters over both NiMo and CoMo catalysts [35,37].

A key economic aspect of triglycerides conversion to hydrocar-
bons is the price of raw materials, which depends strongly on the
required upgrading level of triglycerides-containing feedstocks to
prevent catalyst deactivation. Therefore, lower quality feedstocks
such as waste cooking or frying oils, have been investigated as alter-
native source of triglycerides [38,39]. It has been demonstrated that
despite their lower quality, waste cooking oils can be converted
over conventional hydrotreating catalysts into diesel-like products
i.e. hydrocarbons. The thermal changes in vegetable (cooking) oils
may, however, negatively influence the quality of the diesel-like
products as it is obvious from the distillation curves of these prod-
ucts [38].

The effects of naturally occurring impurities of vegetable oils
or triglycerides in general, on deactivation of deoxygenation cat-
alysts have not been discussed in detail as yet. Hence the main
objective of this contribution is to address the issue of deactiva-
tion of hydrotreating catalysts used for catalytic deoxygenation o
triglycerides. In particular, the effects of phosphorus, alkalis (i.e
alkali and alkaline-earth metals are referred to as alkalis for the sake
of brevity) and sulfur on catalyst deactivation will be discussed in
detail. The underlying cause of deactivation, such as coking or poi-
soning, due to presence of different feedstock impurities will be
identified.

2. Experimental
Samples of vegetable oils originated from rapeseed refining for
food and biodiesel production and were obtained from Setuza a.s.
The following feeds were used in the hydrotreating experiments:
refined rapeseed oil (RRO, i.e. food quality oil), primary refined rape-
seed oil (PRO, i.e. oil after degumming), neat rapeseed oil (NRO, i.e.
fresh oil after pressing and extraction from seeds), trap grease (TG,

Press,

Extraction

Deep 
degumming

NRO

Water 
degumming

Chem
neutra

Deep 
degumming

NRO Bleachi

PRO

PRO

Fig. 1. Scheme of rapeseed

ART - 27
5.30 310.00 0.444 10.010

l to −2, as the phosphate group is bound to the glycerol backbone in phospholipids

i.e. oil collected from washing the tanks etc.), oleic acid (Fluka, p.a.)
and waste rapeseed oil (WRO, i.e. oil separated during water treat-
ment process). An overview of the feedstocks together with their
main impurities, namely alkalis and phosphorus, is given in Table 1
A general process of rapeseed refining to yield food quality rape-
seed oil is shown in Fig. 1. The concentrations of major impurities
(Table 1) were determined by ICP (inductively coupled plasma)
In addition, the value acid number (mgKOH/goil) of the feedstocks
that reflects the concentration of free fatty acids is reported as
well. Standard refinery hydrogen (>99%, v/v) was used as hydro-
gen source in the catalytic experiments. Its main impurities were
methane (ca. 0.7%, v/v) and nitrogen (ca.0.3%, v/v).

All hydrotreating experiments were carried out in an electrically
heated fixed bed tubular reactor. The reaction temperature, hydro-
gen pressure, hydrogen-to-oil molar ratio and WHSV were kept
constant at 310 ◦C, 3.5 MPa, 100 mol/mol and 2 h−1, in that order
The selection of the reaction conditions was based on previous
experience [7,15] in order to follow the catalyst activity decrease
A commercial CoMo/�-Al2O3 catalyst was used containing 3.0 wt.%
CoO and 13.5 wt.% MoO3 was used in the experiments. The origi-
nal extrudates (1 mm) were diluted with SiC (0.1 mm) to achieve
good heat and mass transfer and avoid feed channeling. Fresh cat-
alyst was used for each experiment and it was sulfided prior to the
experiments to obtain its active sulfide form by in-situ activation
using dimethyldisulfide (DMDS). The experimental procedure was
described previously in detail elsewhere [7,15]. The specific sur-
face area (BET) of the fresh catalyst in oxide state was 188 m2/g
as determined by nitrogen physisorption (Carlo Erba Instruments
Sorptomatic 1900). Moreover, carbon and sulfur content on the
spent catalyst was determined as well.
As the main objective of the experiments was to establish
the role of vegetable oil impurities in catalyst deactivation, the
experiments were performed under constant conditions for ca.
100–150 h. In addition, a set of experiments aimed at determina-
tion of the effect of added sulfur on catalyst activity was carried
out. In these tests two feedstocks were used: refined rapeseed oil

ical 
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Bleaching Deodoration

RRO
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Deodoration + 

physical 
neutralization
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refining alternatives.
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O) and RRO containing 0.5 wt.% DMDS (RRO-SC). In this case the
periment lasted >250 h. Finally an experiment was carried out
ere two feedstocks, sulfur-free RRO and RRO containing 1 wt.%

n the form of DMDS (RRO-SP), were alternated—after feeding
O for 120 h, RRO-SP was fed for 12 h. Then once again RRO was
for 42 h followed by feeding RRO-S for 8 h. Finally, feeding RRO
48 h concluded the test.
In each experiment, samples of liquid phase products were
lected in high-pressure gas/liquid separator and withdrawn

ery four hours. The temperature of the separator was kept con-
nt at 80 ◦C to keep saturated triglycerides, fatty esters and fatty
ds above their melting point. The collected samples were first
arated into organic and water layer. The organic layer was
n analyzed off-line by GC technique using on-column injec-

n. Due to the complex nature of the reaction products, the
anic layer samples had to be silylated prior to their analysis. N-
thyl-N-(trimethylsilyl)trifluoroacetamide (MSTFA) was used as
silylation agent. 66.8 �l of MSTFA was added to 6.8 �l of each
ple dissolved in 4 ml of cyclohexane before analysis. For GC

alysis, RESTEK MTX Biodiesel TG w/2 m column was used; col-
n dimensions were 10 m length, 0.32 mm inner diameter and
2 �m stationary phase thickness.
A tendency of different feeds to yield carbonaceous deposits
ke) was tested by aging of the raw materials. RRO and RRO with

dition of H3PO4 equivalent to 310 ppm phosphorus (the same
centration as in trap grease) were heated at 290 or 310 ◦C for 4 h.

e products were characterized visually and by means of density,
cosity and color (ASTM D 1500).

Results and discussion

. General product distribution

Catalytic deoxygenation of rapeseed oil over CoMo/Al2O3 sul-
ed catalyst results under suitable reaction conditions, e.g. 310 ◦C,
MPa, 2 h−1, in complete deoxygenation. Consequently, mixture

n-alkanes is formed alongside with water and carbon oxides.
ile fatty acids bound in triglycerides have exclusively even

mber of carbon atoms in their molecules, n-alkanes both with
en as well as odd carbon number were formed. As reported
viously [7,10,11,15], this is a consequence of at least two paral-
reaction pathways taking place during deoxygenation, namely

drodeoxygenation (full hydrogenation, HDO) and hydrodecar-
xylation yielding n-alkanes with even and odd carbon number,
pectively. The other primary deoxygenation products of these

thways are water and carbon dioxide, correspondingly. In addi-
n, decarbonylation was suggested as plausible reaction pathway
well [10,14].
Due to the complex nature of reactions between water, hydro-

n, CO and CO2, it is virtually impossible to determine whether
is formed by decarbonylation, i.e. as a primary deoxygenation
duct, or whether it is created in secondary reactions of CO2.

e reaction mechanism has a significant impact on the practical
e of deoxygenation as well. On the one hand, if the secondary
drogenation of CO2 can be avoided, the hydrogen consumption
lower in decarboxylation than in hydrodeoxygenation. On the
er hand, part of feedstock that would be in HDO converted into

uid hydrocarbons is lost as CO2 or worse as methane unless the
sequent hydrogenation of CO2 can be controlled.
As the time-on-stream increases, the activity of the catalyst
creases and formation of reaction intermediates can be observed.
agreement with previous studies [10,11,15,22,23] these include
ty acids, fatty alcohols and a product of esterification fatty acids
th fatty alcohols, i.e. fatty esters. Under severe deactivation
no- and diglycerides have been also detected in the reaction
ducts. The reaction products containing oxygen are referred

ha
wa
(Fi
the
tie
ca

ART - 27
. 2. Deoxygenation of rapeseed oil obtained from different stage of its processing
a function of time-on-stream: (�) RRO – refined rapeseed oil (food grade), (�)

– primary refined rapeseed oil (after degumming, without bleaching and des-
ration), (�) NRO – neat rapeseed oil (oil before degumming), (�) WRO – waste
eseed oil; (�) oleic acid.

as oxygenates or oxygenated products. As the main objective
deoxygenation, saturation of double bonds in triglycerides is
t considered as their conversion. As demonstrated below, the
anges within intermediates reflect the gradual deterioration of
talyst activity.

. Effect of alkalis

Rapeseed oil obtained from different stages of its processing
s used to study the effect its natural impurities on deactiva-
n of CoMo/Al2O3 catalyst. An overview of the samples including
scription of their origin and composition is given in Table 1. The
ction parameters (310 ◦C, 3.5 MPa, 2 h−1) were set up so that

mplete deoxygenation of rapeseed oil was achieved at the begin-
g of the test run and that the decrease of the catalyst activity with
reasing time-on-stream could be observed. Elimination of oxy-

n rather than conversion of triglycerides was selected to describe
catalyst performance as conversion does not always describe
deoxygenation performance of a catalyst. For example, when

glycerides are converted to fatty acids oxygen is not consumed
d hence deoxygenation does not occur even though conversion
triglycerides can be, depending on the catalyst, fairly high.
The comparison of deoxygenation of four different rapeseed oils

depicted in Fig. 2. For all investigated grades of rapeseed oils,
re is a clear decline in deoxygenation of the feedstock with

olonging time-on-stream. However, the results are somewhat
rprising as the lowest quality oil—neat rapeseed oil (NRO), i.e.

one with the highest concentration of impurities, was deoxy-
nated virtually to the same extent as the refined rapeseed oil

O), i.e. the oil with the lowest concentration of impurities (Fig. 2).
rthermore, the oil that underwent only the first treatment stage
O) and had slightly higher concentration of impurities than

O exhibited the best performance while the waste rapeseed
showed clearly the poorest performance (Fig. 2). In order to

derstand these peculiarities it is necessary to study not only the
solute concentrations of impurities, but also their balance, i.e.

balance between the cations (alkalis) and anions represented
the phosphate anion originating from phospholipids. It can be
n (Table 1) that except NRO there is imbalance between alka-
cations, on the one hand, and phosphate anion on the other

nd in the waste and refined oils. The most pronounced imbalance

s observed for WRO that in turn showed the worst performance
g. 2), i.e. the most pronounced deactivation presumably due to

alkalis. Nonetheless, the absolute concentration of the impuri-
s is essential in both cases. In the case of imbalance between
tions and anions the deactivation rate will increase with the

3/9
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increasing concentration of impurities. In the specific case when the
concentration of cations of alkalis and phosphate anion are in bal-
ance, deposits will be formed that will cause plugging of the reactor

The striking behavior of NRO has a rather simple explanation
The phospholipids tend to decompose under the reaction condi-
tions, as discussed below, and in the case of NRO alkalis phosphates
were formed and deposited before and at the very beginning of
the catalyst bed. Consequently, the feedstock entering the catalyst
bed was virtually free of impurities and hence it performed sim-
ilarly to RRO (Fig. 2). Obviously, a longer time-on-stream would
result in build up of phosphate deposits, increased pressure drop
and ultimately in plugging of the reactor.

The differences in composition of RRO and PRO are almost negli-
gible (Table 1) and can be thus hardly the reason for the systematic
difference in deoxygenation of these oils (Fig. 2). Nonetheless, it
is not a matter of the repeatability of the catalytic tests as wil
be shown later when discussing the effect of H2S on the catalyst
performance (see Fig. 6). A plausible explanation is lower suscepti-
bility of PRO to thermal degradation in comparison with RRO that
has undergone more extensive treatment and some of its natura
antioxidants were destroyed in the process. NRO should be, how-
ever, the best oil in this regard as it did not undergo any thermal or
chemical treatment. Hence, it has to be concluded that the nature
of the differences in deoxygenation of RRO and PRO is not yet sat-
isfactorily explained. On the other hand, the effect of alkalis seems
to be detrimental for the catalyst activity (WRO) as would ulti-
mately be the phosphate deposits originating from decomposition
of phospholipids (NRO) present in neat vegetable oils.

The damaging effect of alkalis on catalyst performance can be
understood more clearly when comparing the yields of hydro-
carbons or oxygenated products (Fig. 3a and b). While the fina
elimination of oxygen (defined as ratio of the following mass
fractions: (oxygen in feedstock—oxygen in products)/(oxygen in
feedstock) multiplied by 100) i.e. after 144 h, was about 70% for
WRO and ca. 75% for RRO (Fig. 2), the yield of hydrocarbons dropped
to ca. 62% for RRO and to about 45% for WRO (Fig. 3a). Similarly
the yield of oxygenated intermediates is significantly higher for
WRO (ca. 50%) in comparison with RRO (ca. 20%), see Fig. 3b. These
differences can be attributed primarily to deterioration of catalyst
activity that can be evidenced by a significant increase in formation
of fatty ester, i.e. secondary reaction intermediates, in the experi-
ment where WRO was used as feedstock (Fig. 3c). It should be noted
that in contrast to the other oils WRO contains significant amount
of free fatty acids. Their concentration was based on the determined
acid number (Table 1) ca. 20–25%. Nonetheless, experiments car-
ried out with neat oleic acid (Fluka, p.a.) clearly demonstrated that
under the selected reaction conditions oleic acid was converted to
hydrocarbons at similar deoxygenation rate as refined rapeseed oil
PRO (Fig. 2). Therefore, any deviations between WRO and the other
oils cannot be ascribed to its higher concentration of fatty acids, but
rather to the feedstock quality, i.e. low concentration of impurities
such as alkalis and phosphorus is of the utmost importance.

The gradual loss of catalyst activity when feedstock contains
alkalis cations without charge-compensating inorganic anion can
be explained by deposition of alkalis (i.e. alkali and alkaline-earth
metals) on catalyst surface inducing electronic effects limit-
ing hydrogenation [40]. Consequently, the hydrodeoxygenation
pathway as well as hydrogenation of double bonds would be sup-
pressed. Alkalis were observed to deposit on the external surface
of catalyst particles [41] and calcium was reported to cause deacti-

vation in hydrogenation, hydrocracking, hydrodesulfurization and
hydrodeoxygenation. [42]. Moreover, various alkalis molybdates,
tungstates and aluminates were indicated as thermodynamically
probable compounds formed on hydroprocessing catalysts in pres-
ence of alkalis particles. However, their stability and behavior under
hydroprocessing conditions is unknown [41].

ART - 27
Fig. 3. Hydrocarbons (a), oxygenates (b) and fatty esters (c) content in deoxygena-
tion products as function of time on stream: (�) RRO – refined rapeseed oil (food
grade), (�) PRO – primary refined rapeseed oil (after degumming, without bleaching
and desodoration), (�) NRO – neat rapeseed oil (oil before degumming), (�) WRO –
waste rapeseed oil; (�) oleic acid.

3.3. Effect of phosphorus

While the rapeseed-oil-based feedstocks have shown low to
moderate rate of deactivation (Fig. 3) depending on the degree of
their upgrading and the residual level of impurities, trap grease, a
very specific waste stream from vegetable oils processing, caused
severe catalyst deactivation (Fig. 4a and b). Virtually all deoxy-
genation activity was lost within the first 48 h on stream (Fig. 4a
and b). The trap grease contains significant amounts of phosphorus
together with free fatty acids (Table 1). In the case of vegetable-
oils-based feedstock it means that phospholipids are present. In

contrast to neat (not refined) vegetable oils (e.g. NRO in Table 1)
that contain alkalis and hence the phosphate group is neutral,
the phosphate group in trap grease is acidic as there is only low
concentration of alkalis (Table 1). Consequently, upon decompo-
sition of phospholipids phosphoric acid is released and it acts
as an oligomerization/polymerization catalyst [43,44]. The high-
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stream (b); weight ratio of C18 and C17 hydrocarbons as function of of time on
am (c): (�) TG-Trap Grease; (�) PRO-Primary refined oil; (�) mixture of TG and
(1:2).

lecular-weight oligomers tend to deposit on catalyst surface
ding ultimately to formation of carbonaceous deposits and cat-
st deactivation. In fact, the deactivation was so severe that it
sed reactor plugging and the experiment had to be stopped
t after 100 h on stream (Fig. 4a and b). It should be noted that

observed yield of oxygenated products, mainly fatty acids,
ginates predominantly from the feedstock and not from the con-
rsion of triglycerides (Fig. 5a). Unfortunately, it was not possible
determine the content of fatty acids in trap grease chromato-
phically due to the high content of triglycerides that prevented

y reliable analysis. However, based on the determined acid num-

r of trap grease (Table 1), it can be roughly estimated that neat
p grease contained about 30 wt.% of free fatty acids.
The formation of oligomers was confirmed in laboratory experi-
nts using refined rapeseed oil (RRO) and phosphoric acid. When
O was heated up to 290 or 310 ◦C in presence of phosphoric acid

a p
du

de
gre

ART - 27
Time on stream [h]

. 5. Oxygenates (a), acids (b) and fatty esters(c) content in deoxygenation prod-
s as function of time on stream: (�) TG-Trap Grease; (�) PRO-Primary refined oil;
mixture of TG and PRO (1:2).

ark sludge was formed and the density, viscosity a color (ASTM
500) increased in comparison with the fresh (unheated) RRO
ble 2). Heating RRO in absence of phosphoric acid resulted also

increased density, viscosity and color of the oil (Table 2). How-
er, no sludge was formed and particularly the change in color was
nificantly less in absence of phosphoric acid. The changes in den-
y and viscosity after heating the oil to 310 ◦C with and without
osphoric acid, respectively, were larger when phosphoric acid
s present, but the differences were not too significant (Table 2).
ilar changes were also observed for the trap grease. The forma-

n of sludge was hence attributed to oligomerization reactions
alyzed by phosphoric acids and the sludge was suggested to be

recursor of the carbonaceous deposits formed on the catalyst

ring the course of trap grease deoxygenation.
To investigate the course of deactivation by coking during

oxygenation of vegetable-oil-based feedstocks, the neat trap
ase (TG) was diluted by refined rapeseed oil (PRO) to contain
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Table 2
Physical parameters of fresh and aged oils.

Raw
material

Temperature
(◦C)

Density
(g/cm3)(15 ◦C)

Viscosity
(CSt)(40 ◦C)

Index of
color

RRO a 0.9201 35.93 0.6
310 0.9295 101.32 1.5

RRO + H3PO4 290 0.9251 53.61 2.2
310 0.9302 102.47 2.5

l
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;

Trap grease a 0.9200 33.08 6.3
290 0.9178 45.05 7.0
310 0.9253 69.15 b

(a) Represents fresh oil and (b) not analyzed.

3.35 mmol P/g (i.e. ca. one third of the original phosphorus con-
centration). As a result, the catalyst deactivation was slowed down
(Fig. 4a and b) and it was possible to follow the development of indi-
vidual reaction products and intermediates with time-on-stream
(Fig. 5a–c). It can be clearly seen that the yield of hydrocarbons
closely followed the elimination of oxygen (Fig. 4a and b), i.e. there
were not formed significant quantities of partially deoxygenated
products, such as alcohols. The yields of oxygenated products con-
firmed this conclusion; the only organic-phase products of partia
deoxygenation observed are fatty esters (Fig. 5c). The overall yield
of oxygenated products increased with time-on-stream (Fig. 5a)
the higher the concentration of phosphorus in the feed the faster
the increase of oxygenates. The oxygenated products consisted o
fatty acids and fatty esters, i.e. products of esterification reaction
between fatty acids and fatty alcohols (Fig. 5c). Other oxygenates
namely fatty alcohols, diglycerides, monoglycerides and propy-
lesters, were present only in negligible amounts.

Valuable insight into the course of deoxygenation can be gained
from the changes of yields of fatty esters with time-on-stream
(Fig. 5c). On a fresh catalyst with slowly-deactivating feedstocks
(PRO), fatty esters were virtually absent and their concentration
increased with time-on-stream as a result of catalyst deactivation
When a feedstock more prone to deactivating the catalyst (TG+PRO)
was used, the concentration of fatty esters increased at first show-
ing that not all intermediates could be converted to hydrocarbons
under the chosen reaction conditions (Fig. 5c). The increase was
however, followed by a decrease of fatty esters concentration that
was accompanied by a pronounced increase in concentration o
fatty acids approximately after 72 h TOS (Fig. 5c). This can be
attributed to further deactivation resulting in suppressed hydro-
genation activity of the catalyst. Fatty alcohols were thus not
formed and consequently fatty esters could not be formed either
and the concentration of fatty acids started increasing (Fig. 5c). The
increase of fatty acids also suggests that the relative decarboxy-
lation activity of the catalyst was not increased. This conclusion

is confirmed by the ratio of C18/C17 hydrocarbons, i.e. ratio of
hydrodeoxygenation/hydrodecarboxylation reactions (Fig. 4c). The
results indicated that the decarboxylation activity was suppressed
more than the hydrodeoxygenation activity. However, as the yield
of hydrocarbons was close to zero, the accuracy of the ratio is rather

Table 3
Amounts of sulfur and carbon in spent catalysts.

Feedstock C on catalyst
(wt.%)

S on catalyst
(wt.%)

Time on
stream (h)

NRO 12.60 8.99 176
RRO 14.60 8.86 154
PRO 13.12 8.53 154
TG 10.90 9.52 114
TG + PRO 10.01 8.72 154
RRO-SP 14.50 9.19 240
RRO-SC 13.23 9.47 266
WRO 12.44 8.96 130
Oleic acid 12.80 8.36 84

ART - 27
Time on stream [h]

Fig. 6. Deoxygenation (a) of refined rapeseed oil (RRO): pure and sulfured RRO and
hydrocarbons yields (b) as function of time on stream: (�) RRO-refined rapeseed oil
(�) RRO-SP pulses-refined rapeseed oil with pulses of sulfured RRO; (�) RRO-SC.

low (division of two very small numbers in the range of tenths of a
percent) and the result should thus not be overestimated.

3.4. Effect of sulfur

The gradual catalyst activity decrease when refined rapeseed
oils (NRO, PRO) were used as feedstock can be ascribed neither to
alkalis nor phosphorus, as these were virtually absent in these feed-
stocks. There are two plausible explanations for this deactivation:
(i) formation of carbonaceous deposits blocking the active sites and
(ii) depletion of active sites by gradual sulfur removal from the cat-
alyst surface due to absence of sulfur in the feedstock. Addition of
dimethyldisulfide (DMDS) to refined rapeseed oil (RRO), 0.5 wt.%
DMDS in RRO (RRO-SC), resulted in significantly improved stabil-
ity of the catalyst activity over long TOS (Fig. 6a). When neat RRO
was used the elimination of oxygen dropped to ca. 75% after 144 h
TOS, whereas it remained above 95% when the feedstock contained
DMDS (Fig. 6a). It can be therefore inferred that the main reason for
the gradual deactivation during vegetable oils deoxygenation was
the depletion of sulfur. Obviously, sulfur depletion will play a role in
deoxygenation of other investigated feedstocks as well. Neverthe-
less, it can be expected that the effect of sulfur depletion on catalyst
deactivation will not be affected by feed impurities.

Previously, the loss of catalyst activity was attributed to loss of
incompletely coordinated sulfur in sulfided CoMo catalyst during
tetrahydrofuran hydrogenation [45]. The changes in catalyst active
phase are partially reversible, as demonstrated on Figs. 6a and
b. When neat RRO was replaced with sulfur-containing feedstock

(RRO-SP), elimination of oxygen improved significantly (Fig. 6a).
However, under the sulfur-free conditions the loss of deoxygena-
tion activity continued and the next introduction of RRO-SP led
only to partial recovery of the catalyst activity. It can be con-
cluded that some of the changes leading to catalyst deactivation

6/9
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. 7. Yields of C17 (a) and C18 (b) hydrocarbons, hydrodeoxygenation/decarboxylatio
eseed oil; (�) RRO-SP pulses-refined rapeseed oil with pulses of sulfured RRO; (�)

irreversible. These changes can be plausibly attributed to par-
l reduction of the sulfide phase (i.e. loss of sulfur) under reaction
ditions due to insufficient quantities of sulfur in the feedstock to
intain catalyst in sulfided form [46,47]. Alternatively, the active
ase may undergo oxidation changes (sulfur to sulfate, Mo4+ to
6+) due to the presence of oxygen-containing compounds [46].
omparison of DMDS pulses with continuous feeding of sulfur-

ped oil (RRO-SC) showed that continuous catalyst reactivation
th sulfur-containing feed is more effective than reactivation by
lses (Fig. 6). This can be also observed from the characterization
spent catalysts (Table 3). The concentration of sulfur in the cat-
st decreases in the order RRO-SC > RRO-SP > RRO and correlates
th the catalyst performance (the oxygen elimination decreases
the same order). Moreover, the amount of carbonaceous deposits
pressed in wt.% of carbon) decreases in the same order as well
ble 3). Except the experiments with TG, the contents of carbon

d sulfur on the catalyst were rather comparable. The deviation
be explained by rapid deactivation and blocking of the initial

rt of the catalyst bed that resulted in reactor plugging, which pre-
ted further formation of carbonaceous deposits and depletion

fur.
Apart from improving the stability of catalyst deoxygenation
ivity, DMDS affected considerably product selectivity and hence
preferred reaction pathway (Figs. 7 and 8a and b). Hydrodeoxy-
ation (HDO) is the predominant reaction pathway in the

sence of DMDS, i.e. in the absence of H2S as DMDS decomposes
der the reaction conditions and yields H2S and methane. Con-
uently, the C18/C17 ratio was in the range 3–4 which means
t formation of HDO products was 3–4 times faster than forma-

n of hydrodecarboxylation (HDC) products (Fig. 7c). However,
en the feedstock contained DMDS, the ratio C18/C17 was close

1 (in the range 1–1.5), which means that HDC reaction pathway

yed a more significant role. This is clearly visible from the yields
C17 hydrocarbons that were higher in presence of DMDS than
its absence (Fig. 7a). At the same time the yield of C18 hydro-
bons was suppressed (Fig. 7b). If the main impact of H2S was
ly suppression of catalyst hydrogenation activity, the catalyst
oxygenation activity should be deteriorated as a result of DMDS

in
hy
ho
Ev
fat
tha

ART - 27
Time on stream [h]

io (c) and oxygenates yields (d) as functions of time on stream: (�) RRO-refined
C.

dition. The experimental results showed the opposite (Fig. 6a),
enhanced oxygen elimination, and it can be hence inferred that
main consequence of DMDS (H2S) addition was the promo-

n of its hydrodecarboxylation activity as suggested also by the
anges in C18/C17 ratio (Fig. 7c). The pulses of RRO-SP caused an
rease in C17 hydrocarbons yield while the yield of C18 hydro-
bons was enhanced significantly less (Fig. 7b). These changes

be attributed to the increased hydrogenolysis activity, which
a consequence of dissociative adsorption of H2S on coordina-
ely unsaturated sites leading to formation of Brønsted acid sites
,48].
Addition of DMDS in the feedstock influenced significantly also
tribution in the group of oxygenates. As a result of better stabil-
of the active phase and hence of the catalyst activity in presence
H2S, only low yields of fatty esters, fatty acids and fatty alco-
ls were observed over the whole range of TOS (Fig. 8a and b).
netheless, their concentration increased slightly with TOS, i.e.

e deactivation of the catalyst occurred (Fig. 8a and b). When
DS was not added (RRO), fatty esters and alcohols were the
in oxygenated products and their yield increased gradually with
S (Fig. 8b and c). Substitution of sulfur-free by sulfur-containing
dstock (i.e. of RRO by RRO-SP) resulted in dramatic changes. The
ld of fatty esters as well as of fatty alcohols dropped immediately
tually to zero (Fig. 8a and b). Since fatty esters are tertiary reac-
n intermediates formed by esterification of fatty acids (primary
ction intermediates) by fatty alcohols (secondary reaction inter-
diates), their disappearance can be explained by disappearance

fatty alcohols. Since fatty alcohols are formed by hydrogenation
fatty acids, the sudden decrease in the yield of fatty alcohols
er introduction of DMDS can be attributed plausibly to either
creased hydrogenation rate of fatty acids to fatty alcohols or to
reased consumption rate of fatty acids by a competing reaction,

this case by decarboxylation. As discussed above, if decreased
drogenation rate was the main cause of the decreased fatty alco-
ls yield, the yield of fatty acids should increase dramatically.
en though there can be observed some increase in the yield of
ty acids as a result of DMDS introduction, it is significantly less
n the decrease of fatty alcohols and fatty esters. This implies
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Fig. 8. Fatty esters (a), alcohols (b) and acids (c) yields obtained from pure and
sulfured RRO as function of time on stream: (�) RRO-refined rapeseed oil; (�) RRO-SP
pulses-refined rapeseed oil with pulses of sulfured RRO; (�) RRO-SC.

that the main cause for the decrease in the yield of fatty alco-
hols is the increased consumption of fatty acids by a competing
reaction. Based on the hydrocarbon product distribution it can be
concluded that the competing reaction is decarboxylation of fatty
acid intermediates or hydrodecarboxylation of triglycerides.

4. Conclusions

Catalytic deoxygenation of different rapeseed-oil-derived feed-
stocks over sulfided CoMo catalyst was carried out at 310 ◦C and
3.5 MPa (H2 pressure) in a fixed-bed reactor aiming at descrip-
tion of parameters affecting the catalyst deactivation. Three main
feedstock-related parameters were identified to play an importan

role in deoxygenation catalyst deactivation, namely the concentra-
tions of phosphorus, alkalis and sulfur.

Presence of alkalis promoted catalyst deactivation due to their
deposition on catalyst surface leading to blockage/poisoning of
active sites. The effect of phosphorus was two-fold. When charge-

ART - 27
ysis A: General 394 (2011) 9–17

compensating alkalis were present, corresponding phosphates
were deposited above and at the beginning of catalyst bed lead-
ing to gradual build-up of deposits. On the other hand, in absence
of alkalis decomposition of phospholipids yielded phosphoric acid
that catalyzed oligomerization reactions leading to rapid catalyst
deactivation by carbonaceous deposits.

Presence of sulfur compounds, here demonstrated by addition
of dimethyldisulfide (DMDS), was shown to be beneficial for the
catalyst deoxygenation performance. While in absence of DMDS
gradual deactivation was observed, addition of DMDS resulted in a
stable catalyst performance. The changes in active sites structure
caused by their desulfurization under hydrogen atmosphere were
shown to be partially reversible. Nonetheless, part of the active sites
was irreversibly lost. In addition to modifying catalyst activity, H2S
formed by DMDS decomposition, influenced significantly the selec-
tivity of deoxygenation reactions. The presence of H2S resulted in
an augmented (hydro)decarboxylation catalyst selectivity plausi-
bly owing to the increased catalyst acidity.
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bstract

This chapter deals with some important aspects of deoxygenation of triglycerides that

as become a new refining technology. After the introduction of basics of deoxygen-
tion chemistry, the thermodynamic aspects of deoxygenation are discussed. Then hy-
rodynamics in conventional hydrotreaters is compared with the deoxygenation
ystem, and predictions on the vegetable oils deoxygenation are made. Kinetics of tri-
lyceride deoxygenation reactions including kinetics of the individual reaction steps
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involved are discussed for the system CoMo on alumina. Next factors influencing cat
alyst deactivation, particularly those related to feedstock, are analyzed. Finally, commer
cial, available deoxygenation technologies are overviewed. The attention is focused on

both stand-alone and coprocessing technologies.

LIST OF SYMBOLS

A. LATIN LETTERS
A pre-exponential factor of reaction, dimension depends on the reaction

Bo Bodenstein number

c concentration, mol/m3

cp specific heat capacity, J/kg/K

CH2
concentration of hydrogen, kmol/m3

CS concentration of liquid substrate, kmol/m3

C concentration, wt%

dp diameter of the catalyst particles, mm

dpi diameter of inert fines, mm

D diameter of the reactor, m

Dj substance diffusivity, m
2/s

E activation energy of reaction, J/mol

DHr heat of reaction, kJ/mol

k kinetic constant of reaction, dimension depends on the reaction

kc mass transfer coefficient, m/s

L length of the bed, m

n reaction order to substrate, 1

P pressure, MPa

Q volumetric flow rate, m3/s

Qm mass flow rate, kg/h

r reaction rate, mol/s/m3

R universal gas constant, 8.31434 J/mol/K

t time, s

T temperature, K

U linear velocity of the fluid, m/s

V volume, m3

W mass of catalyst, kg

X conversion level, 1

B. GREEK LETTERS
« bed voidage, 1

l heat conductivity, J/m/K/s

m dynamic viscosity, Pa s

n kinematic viscosity, mm2/s

r density, kg/m3
surface tension, mN/m
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SUBSCRIPTS AND SUPERSCRIPTS
lc calculation

t catalyst

p experimental

gas

ndex of reaction

ndex of substance

liquid

olid phase

weight

BREVIATIONS
O atmospheric gas oil

O lite gas oil

rapeseed oil

1. INTRODUCTION
Several reasons can be identified for the recent interest in automotive

els derived from renewable energy resources. The major ones include (i)

e limited reserves of petroleum that could be replaced, at least partially, by

ewable feedstocks; (ii) the national security, as the main petroleum re-

ves are found in politically unstable regions; (iii) the increased awareness

climate changes that have been attributed to the increasing atmospheric

ncentrations of CO2 due to the ever-increasing consumption of fossil

els; and (iv) the support of rural areas in Western countries aimed at

pporting employment and cultural landscape in the areas (Kubičková

d Kubička, 2010; Schaub and Vetter, 2008).

Consequently, a fast development and commercialization of two large-

le biofuel production technologies, namely, bioethanol and fatty acid

ethyl esters (FAME) production, have followed to satisfy the current de-

and for biofuels, that is, automotive fuels derived from renewable energy

ources. Bioethanol is produced typically from sugar cane (Brazil), corn

nited States), and wheat and sugar beet (Europe) and is consumed

gasoline-driven cars. There are two common alternatives: (i) gas-

ne–bioethanol blends with up to 10 vol.% of ethanol that can be used
the standard spark-ignition engines and (ii) ethanol-based fuels containing
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typically 70–90 vol.% of ethanol, which require specially modified engines

(the so-called flexi fuel vehicles; Kubičková and Kubička, 2011).

FAME (biodiesel) is produced by transesterification of vegetable oils

(VOs) withmethanol as an alternative fuel for compression-ignition engines.

It is used either as a blending component of the standard diesel (in volumetric

concentrations up to 7% or 10%) or as a stand-alone fuel that requires that a

car is equipped with a modified compression-ignition engine. The recogni-

tion that transesterification of VOs yields a diesel fuel having significantly

better fuel properties than neat VOs led to the spread of this technology.

Biodiesel provides some benefits in comparison with conventional diesel fuel.

These include its biodegradability and better lubricity that allows reducing

the amount of added diesel lubricity additives. On the other hand, there

are some disadvantages connected to the use of biodiesel (Kubičková and

Kubička, 2011).

From the refining perspective, both technologies are rather agriculturally

based technologies and the refiners have to purchase these products to blend

them as it is required by the legislation in many European countries. More-

over, neither bioethanol nor biodiesel is fully compatible with the current

hydrocarbon fuels and existing engine technologies. It seems, thus, only log-

ical that there is a demand for alternative refining technologies. As a result,

renewable (green) diesel has become, in the recent years, a viable alternative

to the conventional biodiesel. The renewable diesel concept is based on a

fundamentally different approach than production of biodiesel even though

it uses the same feedstock. In contrast to biodiesel production, which is based

on mere reduction of the molecular weight of triglycerides due to their trans-

esterification with methanol and leads to modification of physical properties

while keeping chemical properties intact, renewable diesel production is based

on modification of chemical as well as physical properties. Consequently, the

renewable diesel is much closer in terms of chemical composition as well as

fuel properties to the conventional diesel fuel than biodiesel.

The relevant issues pertaining, in particular, to the accomplishment of

catalytic transformation of triglycerides into a mixture of hydrocarbons

being suitable as diesel fuel blending components have been addressed by

several authors over the past 5 years (Kubička, 2008; Kubičková and

Kubička, 2010, 2011; Lestari et al., 2009; Murzin et al., 2012). While the

fundamental aspects of deoxygenation chemistry have been covered in these

reviews in detail, a view focused on chemical engineering aspects of deox-

ygenation including an overview of commercial applications is still missing.

144 David Kubička and Vratislav Tukač
Thus, the aim of this review is to address the most important issues relevant
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commercialization of deoxygenation technologies. After a brief summary

the main aspects of deoxygenation chemistry, the next chapters will be

voted to thermodynamics, hydrodynamics, and kinetics of triglyceride

oxygenation. Then deactivation aspects will be discussed, and the final

rt will be focused on the existing commercial technologies and their most

ient features. In particular, the advantages and disadvantages of the two

sic concepts, namely, stand-alone processing of triglycerides and cop-

cessing of triglycerides with petroleum fractions in existing or modified

145rotreating of Triglyceride-Based Feedstocks in Refineries
drotreating units, will be analyzed.
2. BASICS OF DEOXYGENATION CHEMISTRY
The production of renewable diesel is based on the conversion of tri-

cerides into hydrocarbons, that is, on the complete deoxygenation.

eflecting the nature of carbon–oxygen bonds in triglycerides, deoxygen-

on can proceed via several different reaction routes which take place

her in the presence or in the absence of hydrogen. The method utilizing

drogen is, in fact, more common. It secures a stable catalytic activity, and

is hence used in the commercialized deoxygenation technologies. Several

oxygenation pathways have been reported in the presence of hydrogen

uber et al., 2007; Kubička and Kaluža, 2010; Kubičková and Kubička,

10; Laurent and Delmon, 1994a). They have been classified as hydro-

oxygenation (HDO), (hydro)decarboxylation, and decarbonylation.

HDO can be described as a total hydrogenation that yields hydrocarbons

d water as the only reaction products. All oxygen atoms are eliminated

ring HDO in the form of water. As all naturally occurring fatty acid moi-

es of triglycerides have an even number of carbon atoms, the resulting hy-

ocarbons, except propane that originates from the glycerol backbone of

glycerides, have an even carbon number too (Kubička and Kaluža,

10). In contrast, in (hydro)decarboxylation (HDC), any oxygen atom

triglycerides is eliminated as carbon dioxide. Consequently, only hydro-

rbons with odd carbon atom numbers are formed from the fatty acid moi-

es. The prefix hydro- is sometimes used to stress that hydrogen is involved

the reaction. It has been proposed that hydrogen is needed to break the

ty acid moiety loose from the triglyceride. The released fatty acids

dergo subsequent decarboxylation to yield hydrocarbon and CO2

ubička and Kaluža, 2010). Both reaction pathways are schematically
picted in Fig. 3.1.
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Figure 3.1 A schematic view on the transformation of triglycerides into hydrocarbons
under hydrotreating conditions. Based on Kubička (2008).
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In addition, decarbonylation has been proposed as a plausible reaction

pathway as well (Huber et al., 2007). Unfortunately, the complex reaction

network involving hydrogen, CO, CO2, water, and methane under typical

deoxygenation reaction conditions makes it difficult, if not impossible, to

provide an unequivocal evidence whether carbon oxides found in reaction

products originate from decarboxylation and subsequent hydrogenation of

carbon dioxide or decarbonylation or whether both decarboxylation and

decarbonylation take place in parallel.

The understanding of the deoxygenation reaction pathway is of immense

practical importance as it determines the theoretical hydrogen consumption

which is extremely important for any refining process. The reaction scheme

(Fig. 3.1) indicates that hydrodecarboxylation should be the preferred course

of deoxygenation if hydrogen consumption was the only criterion. However,

this would be true only if the secondary reactions, in particular, carbon dioxide

hydrogenation to carbon monoxide and even methane, could be avoided.

It can be easily seen that if all carbon dioxide formed was to be hydrogenated

to afford methane the total hydrogen consumption of the HDC route would

be larger than the total hydrogen consumption of the HDO path. Moreover,

both reaction pathways differ in the carbon atom efficiency. While in HDO

theoretically, only three carbon atoms per each triglyceride molecule are not

recovered as liquid hydrocarbons, in HDC it is six carbon atoms.

The occurrence of both reaction pathways is affected by catalytic system
used as well as by the reaction conditions. For example, palladium on carbon
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talysts was shown to catalyze virtually and exclusively the hydro(decar-

xylation) pathway (Immer et al., 2010; Kubičková et al., 2005; Maier

al., 1982; Snåre et al., 2006), while typical hydrotreating catalysts (sulfided

iMo, CoMo) provide both HDO and HDC products, that is,

octadecane and n-heptadecane, respectively (Bezergianni et al., 2010a,b;

nnis et al., 2009; Kubička, 2008; Kubička and Kaluža, 2010; Kubička

al., 2009, 2010; Mikulec et al., 2009; Priecel et al., 2011). The extent

which each of the pathways contributes to the overall deoxygenation de-

nds on reaction conditions and catalyst composition. HDO was shown to

preferred over HDC at higher hydrogen pressures and lower reaction

peratures (Kubička, 2008). The origin of this selectivity dependence will

discussed in Section 3. The role of the sulfided catalyst is an interesting

e, too. It has been recently observed by Kubička and Kaluža (2010) that

lfided nickel catalyst provided virtually and exclusively theHDCproducts,

ile sulfided molybdenum catalyst yielded almost solely HDO products.

owever, both sulfided catalysts were significantly less active than the sul-

ed NiMo catalyst that afforded both HDC and HDO products.

The experimental studies have demonstrated that milder reactions that

ically used in hydrotreating of petroleum middle distillate fractions are

fficient to achieve complete deoxygenation of triglycerides. Over fresh

lfided catalysts, total conversion of triglycerides was obtained at as low

peratures as 280 �C at moderate hydrogen pressures (1–5 MPa;

nnis et al., 2009; Kubička and Kaluža, 2010; Kubička et al., 2010;

iecel et al., 2011). Similar reaction conditions were applied successfully

o in the case of palladium catalysts (Immer et al., 2010; Kubičková

al., 2005; Simakova et al., 2009; Snåre et al., 2006, 2008). As the aim

this chapter is to describe upgrading of triglycerides in a refinery, the dis-

ssion will be focused mostly on sulfided hydrotreating catalysts that are the

ost likely ones to be used commercially. In fact, the available data on the

eady commercialized technologies indicate the use of hydrotreating

talysts.

3. THERMODYNAMIC ASPECTS OF DEOXYGENATION

147rotreating of Triglyceride-Based Feedstocks in Refineries
Thermodynamic assessment of any reaction system is essential prior to

y industrial application. While, nowadays, there are many different data-

ses containing relevant thermodynamic data for a wide variety of reaction

tems, the relevant data for deoxygenation of triglycerides have been until
ently missing. Smejkal et al. (2009) have applied Joback’s contribution
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method for the assessment of the relevant thermodynamic data of tristearate,

which was chosen as a model compound representing triglycerides. Consid-

ering that the majority of triglycerides in VOs are composed of C18 fatty acid

moieties and that hydrogenation of their double bonds is very facile at

deoxygenation reaction conditions, tristearate seems to be an ideal model

component to describe triglycerides. The applicability of Joback’s contribu-

tion method for estimating thermodynamic properties of tristearate was ver-

ified on butyl stearate for which there are available data in commercial

databases. Based on the very good agreement between these data and data

estimated by Joback’s contribution method, it was argued that the method

is suitable for the assessment of thermodynamic data of tristearate (Smejkal

et al., 2009).

The thermodynamic prediction for 7 MPa indicated that in the temper-

ature range of 270–350 �C, which is relevant for total deoxygenation of

triglycerides, n-octadecane is the thermodynamically preferred product.

Its concentration was predicted to be in the range of 70–80%. This means

that, at an elevated pressure of 7 MPa and high temperature, the HDO

reaction is preferred over hydrodecarboxylation resulting in the formation

of hydrocarbons having the same number of carbon atoms in their molecules

as there were in the original fatty acid moieties (in case of tristearate it

means n-octadecane). On the other hand, the relative importance of

hydrodecarboxylation increases with the decreasing reaction pressure. For

example, the decrease in reaction pressure from 7 to 0.7 MPa at a constant

temperature of 310 �C results in a change in the predicted composition

(based on thermodynamic data) from ca. 80/20 (C18/C17) to about 55/45

(C18/C17; Smejkal et al., 2009). This can be attributed to the mole changes

in the reaction system—during hydrodecarboxylation, the total number of

moles in the system increases from 4 to 7, while duringHDO, the total num-

ber ofmoles in the system decreases from 13 to 10 (transformation of 1 mol of

tristearate is considered). These results are in line with experimental obser-

vations (Kubička, 2008).

The thermodynamic predictions showed that, in excess of hydrogen,

n-octadecane should be the exclusive hydrocarbon product, which was

not found experimentally. In order to account for the observed formation

of n-heptadecane, the H2/oil ratio was varied until reasonable agreement

with the experimental data was found, which was at the value of H2/oil ratio

equal to 7. It was thus suggested that under the reaction conditions, the

reaction was limited by hydrogen diffusion to the active sites, that is, by hy-

148 David Kubička and Vratislav Tukač
drogen mass transfer through the stagnant liquid film formed by reactants
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d/or products on the outer surface of catalyst particles (Smejkal et al.,

09). Apart from the mass transfer limitations itself, the availability of hy-

ogen is negatively affected by the low solubility of hydrogen in VOs

iqueras et al., 2008; Santacesaria et al., 1994; Schmidt and Schomacker,

07). A calculation confirming these previous reports is given below.

From the practical point of view, heat of reaction is key information ob-

nable from thermodynamic data. Heat effects of chemical reactions influ-

ce both reaction rates in the catalytic bed and operation conditions and

gineering process design. Industrial high-capacity trickle-bed reactors

ich are preferentially used for hydrodesulphurization (HDS) treatment

crude oil distillates, as well as promising HDO of VOs, are considered

be adiabatic. This is due to the bad radial heat conductivity by contact

ints among particles of catalyst. Overheating of the catalytic bed that

uld follow could result in catalyst deactivation by excessive coking, unde-

ed cracking of VO, and vaporization of reaction mixture. The most im-

rtant parameter that characterizes the heat effect during the reactor

eration is the adiabatic temperature rise defined by the following

uation:

DTad¼ c0 �DHrð Þ= rcp
� � ½3:1�

The practical meaning of this parameter is that it makes possible the as-

sment of the increase in temperature of the reaction mixture caused by

emical reaction carried out with 100% conversion. These conditions

common for both HDS and HDO processes. The most important pa-

eter of Eq. (3.1) is the value of reaction enthalpy at reaction temperature.

There is a brief list of the main reactions relevant for deoxygenation and

S, and their respective heats of reaction are given in Table 3.1. Heat of

ction was computed here at 280 �C using the process simulator Aspen

s (AspenTech, 2011).

From the comparison of the reaction heats of some reactions which can

cur in HDO and HDS processes, presented in Table 3.1, it follows that all

portant reactions, except decarboxylation, produce thermal energy, that

exothermic. Magnitudes of reaction heats are comparable for both HDO

d HDS, but very high concentration of triglycerides in VOs in conjunc-

n with high heat of possible triglyceride hydrolysis poses an insuperable

oblem to operate HDO of pure VO in industrial scale trickle-bed reactors.

e only practicable arrangement is to dilute VO to get proper adiabatic

perature rise, and/or to coprocess VO together with crude oil fractions

149rotreating of Triglyceride-Based Feedstocks in Refineries
HDS process.

ART - 28 9/54



Table 3.1 Heat of selected reactions characteristic for deoxygenation and
hydrodesulphurization at 280 �C

Reaction ID Reaction path
(DHr)280�C
(kJ/mol)

Hydrolysis Glyceryl oleate!oleic acid and glycerol �176.3
Saturation Oleic acid! stearic acid �53.8
HDO Stearic acid!n-octadecanol and water �65.8
HDO Stearic acid!n-octadecane and water �178.5
Decarboxylation Stearic acid!n-heptadecane and carbon dioxide þ18.8
HDS Thiophene!n-butane and hydrogen sulfide �262.3
HDS Benzothiophene!ethylbenzene and hydrogen sulfide �159.1
HDS Dibenzothiophene!biphenyl and hydrogen sulfide �124.8
HDN Quinoline!n-propylbenzene and ammonia �245.5

150 David Kubička and Vratislav Tukač
4. HYDRODYNAMICS ASPECTS
Catalytic deoxygenation of VOs in refineries resembles much cata-

lytic hydroprocessing of middle distillates obtained by crude oil fraction-

ation, namely, atmospheric gas oil (AGO) HDS. The principal issue that

needs to be addressed is focused on scale-up of laboratory kinetic data

to full industrial scale process. The crucial task in evaluation of reaction

kinetics parameters is to eliminate the influence of both internal and exter-

nal mass and heat transfer on kinetic results. On the other hand, produc-

tivity and selectivity of industrial hydroprocessing reactors are frequently

determined by hydrodynamics of flowing fluids. It is well known

(Levenspiel, 1999) that reactor behavior is governed by four interrelated

quantities. In process design, it is necessary to specify the input—known

kinetics and flow pattern, and based on these data, it is possible to predict

the output results. Mass transfer limitations caused by both internal diffu-

sion in catalyst particles and external transport of hydrogen to surface of the

catalyst can also be the reaction rate constraining features, that is, limiting

the reactor productivity.

To evaluate hydrodynamics and mass transfer conditions in a trickle-bed
reactor, information about physical properties of used fluids needs to be
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ailable in order to calculate flow and mass transfer criteria. Also the type of

w regime, such as trickling, pulsing, or spray flow, determines deviations

m the plug flow caused by axial dispersion of fluids in fixed catalytic bed.

oreover, maldistribution of liquid velocities in the cross-section of the cat-

tic bed, catalyst bypassing as a result of wall flow, and uneven wetting of

e outer surface of catalyst particles are important for trickle-bed reactor

havior. All these phenomena have a profound influence on the overall ef-

tiveness of the catalytic reactor. Therefore, in Section 4.1, the key hydro-

namic parameters of VOs and middle distillates will be compared in order

allow an assessment of VO deoxygenation in conventional hydrotreating

actors using hydrodesulfurization reactors as a benchmark.

1. Flow characteristic of VOs and middle distillates
comparison of key physical properties (viscosity, density, and surface ten-

n) of VO (rapeseed oil) with petroleum middle distillates (AGO) is given

Table 3.2. It can be clearly seen that the main difference is in viscosity,

ich is 4–10 times higher for rapeseed oil than for AGO. The other

rameters are also higher in the case of rapeseed oil, but only by 10% for

nsity and 20–30% for surface tension. The presented values are at temper-

res where they can be obtained experimentally, which are significantly

er than the typical temperatures used during HDS and deoxygenation.

ence, the usual (Reid et al., 2001) physical approximations of temperature

pendence of physical properties were used to estimate these important

ysical properties under relevant reaction temperatures. Due to the differ-

ce between common temperatures needed for deoxygenation (tempera-

res less than 300 �C are generally sufficient to achieve complete

151drotreating of Triglyceride-Based Feedstocks in Refineries
nversion) and for HDS process, which is operated at around 350 �C,

ble 3.2 Comparison of important properties of middle distillate (AGO) and
eseed oil (RSO)
ysical property Unit Middle distillate Rapeseed oil

nsity, r(15 �C) kg/m3 844 920

nsity, r(70 �C) kg/m3 806 883

n. viscosity, n(25 �C) mm2/s 6.84 62.14

n. viscosity, n(150 �C) mm2/s 0.95 3.98

rface tension, s(40 �C) mN/m 27 33

rface tension, s(85 �C) mN/m 22.5 29
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the physical properties of middle distillate and rapeseed oil were extrapolated

up to temperature of 300 �C. The approximations and the resulting esti-

mates of physical properties calculated here for both feedstocks are presented

in Table 3.2.

The temperature dependence of kinematic viscosity can be approxi-

mated by Eq. (3.2), using the values of the coefficients of the equation pres-

ented in Table 3.3 that were determined here by fitting measured viscosities

in the range of 25–150 �C (Fig. 3.2).

ln nð Þ¼ b þ b2þ b3 ½3:2�

152 David Kubička and Vratislav Tukač
1
T T2

0 50 100 150 200 250 300
10–1

100

101

102

T (°C)

n 
(m

m
2
/s

)

AGO

Rapeseed oil

Figure 3.2 Temperature dependence of kinematic viscosity of rapeseed oil (RSO) and
middle distillate (AGO).

Table 3.3 The temperature dependence of kinematic viscosity: coefficients of Eq. (3.2)
Liquid b1 b2 b3

AGO 1.1526 �2299.4 7.5524�105

Rapeseed oil 3.7084 �3678 1.1363�106
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A comparison of the solution of Eq. (3.2) with experimental data is pres-

ted in Fig. 3.2. Rapeseed oil has almost an order of magnitude higher vis-

sity than middle distillate in the experimental region which is also predicted

r the extrapolated region. As a consequence, it can be expected that the

wing features of rapeseed oil will be worse in comparison with AGO.

The temperature dependence of density can also be described by a poly-

mial expression given by Eq. (3.3). The coefficients of this equation are

esented in Table 3.4 and were estimated by fitting the experimentally

easured values in the range of 15–70 �C. The graphical comparison of ex-

153drotreating of Triglyceride-Based Feedstocks in Refineries
rimental data and prediction based on Eq. (3.3) for rapeseed oil andAGO is

own in Fig. 3.3. The higher density of rapeseed oil by approximately 10% in

0 50 100 150 200 250 300
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700
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900

950

T (°C)
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Rapeseed oil

r 
(k

g
/ m

3
)

ure 3.3 Temperature dependence of density of rapeseed oil and middle distillate
O).

ble 3.4 The temperature dependence of density: coefficients of Eq. (3.3)
uid a1 (g/dm

3) a2 (g/dm
3 K) a3 (g/dm

3 K2)

O 0.85442 �0.00068484 0

peseed oil 0.93052 �0.00069805 2.3377�10�7
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comparison with AGO, which was found at temperatures below 100 �C was

also predicted by the Eq. (3.3) for 300 �C.Once again this will have an impact

on the hydrodynamics of the hydrotreating system.

r¼ a1þ a2T þ a3T
2 ½3:3�

The surface tension data were adopted from the literature (Lüft and

Spicher, 2007) and subsequently were approximated using Eq. (3.4) pro-

posed by Macleod (1923). This equation can be simplified into Eq. (3.5)

with parameter k0 ¼2.7354 for AGO and 2.6586 for rapeseed oil. The

graphical representation of the surface tension temperature dependence is

then given in Fig. 3.4. It demonstrates that similar to the other investigated

physical properties, also estimated surface tension of rapeseed oil at 300 �C is

higher than the surface tension of AGO.

1=4

154 David Kubička and Vratislav Tukač
const:¼ Ms
rL�rG

½3:4�
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Figure 3.4 Temperature dependence of surface tension of rapeseed oil and middle dis-
tillate (AGO).
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155Hydrotreating of Triglyceride-Based Feedstocks in Refineries
k0 ¼ s1=4

rL
½3:5�

In summary, the flow characteristics determining properties of rapeseed

such as viscosity, density, and surface tension are less convenient in com-

rison with those of middle distillate and hence more energy needs to be

nt to transport VOs into the reactor. Furthermore, higher pressure drop

ng the trickle-bed reactor can also be expected for VOs deoxygenation in

mparison with AGO hydrotreating.

The driving force of the hydrogen liquid–solidmass transfer aswell as of the

ction rate in porous catalysts is the concentration of hydrogen dissolved in

liquid phase reactants, here AGO and VO, respectively. Some data for

drogen solubility in triglycerides could be found in the literature. For exam-

, hydrogen solubility in soybean oil was reported by Fillion to follow

. (3.6)withparametersH0¼8.84 MPa m3/kmol andDE¼�5000 kJ/kmol

illion and Morsi, 2000):

HeH2
¼H0exp

�DE
RT

� �
½3:6�

The equilibrium hydrogen concentration (kmol/m3) in rapeseed oil was

en by Bern et al. (1975) and can be calculated according to Eq. (3.7) with

MPa), T(K). Hydrogen solubility in light vacuum gas oil was reported in

e literature (Cai et al., 2001) and allows to estimate hydrogen solubility in a

troleum fraction to be hydrotreated:

C� ¼ 0:203 exp
�5900
RT

� �
P ½3:7�

Using the available data, solubility of hydrogen in both VOs and a

troleum fraction as a function of temperature was calculated here. The

ults are summarized in Fig. 3.5. It can be observed that while similar hy-

ogen solubility is predicted for petroleum distillate and rapeseed oil, lower

drogen solubility is predicted for soybean oil at 300 �C, which is the tem-

rature used here to represent reaction conditions.

Apart from hydrogen solubility which is comparable for VOs and gas oil

ctions, hydrogen diffusivity in those liquids can play an important role as

ll. Hydrogen diffusivity in soybean oil was taken from the literature

illion and Morsi, 2000), while diffusivity in diesel was calculated using

ilke Chang equation for benzene as a model compound. The results
reported as a function of temperature in Fig. 3.6. Moreover, comparison
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Figure 3.6 Temperature dependence of hydrogen diffusivity in soybean oil and middle
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Figure 3.5 Temperature dependence of hydrogen solubility in rapeseed and soybean
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triglyceride and hydrogen diffusivity in VO is also available in the liter-

re (Andersson et al., 1974). Hydrogen diffusivity in cottonseed oil at

0 �C was 2.2�10-8 m2/s, whereas triglyceride diffusivity in the same

l was 100 times slower (1.8�10�10 to 4.2�10�10 m2/s at 131–192 �C,
spectively). The higher hydrogen diffusivity in VOs as compared with

iddle distillate (Fig. 3.6) compensates its lower solubility in the same liquid,

d the transport phenomena in VO and AGO can be estimated to be ap-

oximately the same.

2. Hydrodynamics and mass transfer in HDO
d HDS reactors
ntinuous catalytic deoxygenation of VOs in trickle-bed reactors to the

ixture of hydrocarbons (alkanes) is still performed and investigated more

laboratory and pilot scale than in industrial scale, which is contrary to

DS process with capacities exceeding 100 tons of fuel per hour in one re-

tor. This was the reason to compare transport properties of laboratory

DO trickle-bed reactor with an industry scale HDS reactor.

Parameters of the industrial trickle-bed reactor in Tables 3.5 and 3.6

re adopted from the literature (Mary et al., 2009). Parameters and con-

ions of the laboratory HDO reactor were calculated here and correspond

the laboratory reactor conditions at 280 �C, used for HDO kinetics

aluation.

A comparison of hydrodynamic conditions in a laboratory HDO reactor

d an industry scale HDS trickle-bed reactor is presented in Table 3.6. The

mination of both external and internal mass transfer diffusion resistance is

e key assumption to measure intrinsic kinetics in a laboratory reactor.

ong the most important hydrodynamic phenomena, which strongly

pend on the operating conditions, are catalyst wetting, liquid maldistribu-

n, axial dispersion, and gaseous reactant transfer.

Incomplete catalyst utilization in a pilot reactor may occur especially in

e trickle flow regime and can have two main causes. First is due to reactor-

le liquid maldistribution that may leave certain portions of the bed poorly

igated by channeling and wall flow. A proper design of liquid distributors

d/or sufficient layer of packing to reach equilibrium liquid distribution

lve this obstacle. The other cause of incomplete catalyst utilization is

rticle-scale incomplete external wetting. This occurs at sufficiently low

uid mass velocity when the available liquid flow is insufficient to cover

the external surface of the catalyst particles with a continuous liquid film.

157drotreating of Triglyceride-Based Feedstocks in Refineries
lution is to fill void space among catalyst particles by fine inert material to
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Table 3.5 Operation parameters of trickle-bed reactors

Parameter

Reactor

Laboratory
Industrial (Mary
et al., 2009)

L, length of the bed (m) 0.34 5

D, diameter of the reactor (m) 0.017 1.5

dp, diameter of the catalyst particles (mm) 0.25–0.5 1.5

dpi, diameter of inert fines (mm) 0.1 –

Dilution of catalyst by inert ratio

(mLin/mLcat)

1.5 0

UL, velocity of the liquid (m/s) 4�10�5 1�10�3

UG, velocity of the gas (m/s) 5.5�10�2 5�10�2

Reaction type HDO HDS

Flow regime Trickling

downflow

Trickling/

pulsing flow

Type of catalyst NiMo/gAl2O3 NiMo/gAl2O3

Inert Silicon carbide –

e, bed voidage 0.3 0.4

T, temperature (�C) 280 327

P, pressure (MPa) 3.5 3.5

n, reaction order to substrate 1 1

X, conversion level 0.999 0.999

CH2
, concentration of hydrogen (mol/m3) 197 230

CS, concentration of liquid substrate

(kmol/m3)

2.68 0.235

rL, density of the liquid (kg/m3) 753 750

rG, density of the hydrogen (kg/m3) 5 5

�L, dynamic viscosity of the liquid (Pa/s) 16�10�4 5�10�4

�G, dynamic viscosity of gas (Pa/s) 1�10�4 1�10�4

E, activation energy (kJ/mol) 75 100

DHr, heat of reaction (kJ/mol) – 250

DH2
, molar diffusivity in oil (m2/s) 3.6�10�8 1�10�8

DTG, molar diffusivity in oil (m2/s) 3.6�10�10 –

158 David Kubička and Vratislav Tukač
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Table 3.6 Comparison of hydrodynamic conditions of HDO and HDS (Mary et al., 2009)
Conditions Criteria HDO HDS

Catalyst-bed

dilution

Vinert/Vcat 1 0

Liquid

maldistribution

Wall effects

D

dp
	 25

170–85 500–25

Channeling (mm)

dpi	 dp

10

0.04 0–0.3

Axial dispersion L

dp
	 20n

BoL
ln

C0

Cf

� �
1771 1667–789

Wetting

efficiency
�LUL

rL d2pg
	 5�10�6

7.07�10�5 7.55�10�6–5�10�6

Limiting

reactant gas
DeBCBi

bDeAC
�
A

� 1
0.14 0.014

Mass transfer Internal

r 1� eð Þ dp
2

� �3

DcC

 1

6�10�5–
1�10�5

1–0.315

External

kext	 10dp

C

� �
r 1� eð Þ

4�10�3 1�10�3–4.2�10�5

159Hydrotreating of Triglyceride-Based Feedstocks in Refineries
crease the bed porosity and increase liquid holdup by pseudostatic liquid

ses at particles contact points.

The most reaction systems could be classified (Wu et al., 1996) as being

uid- or gas reactant limited. The value of the ratio of the liquid reactant

x to the catalyst particle to the gas reactant flux to the catalyst particle de-

eates two categories. For value�1, the reaction can be considered as gas

actant rate limited, while values�1 mean that it is the liquid reactant that

rate limiting. For liquid-limited reactions, an upflow reactor should be

eferred as it provides for complete catalyst wetting and for the fastest trans-

rt of the liquid reactant to the catalyst. For gas-limited reactions,
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a downflow reactor, especially at partially wetted conditions, is to be pre-

ferred as it facilitates the direct transport of the gaseous reactant to the catalyst

by unwetted surface of catalyst particles.

Magnitudes of parameters presented in Table 3.6 give evidence on ful-

filling of criteria allowing to neglect external effects in the HDO kinetic re-

sults, such as wall effects and channeling, axial dispersion and catalyst

wetting, and both external and internal mass transfer. Due to the low triglyc-

eride diffusivity in VOs and/or low sulphur compound concentration in

middle distillates, both reactions HDO and HDS are liquid reactant limited.

This means that complete wetting of catalyst surface is key presumption of

full catalyst utilization. To guarantee it, dilution of catalyst by fine inert or

high linear liquid flow velocity has to be used.

5. KINETICS ASPECTS

160 David Kubička and Vratislav Tukač
Deoxygenation of triglycerides involves a very complex set of reac-

tions carried out in liquid phase on heterogeneous catalysts by gaseous hy-

drogen. In contrast to HDS, the concentration of liquid substrate is very

high, due to the fact that the feed liquid consists almost exclusively of tri-

glycerides. Consequently, also the necessary amount of hydrogen exceeds

the amount needed for HDS. At high capacity operations in trickle-bed re-

actors, kinetic models like Langmuir–Hinshelwood and Hougen–Watson

are overshadowed by uncertainties in hydrodynamics, mass transfer effects

and frequent catalyst deactivation. As a result, simple power law kinetics

is often more useful to predict reactor behavior (Levenspiel, 1999). More-

over, the underlying reaction network is developed on the basis of presumed

reaction pathways.

To evaluate a set of chemical reactions which represent only important

changes in chemical composition, experiments with different intermediates

were carried out. The above is the reason for choosing the first-order kinetic

model to evaluate reaction rates of triglycerides deoxygenation and also to

use oleyl alcohol, oleic acid, and oleyl oleate as original substrates in HDO

experiments. Detailed description of catalytic activity measurements is pres-

ented elsewhere (Kubička and Kaluža, 2010).

Catalytic tests were performed in a bench-scale trickle-bed reactor of

17 mm inner diameter. Food grade rapeseed oil with the following concen-

tration of important fatty acid moieties, oleic acid 62%; linoleic acid 20%;

linolenic acid 9%; and stearic acid 3%, was used as a liquid feed, and refinery
hydrogen gas (>99% purity) was used as a gas feed. The reactor was loaded
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ior to the experiments with catalyst diluted by an inert (SiC) to ensure suf-

ient catalyst-bed length and to improve the reaction-heat transfer, liquid

tribution, and catalyst wetting. The particle sizes of the catalyst and SiC

re 0.25–0.5 mm and <0.1 mm, respectively. In the vertical axis of the

ctor, a thermo-well of the outer diameter equal to 5 mm was located

ensure axial temperature profile measurement. The reaction temperature

s set during the experiments in the range of 260–280 �C. The contact

e of the liquid feed with the catalyst (V/F) was varied in the range of

–5 h by varying the catalyst mass (W) and rapeseed oil feed rate (Qm).

e hydrogen-to-rapeseed oil molar ratio and hydrogen pressure were con-

nt at 50 and 3.5 MPa, respectively. The liquid products (collected and sep-

ted at 80 �C)werewithdrawn after stabilization of reaction conditions (6 h)
2-h intervals and analyzed by off-line gas chromatography after separation

the water phase. The gas-phase products were collected once at every re-

tion condition and analyzed off-line using a standard three-column GC

up with flame ionization and thermal conductivity detectors enabling

e detection of both permanent gases and hydrocarbons at the same time.

1. Mechanism of triglycerides deoxygenation
neral lumped reaction pathway (Kubička and Kaluža, 2010) incorporates

drogenation of olefinic bond to saturated triglycerides and parallel

drogenolysis and decarboxylation to alkanes and to stearic acid. Stearic

id also reacts to yield C17 and C18 alkanes and stearyl alcohol and also

consecutive way to stearyl stearate. The following part of chapter on ki-

tics of rapeseed oil transformations and HDO of intermediates is adapted

m the published data (Tukač et al., 2012). In Fig. 3.7, the reaction scheme

triglyceride deoxygenation (both unsaturated and saturated) to C18 and

7 alkanes, acids, and esters is presented.

Chemical compounds involved in HDO reactions are specified in more

tail in Table 3.7, together with their IUPAC name and CAS number.

The activity of the catalysts in deoxygenation can be described by con-

ering at the conversion of triglycerides, that is, evaluating the rate of dis-

pearance of triglycerides. The dependencies have been obtained by using

e pseudo-first-order kinetics to fit the relevant experimental data for cat-

sts at three reaction temperatures. The results are depicted in Fig. 3.8,

ere it is seen that the experimental data followed the empirical

eudo-first-order-kinetics rather well.

Furthermore, it can be seen that the conversion increases with increasing

161rotreating of Triglyceride-Based Feedstocks in Refineries
ction temperature and that complete conversion of triglycerides can be
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Figure 3.7 The reaction pathways involved in conversion of triglycerides into
hydrocarbons.

Table 3.7 Chemical compounds important in vegetable oil deoxygenation
Name IUPAC name Formula CAS No.

Glyceryl

trioleate

2,3-Bis[[(Z)-octadec-9-

enoyl]oxy]propyl

(Z)-octadec-9-enoate

(C17H33COO)3C3H5 122-32-7

Glyceryl

tristearate

1,3-Di(octadecanoyloxy)

propan-2-yl

octadecanoate

(C17H35COO)3C3H5 555-43-1

Glyceryl

distearate

(2-Hydroxy-3-

octadecanoyloxypropyl)

octadecanoate

(C17H35COO)2C3H5OH 504-40-5

Propanediol

distearate

1,3-Propanediol

distearate

(C17H35COO)2C3H6 17367-44-1

Oleyl oleate [(Z)-Octadec-9-enyl]

(Z)-octadec-8-enoate

C17H33COOCH2C17H33 3687-45-4

Oleyl

stearate

[(Z)-Octadec-9-enyl]

octadecanoate

C17H35COOCH2C17H33 17673-50-6

Stearyl

stearate

Octadecyl octadecanoate C17H35COOCH2C17H35 2778-96-3

Oleic acid (Z)-Octadec-9-enoic

acid

C17H33COOH 112-80-1

Stearic acid Octadecanoic acid C17H35COOH 57-11-4

162 David Kubička and Vratislav Tukač
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Table 3.7 Chemical compounds important in vegetable oil deoxygenation—cont'd
Name IUPAC name Formula CAS No.

Oleyl

alcohol

(Z)-Octadec-9-en-1-ol C17H33CH2OH 143-28-2

Stearyl

alcohol

Octadecan-1-ol C17H35CH2OH 112-92-5

Glycerol Propane-1,2,3-triol C3H5(OH)3 56-81-5

Heptadecene Heptadec-1-ene C17H34 6765-39-5

Octadecene Octadec-1-ene C18H36 112-88-9

Heptadecane Heptadecane C17H36 629-78-7

Octadecane Octadecane C18H38 593-45-3

Propane Propane C3H8 74-98-6
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Figure 3.8 Concentrations of representative group of compounds for rapeseed oil
deoxygenation. The solid lines represent the solution of the first-order pseudo-
homogeneous plug flow isothermal model of the reactor and the points are the exper-
imentally measured data. CoMo catalyst, 300 �C and 3.5 MPa. (TG, triglycerides; C17 C18,
alkanes; AC, fatty acids; ALC, fatty alcohols; EST, esters).

163Hydrotreating of Triglyceride-Based Feedstocks in Refineries

ART - 28 23/54



0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
30

40

50

60

70

80

90

100

W/Qm (h)

C
o

n
v
e

rs
io

n
 (

%
)

240 °C

260 °C

280 °C

Figure 3.9 Conversion of triglycerides over the CoMo catalyst at different temperature
as a function of contact time.

164 David Kubička and Vratislav Tukač
obtained already at 280 �C (Fig. 3.9). These results suggest that the deoxy-

genation reactions of triglycerides are, in fact, irreversible at the selected re-

action conditions.

Deoxygenation of triglycerides over the investigated catalyst yielded two

main classes of organic liquid reaction products and intermediates—

hydrocarbons and oxygenates. The ultimate products of deoxygenation

were hydrocarbons and oxygenates were the reaction intermediates, in par-

ticular, fatty acids (e.g., stearic acid), fatty alcohols (e.g., n-octadecanol), and

their fatty esters (e.g., stearyl stearate). The shape of the selectivity curves of

the twomain reaction product classes confirms that hydrocarbons (Fig. 3.10)

are the final reaction products and that their formation is preceded by the

formation of oxygenated intermediates (Fig. 3.11). The hydrocarbons con-

sisted mainly of n-octadecane, n-heptadecane, n-hexadecane, and

n-pentadecane. In addition to the organic liquid products, water and gaseous

products, such as propane, carbon oxides, and methane, were formed during

deoxygenation of triglycerides. The cracking activity of the CoMo catalyst
was very low under the experimental conditions since no other gaseous
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Figure 3.10 Selectivity of alkanes as a function of conversion for the CoMo catalyst at
different temperatures. p¼3.5 MPa, W/Qm¼0.2–1 h. (Open points belong to C17 and
filled to C18 hydrocarbons.)
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Figure 3.11 Selectivity to oxygenates as a function of conversion for the CoMo catalyst
at different temperatures. p¼3.5 MPa, W/Qm¼0.2–1 h.
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products or short chain liquid hydrocarbons were found in the reaction

products. Moreover, the extent of isomerization was also negligible under

the investigated conditions since only traces of skeletal isomers were iden-

tified in the organic liquid reaction products.

A deeper understanding of the deoxygenation of triglycerides can be

obtained from a detailed analysis of both the main product groups, that is,

from selectivities to different types of oxygenates and hydrocarbons. The

selectivities to n-heptadecane and n-octadecane provide valuable informa-

tion about the final reaction step in deoxygenation of triglycerides. Their

selectivities are in this case plotted as a function of the total triglyceride

conversion (Fig. 3.10). The other hydrocarbons, mainly n-pentadecane

and n-hexadecane, were formed also in the system, but in negligible

concentration.

The oxygenated products and intermediates consist of three main types

of products—fatty acids (almost exclusively stearic and palmitic acids), fatty

alcohols (almost exclusively n-octadecanol and n-hexadecanol), and their

fatty esters, that is, the esters that are formed by the reaction of fatty acids

with fatty alcohols that are both reaction intermediates in deoxygenation

of triglycerides. The selectivity curves of the three main classes of oxygen-

ated products confirm that fatty acids and fatty alcohols are formed prior to

the formation of fatty esters (Fig. 3.11). Fatty alcohols are not depicted here

as their measured concentration was very low, presumably due to their quick

consumption either by deoxygenation (resulting in formation of hydro-

carbons) or by esterification reaction with fatty acids as evidenced by the

significant concentration of stearyl stearate (Fig. 3.11).

The overall reaction pathway is schematically depicted in Fig. 3.7. The

double bonds in triglycerides, the main components of VOs, are first satu-

rated. Then they are converted into fatty acids that can either (i) undergo

further hydrogenation steps to yield fatty alcohols and ultimately saturated

n-alkanes with an even carbon atoms number (HDO) or (ii) undergo decar-

boxylation to yield hydrocarbons directly, that is, hydrocarbons with an odd

number of carbon atoms (hydrodecarboxylation). HDO leads to elimination

of water from triglycerides, fatty acids, fatty alcohols, and fatty esters as a re-

sult of reaction with hydrogen. It has been proposed that this reaction occurs

via adsorbed enol intermediate (Donnis et al., 2009). HDC consists of de-

carboxylation (CO2 elimination) of compounds containing carboxylic func-

tional group and hydrogenation of the unsaturated intermediates of CO2

elimination. Carbon dioxide is a primary product of this reaction, and it

166 David Kubička and Vratislav Tukač
may undergo further reactions, particularly hydrogenation, which is

ART - 28 26/54



un

Co

ati

20

an

ac

co

er

hy

wa

wi

to

be

tri

ex

ou

an

5.
Th

sec

yie

ox

ter

fo

hy

tio

n-

to

of

be

th

tiv

ran

in

n-

tio

fo

Hy
desired since it causes significant increase in hydrogen consumption.

nsequently, there are numerous efforts to achieve selective decarboxyl-

on without CO2 hydrogenation (Lestari et al., 2008, Simakova et al.,

09, Snåre et al., 2008). The simultaneous presence of both fatty acids

d alcohols leads to formation of fatty esters thanks to esterification of fatty

ids with fatty alcohols. These esters are, nevertheless, subsequently

nverted into hydrocarbons. There are two possible initial steps of triglyc-

ides conversion: (i) hydrolysis yielding fatty acids and glycerol and (ii)

drogenolysis yielding fatty acids and propane. As neither the feed contains

ter nor the rate of triglycerides conversion increases due to deoxygenation

th increasing concentration of water in the product mixture, it is plausible

assume that the reaction is initiated by hydrogenolysis of the CdO bond

tween the fatty acid chain and the propane (glycerol) backbone of

glycerides.

To evaluate the extent of reactions presented in Fig. 3.7, a set of separate

periments starting with the identified important intermediates was carried

t. These experiments included deoxygenation of oleyl alcohol, oleic acid,

d oleyl oleate that was synthesized for this purpose.

2. Deoxygenation of oleyl alcohol
e simplest reaction pathway of oleyl alcohol hydrogenation implies con-

utive hydrogenation to stearyl alcohol followed by its deoxygenation to

ld the final product, n-octadecane. Alternatively, oleyl alcohol can be de-

ygenated first followed by hydrogenation of the unsaturated reaction in-

mediate to n-octadecane. In an attempt to understand the issue of olefin

rmation, an alternative scheme was tested as well. It involves consecutive

drogenation of oleyl alcohol to stearyl alcohol, followed by its dehydra-

n to n-octadecene and final hydrogenation of n-octadecane to

octadecane. As a parallel reaction of oleyl alcohol, direct hydrogenation

n-octadecane was used. The second scheme describes the dependence

n-octadecane–n-octadecene concentration as a function of contact time

tter (see Fig. 3.12). Arrhenius plot of the corresponding rate constants of

e pseudo-first-order kinetics is given in Fig. 3.13. Due to the high reac-

ity of oleyl alcohol, the experiments were conducted in the temperature

ge of 220–240 �C in order to distinguish the individual reaction steps

volved in transformation of oleyl alcohol into the ultimate product,

octadecane. At the higher temperatures used for rapeseed oil hydrogena-

n, the scheme presented in Fig. 3.7 is sufficient and, therefore, it was used

167drotreating of Triglyceride-Based Feedstocks in Refineries
r the general kinetic model.
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Figure 3.12 Concentration of compounds for oleyl alcohol hydrodeoxygenation at
230 �C and 3.5 MPa (n-octadecene formation by dehydration of stearyl alcohol
assumed).
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5.3. Oleic acid deoxygenation
The reaction scheme of oleic acid deoxygenation includes consecutive hy-

drogenation of oleic acid to stearic acid followed by several parallel reactions:

hydrogenation to stearyl alcohol and its subsequent hydrogenation affording

n-octadecane. Stearic acid produces together with stearyl alcohol an ester

(stearyl stearate), which also reacts to hydrocarbons. Moreover, direct decar-

boxylation of stearic acid is also possible.

From the point of view of selectivity to hydrocarbons and oxygenates

like in rapeseed oil deoxygenation, the formation of n-octadecane is pre-

ferred over HDC to n-heptadecane. Temperature enhances very much

the formation of the fully hydrogenated product, n-octadecane.

5.4. Oleyl oleate HDO
Deoxygenation of oleyl oleate is preceded similar to triglycerides by total

saturation of double bonds, that is, by formation of stearyl stearate via either
stearyl oleate or oleyl stearate. This fully saturated ester is then split by
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drogenolysis to afford n-octadecane and stearic acid that might undergo

her further HDO to n-octadecane or HDC to n-heptadecane. Both results

experiments andkineticmodelingdonot support the concept of the possible

ersible reaction (hydrolysis) of stearyl stearate to stearic acid and alcohol.

5. HDO of rapeseed oil
e complete reaction scheme of deoxygenation of rapeseed oil is presented

Fig. 3.7. As it is not possible to distinguish unsaturated and saturated tri-

cerides and as it is widely accepted that hydrogenation of olefinic bonds of

glycerides is very fast and thus preceding their deoxygenation, kinetic

aluation starts with the sum of triglycerides. The estimated first-order

netic parameters are presented in Table 3.8.

6. Evaluation of kinetic parameters
e experimental data measured by the method described above in a labo-

ory trickle-bed reactor using crushed catalyst particles diluted by fine inert
particles were processed by a program formulated in Matlab. Simplex
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Table 3.8 Pseudo-first-order kinetic parameters for rapeseed oil HDO (Tukač et al.,
2012)

Reaction
No.

Reaction (initial
compound!product)

k (280 �C)
(gL/gcat
h MPa)

E
(kJ/mol)

A (gL/gcat
h-MPa)

1 TGC18! (C17H35COO)2C3H6 0.987 89.4 2.55�108

2 C17H35COOH!C17H35CH2OH 1.52 95.7 2.04�109

3 C17H35COOH!C17H36 0.433 47.4 13,000

4 C17H35COOH!C18H38 2.70 219.2 1.28�1021

5 C17H35COOHþC17H35CH2OH!
C17H35COOC18H37

3.33 323.1 2.00�1031

8 C17H35COOC18H37!C18H38 1.36 72.7 1.06�107

9 C17H35COOC18H37!C17H36 0.0574 268.2 5.12�1024

10 TGC18! (C17H35COO)2C3H5OH 1.43 154.3 7.81�1014

11 (C17H35COO)2C3H6!
C17H35COOH

2.23 36.8 6695

12 (C17H35COO)2C3H5OH!
C17H35COOH

3.32 41.9 29,100

170 David Kubička and Vratislav Tukač
Nelder–Mead optimization based on minimization of sum of squared devi-

ation of experimental and computed concentration was applied. The kinetic

model of reactions supposed the first-order power law rate equations and the

reactor differential balance presumed plug flow and pseudo-homogeneous

mass and heat transfer conditions without external and internal mass transfer

resistance. The differential balance for each compound was solved by the

Runge–Kutta method. The parity plot demonstrating the rather good

agreement between the experimental and calculated concentrations

(Tukač et al., 2012) is shown in Fig. 3.14.

The differential balance of each substrate is introduced in Eq. (3.8), and

rate equation depending on concentration and pressure is presented in

Eq. (3.9).

dCi

d W=Qmð Þ¼�ri ½3:8�

ri¼ kiCi P ½3:9�
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Figure 3.14 Parity plot of experimental and computed concentration of rapeseed oil
hydrodeoxygenation at 280 �C, 3.5 MPa and contact time 0.2–1 h (Tukač et al., 2012).
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The results of kinetic data evaluation are presented in Table 3.8. Chem-

l reactions are briefly identified by the principal reactant and product. The

her columns provide rate constant at 280 �C, apparent energy of activa-

n, and frequency factor of Arrhenius equation for each of the reactions

the model.

Reactions with apparent activation energy lower than 30 kJ/mol are

obably influenced by external mass transfer resistance. Also internal mass

nsfer limitation is possibly of importance if the value of apparent activation

ergy is below 70 kJ/mol.

The chemical reactions involved in triglycerides deoxygenation can be

ssified into several groups according to their reaction rate constants.

e fastest reactions include the formation of C18 alkanes from saturated

d unsaturated alcohols, followed by saturation (hydrogenation) of double

nds in unsaturated acids, alcohols, and esters. These are followed by

actions involved esterification and in di- and triglyceride hydrogenolysis.
carboxylation of acids seems to be the slowest reaction in the system.
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6. DEACTIVATION ASPECTS
Long-term stability of catalytic activity is essential for any commercial

catalytic process that does not involve continuous catalyst regeneration. From

a practical point of view, the cycle length of HDO catalyst should be similar to

that of conventional hydrotreating, that is, in the case of stand-alone technol-

ogy, it should be in the range of 12–24 months that is the typical cycle length

of middle distillate hydrotreating units. More importantly, in the case of VO

(or generally triglycerides) coprocessing with petroleum-derived feedstocks,

typically AGO, the impact on AGO hydrotreating cycle length should be

minimized as to not affect the schedule of a given refinery shut-down/

maintenance plan. The lifecycle length of a catalyst depends primarily on three

factors, namely, feedstock properties, operating conditions, and catalyst prop-

erties including its composition. As the focus here is on refinery processing of

triglycerides, either stand-alone or coprocessing the obvious choice for cop-

rocessing units is conventional hydrotreating catalyst, while stand-alone units

could utilize either conventional hydrotreating catalysts or other types of cat-

alysts, for example, supported noble metals such as Pd on carbon that has been

demonstrated to be an efficient deoxygenation catalyst (Kubičková et al.,

2005; Murzin et al., 2006; Snåre et al., 2006).

As the triglyceride feedstock is concerned, the catalyst activity regardless

of the catalyst type discussed above is affected primarily by the feedstock

composition. Themain issue to be addressed is the concentration of contam-

inants originating from VO production. The naturally occurring compo-

nents having potentially a negative effect on catalyst activity include

generally phosphorus, sodium, potassium, calcium, and magnesium. Some

other impurities can also be found depending on the oil origin; for example,

algae oils often viewed as the bio-feedstock of future are rich in nitrogen

compounds. The concentration of the impurities depends not only on

the VO origin but also on its processing prior to its hydrotreating. Typically,

the highest concentration of impurities is in raw oils, that is, after their press-

ing and/or extraction from oil seeds. The presence of these impurities is con-

nected to phospholipids, that is, triglycerides in which one of the fatty acid

moieties is replaced by phosphoric acid. The additional charge of phosphoric

acid moiety in phospholipids is compensated by the alkali metal cations and/

or cations of the alkaline earths metals. For example, in neat rapeseed oil, the

concentrations were in the range from tens to hundreds of ppm, which are
significant amounts for any catalytic process.
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The effect of these impurities on catalytic activity of the CoMo catalyst

ed in hydrotreating of rapeseed oil (310 �C, 3.5 MPa, 2 h�1) has been in-

stigated recently (Kubička and Horáček, 2011). Different rapeseed oil-

rived feedstocks available from a rapeseed oil producer were processed.

e concentration of impurities ranged from unit ppm or sub-ppm levels

und in refined food grade rapeseed oil up to tens to hundreds ppm in neat

eseed oil or the so-called trap grease. Thanks to using triglyceride streams

different stages of processing, the proportions of phosphorus, on the one

nd, and alkali and/or alkaline earths metals, on the other hand, varied

aking it possible to elucidate the effect of phosphorus and alkali and/or

aline earths metals, respectively.

The tested feedstocks can be classified into three groups: (i) feedstock

th cations–anions charge balance, (ii) feedstocks with excess of phosphoric

id moiety in respect to alkali and/or alkaline earths metals cations, and (iii)

dstock with excess of alkali and/or alkaline earths metals cations in respect

phosphoric acid moiety (Kubička and Horáček, 2011). The slowest de-

tivation was observed for the first type of feedstock and feedstocks with

ry low concentration of impurities, that is, units of ppm or even sub-

m level, despite being of type (iii). On the other hand, the fastest and most

ere deactivation was observed when the feedstock with large excess of

osphorus with respect to the available cations was used (type (ii)). In this

se, the catalyst was completely deactivated within the first 48 h on stream.

e origin of this behavior lied in the large concentration of phosphoric acid

oiety which was not compensated by alkali and/or alkaline earths metals

tions and was hence acidic. The present phospholipids decomposed under

e reaction conditions and phosphoric acid were created and acted as an

gomerization/polymerization catalyst of the unsaturated fatty acid moie-

s in triglycerides (Kubička and Horáček, 2011). Consequently, very fast

king of the catalyst occurred leading to virtually complete loss of catalyst

tivity.

On the other hand, the large concentration of phosphoric acid moiety,

e charge of which was compensated by alkali and/or alkaline earths metals

tions, did not lead to fast deactivation. In fact, the catalyst performance

th this feedstock was similar to the performance of the same catalyst using

od grade rapeseed oil over the test period that lasted nearly 150 h on

eam. Nonetheless, the analyses of the catalyst bed revealed that phospho-

ids decomposed as well and phosphates of the corresponding alkali and/or

aline earths metals were deposited just upstream the catalytic bed. As these

173drotreating of Triglyceride-Based Feedstocks in Refineries
re not acidic, they could not catalyze the oligomerization reaction.
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Nevertheless, it could be anticipated that the reactor would get plugged due

to a gradual buildup of phosphates originating from alkali and/or alkaline

earths metals containing phospholipids (Kubička and Horáček, 2011).

It can be, hence, concluded that the presence of phosphorus is detrimental

for the deoxygenation technology regardless of the type of phospholipids

and phosphorus has to be eliminated from the feedstock. This process is in-

deed the first step in upgrading of VOs obtained by pressing and/or extrac-

tion to produce food grade product and is called degumming.

Alkali and/or alkaline earths metals present in the feedstock in excess

were also shown to deteriorate the catalyst performance in comparison with

high-quality food grade VO. A plausible explanation provided suggested

that deposition of these metals on catalyst surface induced electronic effects

limiting hydrogenation (Kubička and Horáček, 2011). Moreover, deactiva-

tion of hydrotreating and hydrocracking catalysts has also been reported pre-

viously (Cable et al., 1985). In addition, alkali and/or alkaline earths metals

molybdates, tungstanates, and aluminates were indicated by thermodynamic

calculations as compounds that could be formed under hydrotreating con-

ditions. Unfortunately, neither their stabilities nor their activities under

hydrotreating conditions are known (Furimsky and Massoth, 1999).

It can be speculated that if these compounds are indeed formed, their activity

will be lower than that of the active components of hydrotreating catalysts,

that is, metal sulfides.

The importance of the impurities can be further inferred from the

description of the NexBTL technology developed and commercialized by

the Finish Company Neste Oil. Any feedstock that is processed in a NeBTL

unit undergoes pretreatment in order to ensure suitable quality feedstock.

The pretreatment consists of degumming using phosphoric acid to eliminate

phospholipids and alkali metals and/or alkaline earths metals cations. Fur-

thermore, sodium hydroxide is used in the pretreatment, plausibly to neu-

tralize free acids that could cause corrosion problems upstream in the

technology. The soaps formed as a consequence of neutralization are re-

moved by washing using demineralized water (Hodge, 2006).

In addition, the degree of unsaturation of the triglycerides is of impor-

tance not only because it is directly connected to the hydrogen consumption

but also because the high degree of unsaturation, that is, two or more double

bonds per fatty acid chain, makes the fatty acid chains prone to cyclization

reactions. This has been demonstrated by da Rocha Filho et al. (1993), who

have used a series of variously unsaturated VOs in hydrocracking experi-
ments (NiMo/Al2O3 catalyst, 360 �C, 14 MPa, hydrogen, 2 h). The oils
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ntaining linoleic and linolenic fatty acid moieties in large concentration

totals above 60 wt.%) yielded significant amounts of cycloalkanes

15 wt.%) and also some alkylaromatics (about 4 wt.%) while oils con-

ting of saturated fatty acid moieties afforded almost exclusively alkanes.

e concentration of cyclic compounds (both cycloalkanes and aromatics)

s less than 3 wt.%. When monounsaturated fatty acid moieties (typically

ic acid) prevailed in the feedstock, a moderate yield of cycloalkanes was

served (ca. 8 wt.%; da Rocha Filho et al., 1993).

These conditions might seem too extreme and hence irrelevant for

drotreating applications. However, the authors (da Rocha Filho et al.,

93) have investigated also the effects of reaction temperature and pressure

formation of cyclic products in hydrocracking of buriti oil (consisting of

wt.% oleic acid and 17 wt.% palmitic acid moieties). When pressure was

creased from 14 to 7 MPa at a reaction temperature of 360 �C, which is a

mmon hydrotreating temperature in hydrotreating of middle distillates,

e formation of cycloalkanes increased by nearly 40%. The formation of

ylaromatics remained low (it increased from 0.2 to 0.3 wt.%). The in-

ase in reaction temperature had a more profound effect. At 14 MPa

d 1-h reaction time, the concentration of cycloalkanes increased from

t.% to more than 20 wt.% upon increase in temperature from 360 to

5 �C, which can be in some hydrotreating units the maximum operating

perature. At the same time, the concentration of aromatics increased

m 0.1 to 0.8 wt.% (da Rocha Filho et al., 1993).

To provide more fundamental information reflecting the formation of

cloalkanes and aromatics as a function of the degree of unsaturation, a se-

s of C18 fatty acids was also used in hydrocracking (NiMo/Al2O3 catalyst,

0 �C, 14 MPa, H2, 2 h; da Rocha Filho et al., 1993). The concentration

alkylcycloalkanes afforded by hydrocracking of stearic, oleic, linoleic, and

olenic acid, that is, of fatty acid with 0, 1, 2, and 3 double bonds in their

olecule, increased from <1 wt.% found for stearic acid to ca. 12, 19, and

wt.% for oleic, linoleic, and linolenic acid, respectively. For the same se-

ence of fatty acids, the concentration of alkyl aromatics was increased in

e following order: zero, traces, 0.8 and 6.8 wt.%.

Thus, it can be inferred from these observations that with the increasing

gree of unsaturation of the triglycerides in an HDO feedstock, the pro-

nsity of the feedstock to formation of carbonaceous deposits will increase

pending on the operating conditions. The significant formation of cyclo-

anes and alkylaromatics from linolenic acid (ca. 30 and 6.8 wt.%, respec-

175drotreating of Triglyceride-Based Feedstocks in Refineries
ely) indicates that the concentration of fatty acid moieties with more than
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two double bonds needs to be monitored closely in any incoming feedstock

as a measure to avoid increased carbonaceous deposits formation. Moreover,

the high degree of unsaturation of triglycerides might plausibly cause prob-

lems in the feedstock preheating section due to their lower thermal stability

as compared with saturated triglycerides.

Apart from the possible adverse effect of significant degree of

unsaturation, catalyst deactivation may originate also from deoxygenation

products, particularly water and carbon oxides. In this context, a specific

problem relates to the use of sulfided catalysts. It is well known that these

catalysts are used under reductive conditions. Consequently, the catalysts

are susceptible to reduction and loss of their catalytic activity. When treating

sulfur-containing feedstocks, this is generally not an issue as the concentration

of hydrogen sulfide, the product of hydrodesulfurization, in gas phase is suf-

ficient to keep the catalyst in sulfided form, that is, prevent its desulfidation/

reduction. However, the sulfur content of majority of triglyceride feedstocks

is very low. For example, rapeseed oil contains approximately 2–3 ppm of

sulfur, which is not sufficient to keep a hydrotreating catalyst in its active

form. As a result, gradual catalyst reduction and loss of hydrogenation activity

occur. This has been demonstrated in long-term experiments focused on de-

oxygenation of rapeseed oil (Kubička and Horáček, 2011).

The deoxygenation activity of the CoMo catalyst, expressed as the extent

of oxygen atom elimination from liquid phase products, dropped from 100%

(complete deoxygenation) to ca. 75–80% after the first 144 h on stream

when refined sulfur-free rapeseed oil was processed. However, when sulfur

was introduced in the feedstock (in the form of dimethyl disulfide) to ensure

suitable concentration of hydrogen sulfide in the gas phase, the deoxygen-

ation activity of the CoMo catalyst was stable over the whole test length

(ca. 260 h). At the end of the test, the extent of oxygenation was still above

96% (Kubička and Horáček, 2011). Moreover, there were periodic changes

in the delivery of hydrogen sulfide source, that is, between short periods

(2 h) when rapeseed oil containing dimethyl disulfide was fed in the reactor,

and there were longer periods (ca. 50–100 h) when sulfur-free rapeseed oil

feedstock was used. These experiments indicated that the loss of activity

when sulfur-free feedstock was used was partially reversible, that is, that

the deoxygenation activity decrease due to processing sulfur-free rapeseed

oil can be stopped by adding dimethyl disulfide in the feedstock and the

activity can be even temporarily restored (Kubička and Horáček, 2011).

Obviously, this is an issue only in stand-alone HDO units as during cop-

176 David Kubička and Vratislav Tukač
rocessing of triglycerides with petroleum feedstocks, such as AGO, there is a
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fficient amount of sulfur presents to ensure stable catalyst performance.

e technology scheme of the NexBTL process (Hodge, 2006) indicates

at hydrogen sulfide exits the hydrotreater where only pretreated feedstock

nsisting of VOs is fed. The origin of hydrogen sulfide is not given. Owing

the readily available hydrogen streams containing hydrogen sulfide (any

s outlet of a conventional hydrotreater), it can be speculated that for

drotreating/deoxygenation of triglycerides, such a stream is used before

is scrubbed to remove hydrogen sulfide. It is a much simpler alternative

an addition of dimethyl disulfide. Alternatively, one could imagine that

en in a stand-alone unit, VO is hydrotreated together with a petroleum

ction containing sulfur that is easily hydrotreated. As theNexBTL scheme

ggests that the liquid product is directly fed into an isomerization unit, it

ms more plausible that the option with hydrogen sulfide containing hy-

ogen is used. It is also clear that if the stand-alone unit was to use a noble

etal type of catalyst, the question of sulfur addition would be redundant.

On the other hand, water and carbon oxides as the ultimate deoxygen-

on products apart from the desired hydrocarbons can affect negatively the

talytic activity of both noblemetal andmetal sulfide catalysts. For example,

activation of hydrogenation catalysts by carbon monoxide is well known.

owever, its effect is greatly dependent on the type of catalyst and in par-

ular on reaction conditions. From the mechanistic point of view, carbon

onoxide is a reaction intermediate that is either formed by hydrogenation

carbon dioxide, that is, the primary product of the decarboxylation reac-

n pathway, or as a product of decarbonylation that has also been proposed

a viable reaction route in deoxygenation of triglycerides and fatty acids

onnis et al., 2009; Kubičková and Kubička, 2010). The options that

applied in the commercialized technologies to deal with the inhibition

ect of carbon monoxide are discussed in detail in Section 7 that covers the

mmercial technologies. Apart from purging, pressure swing adsorption

SA) or methanation can be applied to eliminate carbon monoxide from

e recycle hydrogen stream.

Carbon dioxide does not constitute a major problem as it is scrubbed to-

ther with hydrogen sulfide from the hydrogen stream. It is also hydroge-

ted in the deoxygenation reactor which leads to increased hydrogen

nsumption and formation of undesired carbon monoxide. Several studies

ve focused on the effect of water formed in course of the deoxygenation

action on the deoxygenation activity of sulfided catalysts (Laurent and

lmon, 1994b,c). Laurent and Delmon (1994c) reported that water had

177drotreating of Triglyceride-Based Feedstocks in Refineries
ly a very weak inhibiting effect on majority of various reactions taking
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place during deoxygenation of phenols and ketones. An exception was

hydrolysis of carboxylic esters that was favored by water addition (Laurent

and Delmon, 1994c). In another study, the same authors have found that wa-

ter caused a two-thirds of decrease (in less than 60 h on stream) of the catalytic

activity during deoxygenation, but the hydrogenation–hydrogenolysis selec-

tivity remained unaltered (Laurent andDelmon, 1994b).Water caused a small

loss of catalyst (NiMo/gAl2O3)-specific surface area which was connected

with a recrystallization of g-alumina supported into hydrated boehmite phase.

More importantly, water caused partial oxidation of nickel sulfide species

which was suggested to be the reason behind the observed loss of catalytic

activity (Laurent and Delmon, 1994b). Two plausible interpretations were

put forward by the authors: (i) nickel sulfide is oxidized to nickel sulfate species

that form an inactive layer on the nickel sulfide particles and (ii) water favors

migration of nickel in the alumina lattice where the inactive nickel aluminate

species are formed (Laurent and Delmon, 1994b). Nonetheless, the effect

was not observed when water in the feed was replaced by oxygenated

organic compounds. It should be noted here that the treatment was rather

severe (360 �C, 7 MPa, dodecane/water¼170/10 ml/ml, 1–5 days) which

might be the reason why there was no effect of organic oxygenates that

were hydrotreated only for 150 min (13.6 wt.% of dibenzofuran or

4-methylphenol in dodecane). In contrast, the molybdenum sulfide phase

was virtually unaffected (not oxidized) by the water or oxygenates treatment

(Laurent and Delmon, 1994b).

7. COMMERCIAL STATUS OF HDO

178 David Kubička and Vratislav Tukač
The intensive interest in renewable fuels that are fully compatible with

the current automotive fuels as well as with the modern combustion engine

technology resulted in fast development and commercialization of several

deoxygenation technologies by several companies. In principle, they can

be divided into two major categories, namely, stand-alone units and cop-

rocessing units. Stand-alone units are such technologies that process neat

VOs (or, in general, triglyceride feedstocks), and their product is renewable

(or green) diesel fuel, which can then be used for blending with diesel fuel

fulfilling the legislative requirements. As it will be discussed later on, due to

isomerization, the renewable diesel outperforms conventional diesel as it is

sulfur- and aromatics-free. On the other hand, coprocessing technology re-

fers to hydrotreating of mixtures containing AGO and VOs. The product is
then a mixture of conventional diesel and renewable diesel fuel. From the
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onomic point of view, the stand-alone units are definitely more invest-

ent intensive, while the coprocessing units require significantly less invest-

ents to be made to adapt the existing units to operate efficiently with the

w feedstock. The trade-off is connected with the process flexibility.While

e stand-alone units are very flexible in terms of feedstock type and quality,

d the product properties can be rather easily adjusted, the coprocessing

its lack this flexibility as they need to take into account also the HDS pro-

ss (with the aim to achieve diesel fuel with less than 10 ppm S) and it might

difficult to obtain suitable low-temperature properties of the final product

179drotreating of Triglyceride-Based Feedstocks in Refineries
will be discussed also in this section.
1. Stand-alone deoxygenation technologies
e most advanced stand-alone deoxygenation technologies include pro-

sses NexBTL be Neste Oil and Ecofining by UOP and ENI. The main

tures of these will be discussed in the following paragraphs followed by

e assessment of the main challenges in coprocessing.

The NexBTL process consists of three essential stages: feedstock pre-

atment, hydrotreating, and isomerization (Fig. 3.15). The pretreatment

ge is an indispensable part of the process as it ensures high quality of feed-

ck that can be fed into the catalytic units, particularly the hydrotreating

it which precedes isomerization. As a result, any contaminants of renew-

le triglyceride-based or -related feedstocks that could affect catalyst per-

rmance are removed. Typical contaminants that are being removed in

e NexBTL process include phosphorus and metals (Ca, Mg). The pro-

sses involved in feedstock pretreatment consist of degumming by

3PO4, neutralization by NaOH, and washing by demineralized water.
e pretreated (refined) oil is fed in the hydrotreating unit where the

Pretreated

feedstock  
Hydro-

treating 

H2

NE x BTL 
Product

stabilization  

Flare gases 

Gasoline 

Gas treating 

Iso-

merization 

Sour water unit 

H2S recovery

Sulfur

recovery unit 

SO2

ure 3.15 Schematic flow scheme of the NexBTL process (Hodge, 2006).
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deoxygenation takes place. The catalyst is supplied by Albemarle (Green Car

Congress, 2012a), and it is the most probably a sulfided NiMo or CoMo

catalyst.

The deoxygenation step of the NexBTL process is followed by isomer-

ization, which is an essential part of the technology as it modifies the chem-

ical structure of the deoxygenation product. The ultimate deoxygenation

products, n-alkanes, are mildly isomerized to afford a mixture of iso-alkanes

that have far better cold flow properties than the original n-alkanes. Without

this modification, the renewable diesel fuel would not be suitable for use in

diesel engines in mild or cold climates as it will be demonstrated later in this

chapter when the fuel properties of renewable diesel will be discussed.

Neste Oil has actually pioneered the renewable diesel technology, and

currently, four units with the total combined nominal capacity of nearly

2 million tons per year are operated worldwide.

The feedstock portfolio of NexBTL process consists of crude palm oil

(<50%); waste and side streams, such as waste animal fat, palm oil fatty acid

distillate, and stearin (ca. 40%); and other VOs, such as rapeseed, soybean,

and camelina oils (ca. 10%). The given shares of the individual feedstocks

were the targets for Neste Oil’s procurement of renewable raw materials

in 2011. Owing to the sustainability issues that have been raised in connec-

tion with production of fuels from renewable raw materials, Neste Oil pri-

oritizes suppliers that follow sustainable cultivation and production practices

and have a good greenhouse gas (GHG) balance (Neste Oil, 2012b). Apart

from the currently used renewable raw materials, Neste Oil also pays atten-

tion to alternative raw materials for production of renewable diesel fuel.

These include forest industry by-products, waste fat from fish-processing in-

dustry, microalgae oil, and microbial oil (Neste Oil, 2012c).

UOP has developed together with Eni a process called Ecofining that

they have been successfully demonstrating since 2008 in 12-kt/yr-

demonstration unit in the USA. Commercial units are either completed

and awaiting for approval (640 kt/yr in total) or under construction

(810 kt/yr), see Table 3.9 for details. The feedstock requirements have

evolved similar to Neste Oil—prior to the sustainability question being

raised, palm, soybean, and canola oils were considered. Since 2007, how-

ever, the focus was shifted toward nonfood and more sustainable sources,

such as camelina, jatropha, and algal oils, and cheaper oils and fats, including

tallow, yellow grease, and tall oil. The cheaper triglyceride alternatives have

the advantage of the lower feedstock price and sustainability since they are

180 David Kubička and Vratislav Tukač
typically derived from waste streams in food and wood and forest industries.
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Table 3.9 Commercial deoxygenation units and their current status (Frey, 2011;
Neste Oil, 2012a)
Technology

Name
Technology
developer Location Company

Capacity
(kt/a) Status

NexBTL NesteOil Finland NesteOil 190,000 2007

Finland NesteOil 190,000 2009

Singapore 800,000 2010

Netherlands 800,000 2011

Ecofining UOP/Eni UOP USA 12,000 2008

Italy ENI 320,000 Awaiting

approval

Portugal GALP 320,000 Awaiting

approval

North America Diamond

Green Diesel

490,000 2012—expected

North America Undisclosed 320,000 2013—expected

North America AltAir Fuels 320,000 Pending

Feed 

Two-stage

reactor 

system  

Water

Make-up hydrogen

(2–3.5 wt.%)

Acid gas

removal  
CO2

Propane

& light ends 

Green diesel

(88–98 vol.%)

Naphtha

(1–10 vol.%)
Distillation Separator 

Figure 3.16 Schematic depiction of the Ecofining process (Frey, 2011; UOP, 2012).

181Hydrotreating of Triglyceride-Based Feedstocks in Refineries
eir inherent disadvantage is the higher concentration of undesired con-

inants and with it connected more demanding preprocessing.

The Ecofining process relies on a two-stage fixed-bed reactor system

ig. 3.16). Due to the schematic depiction in the available materials, it is

t clear whether the reactor system consists of two reactors (a HDO reactor

d a hydroisomerization reactor) or a single reactor with a HDO and

droisomerization stage. The placement of a separator after the reactor sys-
to remove water, an inevitable reaction by-product, indicates that the
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latter option is most probably used. On the other hand, information pro-

vided elsewhere (Kalnes et al., 2008) suggests that the system includes in fact

two reactors. In the first one, the feedstock is completely deoxygenated and

the light products (water, light hydrocarbons, and carbon dioxide) are

immediately separated at reactor pressure. The main product, mixture of

n-alkanes, is then mixed with additional hydrogen and fed into an integrated

catalytic hydroisomerization reactor to afford branched-paraffin-rich diesel

(Kalnes et al., 2008). In this way, diesel having suitable cold flow properties is

obtained and both reaction steps (deoxygenation and isomerization) are kept

at their maximum selectivity. The hydrogen needed can be obtained, for

example, by steam reforming of a portion of the light hydrocarbons

(Kalnes et al., 2008). Deoxygenation and isomerization catalysts supplied

by UOP are employed in the Ecofining process. According to the technical

information leaflet, the typical inside battery limits erected costs are between

40 and 60 million USD per a unit with production capacity of ca. 250 kt/yr

(UOP, 2012). In order to reduce significantly the capital investment, an exis-

ting distillate hydrotreater could be revamped into the Ecofining process.

Depending on the feedstock and the calculation method used, the green

diesel offers GHG saving in an excess of 50% relative to petroleum-derived

diesel fuel. In addition to GHG savings, the renewable diesel offers further

advantages over conventional diesel owing to its superior properties (low

aromaticity, low sulfur). As an example, the green diesel from the NexBTL

process (100% NexBTL diesel) has been tested extensively. These tests in-

cluded a 3-year test in buses in the city of Helsinki, Finland; Mercedes Benz

trucks tests in Germany; and an arctic trial in Canada. Data on emissions col-

lected in Helsinki showed reduction of particulate matter and nitrogen ox-

ides (NOx) emissions by 30% and 10%, respectively. The test in Germany

confirmed that emissions were reduced significantly in comparison with

standard-diesel-driven trucks (Neste Oil, 2012d).

In addition to renewable diesel, renewable jet production is targeted as

well. For example, UOP and Eni have announced that they will construct a

unit for renewable jet production for AltAir fuels with a capacity of

320,000 t/a (Frey, 2011), and UOP has already performed several successful

tests of renewable jet fuel with the major aircraft producers (Boeing, Airbus)

and US military demonstrating that replacement of standard jet fuel by re-

newable jet fuel is feasible. Neste Oil claims that it produces renewable avi-

ation fuel using its NexBTL technology (NesteOil, 2012e) as a commitment

to the European Aviation Biofuels Flightpath that is aimed at increasing the

182 David Kubička and Vratislav Tukač
use of aviation biofuels to 2 million tons annually by 2020.
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Besides NexBTL and Ecofining, another stand-alone deoxygenation

hnology, Vegan, was introduced by Axens. The principle of the technol-

y seems to be similar to the discussed technologies. After the hydrotreating

p in which VOs are completely deoxygenated follows the second step,

ich is in this case not called isomerization, but rather mild hydrocrack-

g/dewaxing. Nonetheless, the purpose is the same, that is, to convert

alkanes into iso-alkanes in order to improve the cold flow properties of

e final renewable diesel product. However, no information was found

ether and where the process is commercially used.

The advantages of renewable (green) diesel in comparison with the tra-

ional biodiesel (FAME), from the application point of view, are rather

nificant. Apart from the full compatibility with conventional diesel and

mpliance with the strictest fuel, improved emission characteristics and fos-

CO2 savings have been reported. An overview is given in Table 3.10

183drotreating of Triglyceride-Based Feedstocks in Refineries
este Oil, 2012f).
2. Coprocessing deoxygenation technologies
wing to the apparent simplicity and low investments needed, the cop-

cessing deoxygenation technology seems to be a popular one. It has been

dressed not only by refining companies, such as Petrobras and Con-

oPhillips, but also by catalyst manufactures, mainly Haldor Topsoe and
bemarle. As a revamp of existing hydrotreater is sufficient, it is not easy

ble 3.10 Comparison of renewable diesel and biodiesel
xBTL renewable diesel (HVO) Traditional biodiesel (FAME)

n be used in blends in any

ncentration, that is, 0–100% of the

ntent

Can only be used in blends upto 5–7% of

the contenta

mplies with the strictest quality

ndards

Biofuel usage requirements cannot be met

without compromising fuel quality

specifications

duces greenhouse gas and tailpipe

issions (PM, NOx, CO, HC)

Increases NOx emissions

fers excellent storability Must be used before a specific “best

before” date

es not require engine modifications

changes in logistical system

Can cause engine problems

aximum allowed under the European diesel standard.

ART - 28 43/54



184 David Kubička and Vratislav Tukač
to quantify the real extent to which renewable diesel is produced by cop-

rocessing. For example, ConocoPhillips has been produced renewable diesel

fuel at its refinery in Whitegate, Cork, Ireland, since 2006, but detailed in-

formation about real capacity, content of VO in the hydrotreated feedstock,

is not available.

Another example of a coprocessing technology is process H-BIO. It has

been developed by the Petrobras research and development center (CEN-

PES). The technology is schematically depicted in Fig. 3.17. The core of the

process is catalytic hydrotreatment of diesel fuel blending components, such

as straight run diesel, light cycle oil from fluid catalytic cracking (FCC),

coker gas oil, and VOs in an existing hydrotreating reactor under controlled

reaction temperature and hydrogen pressure (Costa, 2007). Triglycerides in

VOs are converted into linear hydrocarbons at very high yields—at least 95%

(v/v) to diesel. Owing to the product originating from triglycerides, the

quality of refinery diesel gets improved, mainly by increasing the cetane

number and decreasing the density and sulfur content (Costa, 2007). The

plan of Petrobras was to have the process implemented in at least three of

its refineries by the end of 2007. The total VO consumption was about

256,000 m3/yr, that is, ca. 230,000 t/yr. After implementation of two other

refineries, the VO consumption should rise to 425,000 m3/yr, that is,

ca. 390,000 t/yr. The required investment to adjust the production and

logisticswas estimated tobe in the rangeofUSD23–38 million (Costa, 2007).

However, the implementation was put on hold in 2008 due to high soy-

bean oil prices that should have been the main feedstock. At that time, the
refined soy oil price of $180 per barrel by far exceeded a regular diesel price

Atmospheric

distillation  

Vacuum 
distillation 

Delayed

cooking  

FCC 

Existing HDT 

Process H-BIO 
Diesel 

Diesel DD 

Oil 

Gas–oil 

Diesel coke 

Vacuum

residue  

Atmospheric

residue  

Vegetable oil

Other fraction

of diesel  

Figure 3.17 A schematic depiction of the H-Bio process (Costa, 2007).
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185Hydrotreating of Triglyceride-Based Feedstocks in Refineries
$104 a barrel (Green Car Congress, 2012b). It has been reported that the

pacities were planned to be put into operation during late 2009 (World

els, 2012). However, no additional information about the current status

the technology and its commercial use was published since the news it was

ing put on hold due to high soybean oil prices.

Recently, some aspects of coprocessing were discussed in publications by

ajor catalyst manufacturers including general information on the use of

eir catalysts in refineries for coprocessing. For example, Haldor Topsoe

pplies its deoxygenation catalyst to three undisclosed refineries in Australia,

rope, and the USA coprocessing bio-feedstocks in the range of 0–5%,

5%, and 10–20%, respectively (Gabrielsen et al., 2011). The feedstocks

clude typically animal fats, for example, chicken fat in the USA, and other

specified bio-feedstocks. In Preem, Sweden, Haldor Topsoe has supplied

deoxygenation catalyst for coprocessing of raw tall oil (20–30% of the

d). Apart from coprocessing, Haldor Topsoe catalyst is used by Cetane

ergy, USA, to process neat animal fat and algae oil.

The possible pitfalls of revamping industrial hydrotreating ormild hydro-

cking units to coprocess renewable feedstocks in significant amounts

p to 30% as in the case of Preem refinery, Sweden) have been discussed

Egeberg et al. (2011). The feed consisted of raw tall oil diesel (RTD)

ich is produced by esterification of tall oil, a wood processing by-product.

ere are about 500 kt of tall oil processed every year in Scandinavia

abrielsen et al., 2011). The main challenges identified included reaction

at evolution (exotherm, which is a consequence of high oxygen content

bio-feedstocks and also of their often unsaturated nature), corrosion (both

- and downstream of the reactor being consequences of the presence of

e fatty acids), hydrogen consumption, and catalyst selection.

The corrosion problem is a consequence of the presence of rosin acids

ey are not converted in the tall oil esterification) and unconverted free

ty acids in the RTD. In the process design, the possible problems were

inimized by feeding RTD partly into AGO after the heater and partly

a liquid quench after the first catalyst bed. Consequently, the material

eded to be changed only in small part of the technology. The liquid

ench together with additional hydrogen quenches after second and third

talyst beds helps in controlling the exotherm (see Fig. 3.18). Moreover,

e to the liquid quench between the first and second catalyst beds, a higher

drogen partial pressure can be maintained in the upper part of the reactor

it is not used for quenching after the first catalyst bed), thus preventing/

ppressing condensation and coking reactions leading to catalyst deactiva-
n. Besides, corrosion is suppressed as well (Egeberg et al., 2011).

ART - 28 45/54



LGO feed 

Product

Heat

exchanger

Hot

separator

Fired heater

Hydrotreating

reactor with four

catalyst beds 

Make-up

recycle H2

To amine

unit 

RTD 

.
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Due to the high concentration of oxygen to be removed by hydro-

treating, which is significantly higher than typical sulfur concentration in

petroleum-derived feeds (typically by an order of magnitude), hydrogen

consumption for hydrotreating of bio-feedstocks is significantly higher than

in the case of conventional hydrotreating. Obviously, this is also the cause of

the increased exotherm when coprocessing bio-feedstocks with conven-

tional petroleum-derived feedstocks. The correct balance between catalyst

stability and activity is of the utmost importance (Egeberg et al., 2011).

Hence, Haldor Topsoe has designed the catalyst system in the Preem refin-

ery in such a way that RTD is converted in the upper two catalyst beds using

catalysts with lower catalyst activity than their latest generation Brim cata-

lysts. Brim NiMo catalyst is then used in the bottom two catalyst beds to

ensure final product quality, that is, sulfur content below 10 ppm

(Egeberg et al., 2011). The approach is based on the knowledge that deox-

ygenation reactions are significantly faster than the majority of hydro-

desulfurization reactions.

Carbon oxides and methane are typical deoxygenation by-products

Figure 3.18 Coprocessing of tall oil with LGO in Preem refinery (Egeberg et al., 2011)
causing problems in coprocessing units. Although majority of CO2 from de-

carboxylation is removed in the amine wash used for H2S scrubbing.
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wnstream CO2 can form carbonic acid in the presence of liquid water

d hence cause corrosion unless the downstream equipment is modified

cordingly (Egeberg et al., 2011). CO and methane will build up in the

ycle gas, and a substantial purge is necessary to avoid this (Egeberg

al., 2011). Apart from reducing hydrogen partial pressure in the recycle

s loop, CO can act also as catalyst inhibitor. The purge hydrogen-rich

s has to be then treated according to its application. Removal of methane

d CO in PSA is one option (Egeberg et al., 2011).

The operating experience in Preem Gothenburg refinery has shown that

e reaction exotherm increased, as expected, with the increasing concen-

tion of RTD.While in the absence of RTD the delta Twas about 30 �C,
as around 60 �Cwhen the feed contained 30% of RTD. At the same time,

e hydrogen consumption increased from ca. 80 to about 140 nm3/m3.

hen the content of RTD was increased further to 50–55%, hydrogen

nsumption increased to ca. 200–220 nm3/m3 (Egeberg et al., 2011). Based

the comparison of different modes of operation (light cut gas oil mode vs.

ewable mode), it was concluded that the catalyst was not inhibited either

the renewable feed components or by their products (Egeberg et al.,

11). Unfortunately, no information about the different feedstocks and

eir products was provided. It has been, however, reported (Gabrielsen

al., 2011) that the renewable diesel product of Preem refinery meets all

e requirements of EN 590.

According to Albemarle, coprocessing of VOs in existing hydrotreaters is

traightforward alternative of introducing bio-feedstocks in the diesel fuel

ge in refineries. Similar issues to those identified in the Preem cop-

cessing case study have been discussed as well. Despite the relatively simple

emistry and high catalytic activity of the conventional hydrotreating cat-

st, coprocessing gives rise to several technological and operational issues

cluding (i) possible formation of CO having an inhibiting effect on the

talyst; (ii) accumulation of CO in recycle gas as it is not removed in scrub-

rs; (iii) high hydrogen consumption during triglyceride deoxygenation in

mparison with HDS of AGO connected with a significant heat release;

) formation of n-alkanes that affect negatively the cold flow properties

the final diesel fuel; and (v) formation of free fatty acids, reaction inter-

ediates in triglyceride deoxygenation, that can cause local corrosion prob-

s (Melis et al., 2009). Albemarle has proposed a so-called BioSTAX

187rotreating of Triglyceride-Based Feedstocks in Refineries
tem that is a solution consisting of several different commercial catalysts

ded at a specific place in the reactor and taking into account the
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constraints of the unit, such as H2/oil ratio, outlet pressure, capacity of

quenching, and intended VO addition (type and amount). The distribution

(placement) of catalysts in the reactor reflects the main factors affecting the

kinetics of individual feed components conversion. For instance, the re-

quirements of a triglyceride and a dibenzothiophene vary significantly,

and their conversion takes place at different positions along the catalyst

bed in the reactor, that is, under different reaction conditions (e.g., hydrogen

partial pressure). Consequently, different catalysts give optimum perfor-

mance at a different place in the reactor with respect to the actual feed com-

position and reaction conditions.

If large guard beds are not available, the inherent impurities of VOs, such

as phospholipids and metals, should be removed by refining, bleaching, and

deodorization. On the other hand, the absence of sulfur, nitrogen, and ar-

omatics has a positive dilution effect when coprocessed with AGO. An in-

crease in WABT (weighted average bed temperature) of ca. 20 �C has been

reported for the CoMo catalyst when coprocessing rapeseed oil (10 wt%) in

AGO. When H2/oil and pressure were increased from 300 Nm3/m3 and

40 bar, respectively, to 500 Nm3/m3 and 60 bar, the WABT increase

dropped to ca. 11 �C in order to reach 10 ppm S at the outlet. The observed

phenomenon was attributed to the inhibiting effect of CO, a deoxygenation

by-product originating from fatty acids decarbonylation and/or from CO2

hydrogenation (Melis et al., 2009). The inhibition is particularly severe for

the direct desulfurization pathway, that is, it is more pronounced with

CoMo than with NiMo catalysts. The lower impact on NiMo catalysts

was verified experimentally; at 50 bar and H2/oil of 200, anWABT increase

of less than 5 �C was reported. Moreover, the large WABT increase ob-

served for CoMo catalysts might be detrimental for the stability of catalytic

activity due to considerable faster deactivation rates (Melis et al., 2009). The

issue of CO-induced inhibition could be augmented with time since it is not

removed by scrubbing and can be eliminated in a typical setup only by purg-

ing. This may be a limiting factor decisive for the maximum concentration

of VO to be coprocessed. For higher VO concentrations, different solutions

might be necessary, for example, use of selective membranes or passing of

scrubbed, that is, H2S free, recycle gas through a PSA unit. Due to the sig-

nificant extent of hydrogenation reactions during deoxygenation of VOs,

including double-bond hydrogenation, hydrogenation of the carboxylic

group, and CO and CO2 hydrogenation to methane, the reaction is highly

exothermic leading to an increase in temperature along the catalyst bed

188 David Kubička and Vratislav Tukač
(increase in Delta T). For instance, Albemarle reported an additional
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189Hydrotreating of Triglyceride-Based Feedstocks in Refineries
drogen consumption of 10–20 Nm3/m3 and a further Delta T increase of

–21 �C in comparison with typical operations when coprocessing 5% of

eseed oil. It follows that hydrogen consumption and quenching capacities

of crucial importance and optimum catalyst design is essential for limiting

drogen consumption and affording acceptable hydrotreater cycle lengths

elis et al., 2009).

In conclusion, to achieve the optimum performance, the extent of dif-

ent deoxygenation reactions (HDO, decarboxylation/decarbonylation,

ethanation) needs to be optimized as well. This can be accomplished by

ection of a suitable catalyst combination. The main products, n-alkanes,

another limiting factor for the amount of VO to be coprocessed. Their

creasing concentration worsens the cold flow properties which might be

issue. For instance, coprocessing of 5% rapeseed oil can result in a decrease

cloud point of 5–6 �C, which is unacceptable typically for the winter

sel fuel grades (Melis et al., 2009).

3. Deoxygenation product quality
e final deoxygenation product quality is critical for its end use, that is,

her for its blending in the diesel fuel pool in the case of stand-alone de-

ygenation units or for the quality of the product of VO and AGO cop-

cessing. Obviously, the stand-alone option offers a better flexibility as the

processing alternative is limited by additional constraints, such as sulfur

ntent of the final product. As discussed in the section describing different

hnologies, there are ways how to minimize the negative impacts of VOs

AGO hydrotreating during coprocessing. To meet specific fuel targets,

e solutions can be either based on technology selection, improvements,

d modifications, or on product treatment/modification. A conventional

oduct treatment used for refinery products is the application of various ad-

ives enhancing diesel fuel properties. In the case of deoxygenation that

ords as primary products n-alkanes having poor cold flow properties,

e use of depressants might tackle the issue. The application of two indus-

ally, widely used flow improvers (Infineum R-288 and Keroflux® 3566,

SF) for blends consisting of conventional petroleum diesel, having prop-

ies in accordance with EN 590, and mixture of hydrocarbons obtained by

oxygenation of rapeseed oil was investigated by Šimáček et al. (2010).

The results clearly demonstrated that neither of the two investigated flow

provers was able to improve the cold flow properties sufficiently. While

e sensitivity of conventional diesel was high—the cold flow plugging point
FPP) dropped from �12 �C to below �25 �C already when 200 mg/kg
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of flow improver (either Infineum R-288 or Keroflux® 3566) was added,

there was hardly any response when the diesel fuel contained 5 wt.% of hy-

drocarbons from deoxygenation—the CFPP dropped from �12 to ca.

�15 �C. The CFPP of diesel fuels containing 10–30 wt.% of hydrocarbons

from deoxygenation did not decrease with addition of flow improvers in the

range of 100–500 mg/kg more than by 1–2 �C (Šimáček et al., 2010). This

clearly demonstrates that a technological solution affecting the composition

of deoxygenation products, namely, shifting it from n-alkanes to a mixture

of n- and iso-alkanes, is crucial.

There are several options; the most important being selective hydro-

isomerization of n-alkanes that is used in the NexBTL and Ecofining processes

(Frey, 2011; Neste Oil, 2012a) and has also been the topic of recent research

activities (Sebos et al., 2009). Another option, mild hydrocracking/dewaxing,

was proposed by Axens (process Vegan) and Haldor Topsoe and also

investigated experimentally (Šimáček and Kubička, 2010; Šimáček et al.,

2011).Thebeneficial effectofhydrocrackingofVOson thecold flowproperties

of hydrocarbonmixtures afforded by this processwas demonstrated by Šimáček

et al. (2011). Hydrocracking of sunflower oil of 18 MPa yielded liquid hydro-

carbonswithn-alkaneconcentrationdecreasing from67 to20 wt.%as a result of

reaction temperature increase from 360 to 420 �C. The concentration of iso-

alkanes andcycloalkanes in theproducts obtained at reaction temperature above

400 �Cexceeded 60 wt.%.Consequently, their cold flowpropertieswere con-

siderably improved. For instance, the cloud point of the hydrocarbon product

obtained at 360 �C (n-alkanes/(iso-alkanesþcycloalkanes)—65/31 wt.%)

decreased from 19 to �11 �C when the reaction temperature was increased

to 420 �C (n-alkanes/(iso-alkanesþcycloalkanes)—20/74 wt.%; Šimáček

et al., 2011). At the same time, the distillation curve remained within the EN

590 specification requirements and the cetane index dropped from 91 at

360 �C to 65 at 420 �C which is well above the requirements for diesel fuel

(>46 units; Šimáček et al., 2011).

When the products obtained at 420 �C were blended in conventional

diesel fuel in concentrations in the range of 10–50 wt.%, the CFPP values

were in the range of �15 to �12 �C. As a result of commercial flow

improvers (Infineum R-288 and Infineum R-291), the CFPP dropped be-

low�20 �C and there were no differences between neat diesel fuel and die-

sel fuel blends containing product of sunflower oil hydrocracking. The

results indicate that the sensitivity of these diesel fuel blends depends on

the total content of long-chain n-alkanes (>C17); when it exceeds a certain

190 David Kubička and Vratislav Tukač
concentration, the commercial flow improvers become ineffective. On the
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sis of the results reported by Šimáček et al. (2011), this threshold can be

imated to be around 6–7 wt.% of long-chain n-alkanes (>C17) in the final

sel fuel blend.

8. CONCLUSION

191rotreating of Triglyceride-Based Feedstocks in Refineries
While deoxygenation of VOs is a new technology to the refining in-

stry, it can build on the experiences gathered during operation of hydro-

ating (HDS) units. Analysis of the thermodynamic, hydrodynamic, and

etics aspects points out the differences between HDS and deoxygenation

hnologies that have to be taken into account when developing further

oxygenation technology. The successful examples from both stand-alone

well as coprocessing technologies demonstrate that the technology has a

ture in the portfolio of refining technologies.

The future development should be focused on two particular directions:

rther catalyst development and utilization of more sustainable feedstocks.

om the point of view of catalyst development, it would be certainly ben-

cial if more selective catalysts, for example, decarboxylation catalysts,

und their application in the stand-alone units limiting, thus, the need

r catalyst sulphiding. Moreover, the industry would certainly benefit from

talysts facilitating both deoxygenation and isomerization in one step

actor). From the point of view of feedstock, the technology has to be fo-

sed on nonfood sources of triglycerides that are produced in a sustainable

y. Moreover, the need for their preprocessing (purification) should be

inimized as this would result in a more cost–effective production, which
a key to avoiding too large dependence on legislation and subsidies.
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Lü

M
M

M

M

M

M

M

Ne

Ne

Ne

Ne

Ne

Ne

Piq

Pri

Hy
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renewable diesel fuel by hydroprocessing of sunflower oil, Fuel 90:2473, 2011.
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Tukač, V., Kubička, D., Horáček, J. 2012. Manuscript under preparation.
UOP, 2012. www.uop.com, UOP/ENI Ecofining Process.pdf. Accessed February, 2012.
World Fuels, 2012. http://www.worldfuels.com/wfExtract/exports/Content/e0daa202-

f81c-4ff2-c5-ca0aba8.html. Accessed February, 2012.
WuY, KhadilkarMR, Al-DahhanMH,Dudukovic´MP: Comparison of upflow and down-

flow two-phase flow packed-bed reactors with and without fines: experimental obser-
vations, Ind Eng Chem Res 35:397, 1996.

ART - 28 54/54

http://www.uop.com
http://www.uop.com
http://www.worldfuels.com/wfExtract/exports/Content/e0daa202-f81c-4ff2-c5-ca0aba8.html
http://www.worldfuels.com/wfExtract/exports/Content/e0daa202-f81c-4ff2-c5-ca0aba8.html
http://www.worldfuels.com/wfExtract/exports/Content/e0daa202-f81c-4ff2-c5-ca0aba8.html
http://www.worldfuels.com/wfExtract/exports/Content/e0daa202-f81c-4ff2-c5-ca0aba8.html


P

P
Jo
a I
b R

a

Ar
Re
Re
Ac
Av

Ke
H
H
Ve
Su
Bi

1

d
ri
b
d
lo
ta
ta
th
in
fo
to
ar
th
p
ca
ca

ch
h

00
do

⇑

vu

Fuel 90 (2011) 2473–2479
Contents lists available at ScienceDirect

Fuel

journal homepage: www.elsevier .com/locate / fuel
remium quality renewable diesel fuel by hydroprocessing of sunflower oil
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ydroprocessing of neat sunflower oil was carried out at 360–420 �C and 18 MPa over a commercial
ydrocracking catalyst in a bench scale fixed bed reactor. In the studied experimental range, products
nsisted exclusively of hydrocarbons that differed significantly in composition. While the concentration

f n-alkanes exceeded 67 wt.% in the reaction products collected at 360 �C, it decreased to just 20 wt.% in
e product obtained at 420 �C. Consequently, the fuel properties of the latter product were very similar
those of standard (petroleum-derived) diesel fuel. Particularly, it exhibited excellent low-temperature

roperties (cloud point �11 �C; CFPP �14 �C). Reaction products obtained at 400 and 420 �C were
lended into petroleum-derived diesel fuel in three concentration levels ranging from 10 to 50 wt.%

d the fuel properties of these mixtures were evaluated. Diesel fuel mixtures containing the product
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. Introduction

Traditional biodiesel (fatty acid methyl esters – FAME) is pro-
uced from vegetable oils by homogeneously-catalyzed transeste-
fication with methanol [1]. Even though FAME is suitable for
lending with petroleum-derived diesel fuels, it suffers from some
rawbacks, the main being low oxidation stability that limits (i) its
ng-term storage and (ii) the use of biodiesel–diesel blends con-
ining more than 20–30 vol.% of FAME. Hydroprocessing of vege-
ble oils, i.e. their conversion into hydrocarbons resulting from
eir reaction with hydrogen at elevated temperature and pressure
the presence of heterogeneous catalysts, provides an alternative

r diesel fuel production from renewable resources [2]. In contrast
FAME, hydrocarbons obtained by vegetable oil hydroprocessing

e significantly more resistant to oxidation than FAME. Although
e composition of products of vegetable oil hydroprocessing de-

ends on several factors (reaction conditions, catalyst used), they
n be in general characterized as low-aromatic sulfur-free hydro-
rbon mixtures containing neither alkenes nor heteroatoms [2–9].
The fatty acids bound in vegetable oils have exclusively straight

ains with an even number of carbon atoms. Consequently, their
ydroprocessing yields n-alkanes as primary products. Two kinds
th
is
p
te
M
fi

rights reserved.

+420 220 444 321.
imáček), david.kubicka@
f n-alkanes are formed: (i) n-alkanes that have the same carbon
om number or (ii) n-alkanes that have one carbon atom less than
e original fatty acids present in vegetable oil [4,10–16]. Since
tty acids in natural vegetable oils have predominantly 18 carbon
oms in their chain, hydroprocessed vegetable oil often yields

-alkanes with high concentration of n-heptadecane and n-octade-
ne. The sum of these two hydrocarbons commonly reaches

0–90 wt.% [6–8]. These hydrocarbons have an excellent cetane
ting, but their low-temperature properties are poor and prevent
eir direct use as a diesel fuel blending component in concentra-

ons higher than 5–10%.
The subsequent reactions of primary hydrocarbon products,

-alkanes, lead to formation of other hydrocarbons: i-alkanes,
cloalkanes and aromatics. While the formation of aromatics is

mited, several studies have demonstrated that with increasing
action temperature the yield of i-alkanes increased significantly
,17–20]. Higher reaction temperature favored also cracking reac-

ons leading to the formation of light hydrocarbons in gasoline
nge [9] or even gases [14].
As mentioned above, the hydroprocessed vegetable oil has gen-

ally poor low-temperature properties. Cloud point and cold filter
lugging point (CFPP) values of the products are usually higher
an +20 �C [5,7,18]. Utilization of such fuel in moderate climate
impossible. It has been found that diesel fuel containing hydro-

rocessed rapeseed oil (5–30 wt.%) had significantly worse low-
mperature properties than neat petroleum-derived diesel fuel.
oreover, the addition of flow improvers to these blends was inef-

cient, as it virtually did not affect their cold flow properties [7].
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2474 P. Šimáček et al. / Fuel 90 (2011) 2473–2479
The low-temperature properties of hydroprocessed vegetable
oil can be upgraded by subsequent catalytic isomerization of
n-alkanes. Hancsók et al. [18] have isomerized hydroprocessed
sunflower oil using Pt/HZSM-22/Al2O3 catalyst. While the original
CFPP of hydroprocessed sunflower oil was +23 �C, it dropped down
to �23 �C after isomerization. Isomerization of the primary hydro-
carbon products allowed commercial utilization of hydroprocessed
vegetable oil as a new kind of renewable diesel fuel. At present,
Neste Oil uses its product called NExBTL [19] not only as a compo-
nent for diesel fuel blending, but even as a premium 100% renew-
able diesel fuel under the name Neste Green 100 diesel [20].

This paper focuses on determination of the composition and
physicochemical properties of hydroprocessed sunflower oil
obtained at four temperature levels. In contrast to the recent work
concerning rapeseed oil hydroprocessing [7], different type of
catalyst and more severe reaction conditions have been used in
an attempt to prepare a hydrocarbon-based product having more
favorable low-temperature properties. The properties of fuel
blends consisting of petroleum-derived diesel (50–90 wt.%) and
10–50 wt.% of two selected hydroprocessing products are reported
as well.
2. Experimental

2.1. Hydroprocessing

Hydroprocessing of sunflower oil was carried out in a bench
scale fixed bed reactor equipped with a salt bath heating system.
Dimensions of the reactor were 900 mm (length) and 40 mm (in-
ner diameter). A commercial hydrocracking catalyst consisting of
supported metal sulfides was used in the experiments. The catalyst
was activated prior to the experiments using refinery recycle gas,
i.e. hydrogen gas containing H2S, at 360 �C and 18 MPa. The cata-
lyst bed consisted of 70 g of the catalyst and 100 ml of silicon car-
bide that was used for catalyst bed dilution to minimize the wall
effects and feedstock channeling. All experiments were performed
under the hydrogen pressure of 18 MPa. The reaction products
were collected at four temperature levels: 360, 380, 400 and
420 �C. The temperature range was chosen to convert triacylglyce-
rides exclusively to hydrocarbons and to minimize their over-
cracking to light products. Liquid feed flow (sunflower oil) and
hydrogen flow was 49 g h�1 and 0.049 N m3 h�1, respectively. Food
grade sunflower oil was used as raw material.
2.2. Analysis of products

Organic liquid products and water were separated after pres-
sure reduction from gas stream in a low pressure separator. After
liquid sample collection, the organic liquid product was separated
from water formed due to deoxygenation of the sunflower oil, i.e.
due to its hydrodeoxygenation or due to hydrogenation of CO2

originating from sunflower oil (hydro)decarboxylation. The gas-
eous products and water were not further analyzed. The composi-
tion of the organic products was then determined using gas
chromatography (GC) and high performance liquid chromatogra-
phy (HPLC). Simulated distillation and a conventional GC method
were used for determination of distillation range and n-alkane con-
tent in the products, respectively. The detailed description of both
GC methods has been reported recently elsewhere [16]. The con-
tent of aromatic hydrocarbons was determined using a standard
HPLC method designated for diesel fuels (European standard EN
12916). These measurements were performed using a chromato-
graphic set Shimadzu consisting of a pump (LC-10A), a control
module (CBM-10A), a refractometric detector (RID-10A) and an
oven (CTO-10AC) equipped with the column Supelcosil LC-NH2-
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NP (25 cm � 4.6 mm i.d.; particle size 5 lm). The flow rate of the
mobile phase (n-heptane) was 1 cm3 min�1. The concentration of
the sum of i-alkanes and cycloalkanes was balanced to 100%. Phys-
icochemical properties of the neat hydroprocessing products as
well as the properties of all prepared fuel blends were determined
using the standard test procedures designated for diesel fuels (as
defined by the European standard EN 590) or petroleum products
(standards EN 12634 and EN ISO 3016). The cold filter plugging
point (CFPP) of the hydroprocessing product obtained at 420 �C
was measured also after treatment using flow improvers Infineum
R288 and Infineum R591 in the concentration range of 200–
800 mg kg�1.
2.3. Preparation of fuel blends

The hydroprocessing products obtained at 400 and 420 �C were
used for preparation of their fuel blends with petroleum-derived
diesel fuel. FAME- and additive-free diesel was prepared in the lab-
oratory by blending hydrotreated gas oil and kerosene in a weight
ratio of 65:35. Low-temperature properties of the resulting diesel
fuel corresponded to those of a commercial diesel fuel before the
final addition of additives. The prepared petroleum-derived diesel
was then blended with the hydroprocessing products in order to
prepare six blends containing 10, 30 and 50 wt.% of the product ob-
tained at 400 and 420 �C, respectively. The properties of these fuel
blends were evaluated as a commercial diesel fuel according to the
European standard EN 590. Finally, the fuel blends were separately
treated with flow improvers Infineum R288 and Infineum R591 in
the concentration range of 100–400 mg kg�1 to evaluate the effi-
ciency of these flow improvers.
3. Results and discussion

3.1. Composition of reaction products

The chromatographic fingerprints of all products obtained by
hydroprocessing of sunflower oil are presented in Fig. 1. There were
not detected any oxygenated intermediates (such as fatty acids or
fatty esters) in the reaction products. This observation is in agree-
ment with previous findings [7]. Moreover, the absence of free fatty
acids was indirectly confirmed by the low values of acid number of
all products (see below). All products of sunflower oil hydropro-
cessing can be thus considered as neat hydrocarbon mixtures. It
can be also clearly seen that the content of n-alkanes in the prod-
ucts decreased with the increasing reaction temperature (Fig. 1
and Table 1). Besides isomerization and cyclization, the higher
reaction temperature also resulted in higher yields of lower hydro-
carbons due to the more intensive cracking of the primary
hydrocarbon products (mainly C15–C18 n-alkanes). Two primary
products of hydroprocessing, n-heptadecane and n-octadecane,
represented more than 50 wt.% of the product obtained at 360 �C
(Table 1). The increase of the reaction temperature by 20 �C caused
a relative decrease of their concentration in the hydroprocessing
products by more than 50%. Consequently, the product obtained
at 420 �C contained only 2.8 and 1.8 wt.% of n-heptadecane and
n-octadecane, respectively (Table 1). The total concentration of n-
alkanes in this product is fully comparable with the content of n-al-
kanes in petroleum-derived diesel used for preparation of the fuels
blends (see Table 1). On the other hand, the content of other satu-
rated hydrocarbons (i-alkanes and cycloalkanes) increased with
the increasing reaction temperature. The yield of aromatics in-
creased also with the increasing reaction temperature as a result
of the enhanced rate of the cyclization reactions. The dehydrogena-
tion reactions proceeded in spite of the high hydrogen pressure
(18 MPa). While the content of aromatics in the hydroprocessing
2/7
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Fig. 1. The gas chromatograms of the sunflower oil hydroprocessing products obtained at various reaction temperatures (the chromatograms are presented in the same
scale).

Table 1
The composition (wt.%) of the sunflower oil hydroprocessing products obtained at various reaction temperatures.

Component Reaction conditions Petroleum-derived diesel

360 �C 380 �C 400 �C 420 �C

n-alkanes < n-C15 2.0 4.6 9.1 9.8 11.7
n-C15 3.2 3.1 3.6 2.4 1.8
n-C16 3.5 4.0 3.7 2.1 1.5
n-C17 24.7 10.0 5.7 2.8 1.4
n-C18 26.5 13.7 5.1 1.8 1.1
n-C19 0.5 0.5 0.4 0.3 1.0
n-C20 0.5 0.5 0.3 0.2 0.7
n-C20 to n-C33 3.9 3.6 0.8 0.6 1.4
Total n-alkanes 64.7 40.0 28.7 19.8 20.6
Total aromatics 0.1 0.5 2.0 5.2 19.1
i-alkanes + cycloalkanes 31.2 50.5 63.3 73.5 60.3
Other hydrocarbonsa 4.0 9.0 6.0 1.5 0.0

a Not specified hydrocarbons of heavy fraction (boiling point > 470 �C).
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roduct obtained at 360 �C was negligible, the product obtained at
80 �C contained 0.5 wt.% of aromatics. The concentration of aro-
atics in the products obtained at 400 and 420 �C was more than
ree and ten times higher, respectively (Table 1). Monoaromatics
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rmed more than 90% of all aromatic hydrocarbons in all hydro-
rocessing products. The distribution of aromatic hydrocarbons

ong mono-, di- and polyaromatics in the products of sunflower
il hydroprocessing is illustrated in Fig. 2.
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3.2. Fuel properties of neat hydroprocessing products

The profiles of the distillation curves of the neat hydroprocess-
ing products were strongly influenced by the reaction temperature
of the sunflower oil hydroprocessing (Fig. 3a). The product ob-
tained at 360 �C had a very flat distillation curve owing to the pres-
ence of only a few chemical individuals (mainly C17 and C18

hydrocarbons). As the reaction temperature rose, the distillation
curves of the respective products had a more uniform distribution.
The distillation curve of the product obtained at 420 �C was already
very similar to the distillation curve of a common petroleum-de-
rived diesel. Unfortunately, some products contained a relatively
large amount of heavier fractions. The worst in this respect was
the product obtained at 380 �C having only 87 vol.% recovered at
the final boiling point. The presence of the heavy fractions was
confirmed by the simulated distillation (Fig. 3b), but no additional
analysis was performed for their closer identification. Since the
products did not contain any triacylglycerides (as confirmed by
the simulated distillation), the heavy fractions were most probably
formed as a result of the condensation and oligomerization reac-
tions. It is plausible to assume that oligomerization can occur ow-
ing to the high degree of unsaturation of sunflower oil (more than
four double bonds per an average molecule of triglyceride), catalyst
acidity and the high reaction temperature. In fact, the high degree
of unsaturation has previously been reported to cause an increased
formation of aromatics [4].

All hydroprocessing products had a lower density than the stan-
dard diesel fuel (Table 2), which was caused by the low concentra-
tion of aromatics and the high concentration of alkanes (Table 1).
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The relatively high viscosity of the hydroprocessing products ob-
tained at reaction temperatures lower than 420 �C was attributed
to the high concentration of n-alkanes and the low concentration
of low-boiling fractions. Moreover, the high viscosity of the prod-
uct obtained at 380 �C can be also connected with the higher con-
centration of the heavy fractions. On the other hand, the viscosity
of the product obtained at 420 �C (2.65 mm2 s�1) was fully compa-
rable with the viscosity of a standard diesel fuel. The flash point of
the hydroprocessing products naturally decreased with the
increasing content of the light fractions and thus with the increas-
ing reaction temperature. The flash point of the product obtained
at 420 �C was even lower than the lower limit specified for diesel
fuel. The value 49 �C is, however, still acceptable for diesel fuel
blending. Although the cetane index of the products decreased
with the increasing reaction temperature significantly (Table 2),
the lowest achieved value, 65 units, is still excellent. Similar values
of the cetane number can be expected. The very low values of the
acid number indicate that the products did not contain any free
fatty acids (the reaction intermediates).

The low-temperature properties (cloud point, CFPP and pour
point) of the products obtained at 360 and 380 �C were poor. All
these parameters had higher values than +10 �C. The cloud point
of the product obtained at 400 �C was still rather high (+8 �C),
but the CFPP was already much more favorable (�5 �C). On the
other hand, the product obtained at 420 �C showed excellent val-
ues of the cloud point (�11 �C) and CFPP (�14 �C). This product
thus overcomes the main disadvantage of hydroprocessed vegeta-
ble oils – the unacceptable low-temperature properties. While the
cloud point and the CFPP of the hydroprocessing product obtained
at 420� C were comparable with a standard winter diesel fuel (for
the temperate climate) before addition of flow improvers, the other
qualitative parameters, particularly the concentration of aromatics
and cetane rating, were superior to those of any standard diesel
fuel. Unfortunately, the neat hydroprocessing product was less
sensitive to the addition of flow improvers (Fig. 4) than the stan-
dard diesel fuel. The CFPP of the hydroprocessing product dropped
from the original �14 �C to �20 �C for an additive concentration of
400 mg kg�1. A further increase in the concentration of the additive
did not improve the cold flow properties any more.
3.3. Fuel blends

The products obtained by hydroprocessing of sunflower oil at
400 and 420 �C, respectively (P400 and P420, respectively), were
chosen for blending with petroleum-derived diesel fuel. The
distillation curves of all six blends are presented in Fig. 5. With
the increasing concentration of the hydroprocessing products in
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Table 2
The physicochemical properties of the products obtained at various reaction temperatures.

Parameter Reaction conditions EN 590 (temperate climate)

360 �C 380 �C 400 �C 420 �C

Density at 15 �C (kg m�3) 799.5a 814.5a 813.7 805.8 820–845
Kin. viscosity at 40 �C (mm2 s�1) 4.92 6.06 4.51 2.65 2.00–4.50
Distillation
at 250 �C recovered (vol.%) 3 7 16 32 <65
at 350 �C recovered (vol.%) 85 63 78 91 >85
95 vol.% recovered at (�C) 370 – 380 375 <360
Flash point in closed cup (�C) >100 99 78 49 >55
Cetane index 91 78 72 65 >46
Sulfur (mg kg�1) 20 8 9 10 <10
Nitrogen (mg kg�1) 5 3 2 7 –
Water (mg kg�1) 56 50 46 30 <200
Acid number (mg KOH g�1) 0.02 0.03 0.03 0.03 –

Low-temperature properties
Cloud point (�C) 19 18 8 �11 <�8b

CFPP (�C) >15 11 �5 �14 c

Pour point (�C) 17 11 �7 �18 –

a Heterogeneous nature of the samples did not allow to measure their standard density at 15 �C. Density at 15 �C was calculated from the
density at 40 �C at which the liquid samples were homogenous.

b Grade F diesel.
c Maximum values for grades A, B, C, D, E and F are +5, 0, �5, �10, �15 and �20 �C resp.
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e blends the distillation curves of the blends shifted toward high-
boiling points in all cases, however the differences between the
rves of the blends containing the product P420 were very small.
means that the distillation characteristics of the product P420
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ere very close to those of the petroleum-derived diesel fuel.
e fuel blend containing 50 wt.% of the product P420 showed a
tle higher distillation parameter T95 (367 �C). A deviation of this
rameter was observed also for the blends containing 30 and
wt.%. of the product P400. This was a consequence of the higher

ncentration of the heavier products that originated plausibly
om the oligomerization reactions. From an industrial refinery
int of view, it is not a significant problem since the initial and fi-
l boiling points are commonly adjusted by distillation. All the
her distillation parameters were in line with the EN 590 standard
quirements (Table 3).
The other monitored fuel properties of all fuel blends were

vorable (Table 3) in comparison with the standard diesel fuel.
e observed deviations in the density did not play an important
le. The flash point of the blend containing 50 wt.% of the product
20 was relatively low (57 �C), however, it still fulfilled the spec-
ed requirements. All fuel blends had a higher cetane index in
mparison with the neat petroleum-derived diesel fuel. The in-
ease in the cetane index was approximately 3–10 units for the
ends containing the product P400 and 1–7 units for the blends
ntaining the product P420.
The presence of the hydroprocessing products in the fuel blends

fected their low-temperature properties differently (see Table 3).
e cloud point increased from �8 �C (the neat petroleum-derived
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Table 3
The physicochemical properties of the fuel blends containing various amounts of the products P400 and P420 respectively (products of sunflower oil hydroprocessing at 400 and
420 �C, respectively).

Parameter Content of the product (wt.%) EN 590 (temperate climate)

0 Product obtained at 400 �C Product obtained at 420 �C

10 30 50 10 30 50

Density at 15 �C (kg m�3) 825.0 823.8 821.5 819.1 823.1 819.3 815.1 820–845
Kin. viscosity at 40 �C (mm2 s�1) 2.32 2.47 2.81 3.21 2.35 2.41 2.47 2.00–4.50
Distillation
at 250 �C recovered (vol.%) 50 44 37 30 49 45 42 <65
at 350 �C recovered (vol.%) 95 93 88 85 95 93 92 >85
95 vol.% recovered at (�C) 350 357 370 380 350 360 367 <360
Flash point in closed cup (�C) 69 68 71 72 66 60 57 >55
Cetane index 52.5 55.0 58.4 62.3 53.8 56.4 59.2 >46
Sulfur (mg kg�1) 65 59 48 37 60 49 38 <10
Nitrogen (mg kg�1) 16 15 12 9 15 13 12 –
Water (mg kg�1) 14 17 24 30 16 19 22 <200

Low-temperature properties
Cloud point (�C) �8 �4 3 4 �8 �8 �8 <�8a

CFPP (�C) �12 �16 �14 �10 �12 �14 �15 b

Pour point (�C) �25 �12 �9 �7 �22 �19 �19 –

a Grade F diesel.
b Maximum values for grades A, B, C, D, E and F is +5, 0, �5, �10, �15 and �20 �C resp.
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diesel fuel) up to +4 �C for the blend containing 50 wt.% of the
product P400. A similarly significant increase in the pour point
was also observed. However, the differences in the CFPP values
of the above-mentioned samples were not so significant. The CFPP
values of the blends containing 10 and 30 wt.% of the product P400
were even lower than the CFPP values of the neat petroleum-de-
rived diesel fuel. In contrast, the cloud point of all fuel blends con-
taining the product P420 was the same as the cloud point of the
neat petroleum-derived diesel fuel (�8 �C) and the pour point of
these blends did not virtually change either. On the other hand,
the CFPP values decreased slightly with the increasing concentra-
tion of the product P420 in the fuel blends. In general, the low-
temperature properties of all six fuel blends corresponded to the
diesel fuel grade D or E (according to EN 590).

In addition to the evaluation of the fuel blends without addi-
tives, the performance of two different flow improvers (Infineum
R288 and Infineum R2591) was investigated as well. The results
of the CFPP measurements of three fuel blends containing the
product P400 are presented in Fig. 6. Both additives improved
the CFPP values of the blend containing 10 wt.% of the product
P400. The initial decrease in the CFPP was smaller than that ob-
served for neat petroleum-derived diesel fuel, but it was possible
to reach values lower than �20 �C. However, while both additives
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were slightly efficient as the cloud point depressants in this case
(decrease by 2 �C), the final cloud point did not drop below
�6 �C. On the other hand, the efficiency of both flow improvers
in the fuel blends containing more than 10 wt.% of the product
P400 was negligible.

The results of the CFPP measurements of three fuel blends con-
taining the product P420 are presented in Fig. 7. The CFPP values of
all blends dropped to �20 �C or lower for the additive concentra-
tion equal to 100 mg kg�1. The flow improver Infineum 288
showed a better efficiency for the blends with a high concentration
of the product P420 (30 and 50 wt.%) than for the neat petroleum-
derived diesel fuel and the blend containing only 10 wt.% of P420.
The CFPP of the two last mentioned fuels did not improve after
addition of another 100 mg kg�1. All other blends had the CFPP val-
ues �23 or �24 �C after addition of either of the tested flow
improvers in a concentration of 200 mg kg�1. The flow improver
Infineum 591 showed a comparable efficiency for each of the
tested fuels including the neat petroleum-derived diesel fuel and
the blend containing 10 wt.% of the product P420. The measure-
ments of the low-temperature properties thus proved that all
investigated fuel blends could be labeled as F-grade diesel fuels
after the addition of a suitable flow improver. The results also
demonstrated that when the nature of the hydroprocessing
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roducts changed from n-alkanes to i-alkanes and cycloalkanes,
e efficiency of the flow improvers increased significantly.

. Conclusions

Hydroprocessing of sunflower oil in the temperature range 360–
20 �C yielded hydrocarbon mixtures containing saturated hydro-
rbons with a low concentration of aromatics. The composition

f the products was strongly influenced by the reaction tempera-
re. The concentration of the primary hydrocarbon products of
nflower oil hydroprocessing, n-alkanes C17 and C18, decreased

om 53 to 5 wt.%, when the reaction temperature was increased
om 360 �C to 420 �C. While the concentration of aromatics in
e product obtained at 360 �C was negligible, the product of hydro-

rocessing at 420 �C contained more than 5 wt.% of aromatic
ydrocarbons.

The distillation characteristics and physicochemical properties
f the product obtained at 420 �C were very close to those of a
andard neat petroleum-derived diesel fuel. The product showed

lso excellent low-temperature properties (cloud point �11 �C;
FPP �14 �C) that were further improved by applying flow improv-
rs (CFPP down to�20 �C). It should be emphasized that the supe-
or low-temperature properties were reached without any
parate isomerization process. Moreover, the cetane index of this
iodiesel’’ was still very high – 65 units.
The diesel fuel blends containing from 10 to 50 wt.% of the

roduct of sunflower oil hydroprocessing at 420 �C met the diesel
el specifications. Most importantly, all fuel blends met the winter

iesel specification for grade F after treatment by flow improvers.
he product obtained at 420 �C can thus be considered as an excel-
nt bio-component for the diesel fuel blending.
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6] Šimáček P, Kubička D. Hydrocracking of petroleum vacuum distillate
containing rapeseed oil: evaluation of diesel fuel. Fuel 2010;89:1508–13.

7] Bezergianni S, Dimitriadis A, Sfetsas T, Kalogianni A. Hydrotreating of waste
cooking oil for biodiesel production. Part II: effect of temperature on
hydrocarbon composition. Bioresour Technol 2010;101:7658–60.

8] Hancsók J, Krár M, Magyar S, Boda L, Holló A, Kalló D. Investigation of the
production of high cetane number bio gas oil from pre-hydrogenated

ounts of the product P420 (product of sunflower oil hydroprocessing at 420 �C)
vegetable oils over Pt/HZSM-22/Al2O3. Micropor Mesopor Mater
2007;101:148–52.

9] Neste oil cleans up in biofuels. Focus Catal 2006;7:6.
0] Neste oil. <http://www.nesteoil.com> [access year 2010].

7/7

http://www.nesteoil.com
http://www.nesteoil.com


Hydrocracking of petroleum vacuum distillate containing rapeseed oil:
Evaluation of diesel fuel
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a b s t r a c t

Hydrocracking of pure petroleum vacuum distillate and the same fraction containing 5 wt.% of rapeseed
oil was carried out at 400 and 420 �C and under a hydrogen pressure of 18 MPa over commercial Ni–Mo
catalyst. Reaction products were separated by distillation into kerosene, gas oil and the residue. Fuel
properties of fractions suitable for diesel production were evaluated (gas oils and remixed blends of ker-
osene and gas oil). Gas oils obtained from co-processing showed very good fuel properties as the remixed
distillates did. Gas oil obtained from co-processing at 420 �C showed also reasonable key low-tempera-
ture properties (cloud point: �23 �C, CFPP: �24 �C) similar to those of gas oil obtained from pure petro-
leum raw material processing.

� 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Transformation of vegetable oils into hydrocarbons via hydro-
processing is a promising way for production of renewable
hydrocarbons. They can be used either for production of oxygen-
free biodiesel or as a raw material for petrochemistry [1]. The com-
position of hydroprocessed vegetable oil depends on reaction
conditions and the catalyst used. Hydroprocessing of vegetable oils
is usually carried out in the temperature range of 300–400 �C and
under the hydrogen pressure of 6–20 MPa [2–7]. Traditional hydro-
genation catalysts of the type Ni/Al2O3, Ni–Mo/Al2O3, Co–Mo/Al2O3

or Ni/SiO2 are used [2,3,6,9] for vegetable oil hydroprocessing, but
other types of catalysts have been also proposed [4,5]. The product
generally contains acyclic saturated hydrocarbons having most of-
ten 15–18 carbon atoms in the molecule. The content of cycloal-
kanes is usually not significant and the content of aromatic
hydrocarbons is generally negligible. It is common that the product
contains large amount of C17 and C18 n-alkanes having excellent
cetane number. Thanks to that, such product is to be called as super
cetane diesel [9]. On the other hand, poor low-temperature proper-
ties limit its utilization as a diesel fuel.

There are several ways how to improve low-temperature prop-
erties of hydroprocessed vegetable oil. It seems that routine
treating with ordinary flow-improvers is ineffective [10]. Another

option is a two-stage upgrading. The first stage includes hydropro-
cessing of vegetable oil into n-alkane-rich hydrocarbon mixture.
The mixture is subsequently isomerized to increase the concentra-
tion of i-alkanes in the second stage. Hancsók et al. [11] carried out
hydroprocessing of sunflower oil over conventional hydrotreating
catalyst. Obtained hydrocarbon mixture contained about 90% of
n-octadecane. CFPP of the product was +23 �C. This product was
isomerized over Pt/HZSM-22/Al2O3 catalyst at temperatures 280–
370 �C and under the pressure of 3.5–8 MPa. Optimized final prod-
uct of this two-stage processing contained <30% of n-alkanes. The
product kept its excellent cetane number (>80) and had very
favourable low-temperature properties (CFPP < �15 �C). Two-stage
production of hydrocarbon-based biodiesel has been already com-
mercialized. Finnish company Neste Oil produces such biodiesel
under the commercial name NExBTL [12–14].

Beside separate hydroprocessing of vegetable oil in order to
produce diesel-range hydrocarbons, there is an option of vegetable
oil co-processing with petroleum-derived raw materials. This solu-
tion allows utilization of existing refinery technologies and equip-
ment. On the other hand, the optimization of mixed feed
processing can be difficult. Sebos et al. [15] hydroprocessed desul-
phurized (S < 50 ppm) mineral diesel containing 10 wt.% of cotton-
seed oil. Hydroprocessing was carried out over a commercial
CoMo/Al2O3 and under common hydrotreating conditions (305–
355 �C, 3 MPa). The feed was artificially sulphurized by adding
DMDS. The obtained product containing renewable diesel had a
benefit of +3 cetane units compared to the pure mineral diesel used
as a matrix. The cloud point of the product was the same as cloud
point of the summer-type diesel matrix (0 �C).
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Huber et al. [16] studied hydroprocessing of sunflower oil and
heavy vacuum oil–sunflower oil mixtures (5–50 wt.% of sunflower
oil) over a wide range of reaction temperatures (300–450 �C).
Their experiments were carried out over a NiMo/Al2O3 and under
the pressure of 5 MPa. The total conversion of sunflower oil into
hydrocarbons was observed at a reaction temperature of 350 �C
and above, at which no acidity was detected. Thanks to the wide
range of reaction temperatures general trends of increasing n-al-
kane isomerization and cracking at higher reaction temperatures
were well illustrated as was the increasing decarbonylation/
decarboxylation selectivity. It was found, that desulfurization of
petroleum-derived feed component is significantly slower than
hydrocarbon formation from vegetable oil. However, mixing the
sunflower oil with petroleum-derived feed did not decrease the
rate of desulfurization. Co-processing vegetable oil with conven-
tional petroleum fractions on an industrial scale has been
reported by Petrobras. The process is known under the name
H-Bio [17,18].

Refinery hydroprocessing technologies, thus, seem to be appli-
cable for co-processing of petroleum-derived feeds with vegetable
oils. The vegetable oil component increases firstly the yield of die-
sel fuel. Hydrocracking technologies may be more suitable due to
more severe reaction conditions (firstly higher reaction tempera-
ture) that help producing diesel fuel with better low-temperature
properties. The scope of the present work is evaluation of fuel
properties of diesel obtained by hydrocracking of vacuum distillate
containing 5 wt.% of rapeseed oil.

2. Experimental

2.1. Raw materials

Straight-run vacuum distillate obtained from a petroleum refin-
ery was used as a raw material for hydrocracking experiments. Dis-
tillation characteristics together with some other parameters are
presented in Fig. 1. Pure vacuum distillate was used as a feed for
comparison purposes and for preparation of rapeseed oil/vacuum
distillate mixture. The mixture used as a feed contained 95 wt.%
of vacuum distillate and 5 wt.% of rapeseed oil (food grade, Brokel-
mann & Co. GmbH, Germany). It contained �90 wt.% of unsatu-
rated C18 fatty acids chains, 5 wt.% of palmitic acid chains and
5 wt.% of other acids chains (detailed composition is given else-
where [8]). The water content was 460 mg kg�1. The content of
metals and other heteroatoms in refined rapeseed oil was low (S:
7 mg kg�1; N: 15 mg kg�1, P: <1 mg kg�1; Na: <1 mg kg�1; K:
<1 mg kg�1; Ca: 2 mg kg�1; Mg: 3 mg kg�1).

2.2. Hydrocracking

Hydrocracking of petroleum vacuum distillate and its mixture
with rapeseed oil was performed in a bench-scale flow reactor
equipped with a salt bath heating system. The dimensions of the
reactor were 900 mm (length) and 40 mm (inner diameter). The to-
tal amount of the commercial Ni–Mo catalyst used was 100 g. The
experiments were carried out at 400 and 420 �C under a hydrogen
pressure of 18 MPa. The weight-hourly-space velocity and hydro-
gen-to-liquid feed ratio were 1 h�1 and 1000:1, respectively. The
products were stripped with hydrogen prior to their further
processing.

2.3. Analysis of products

The products of hydrocracking were separated by distillation
into three fractions (two distillates and the residue) in order to ob-
tain fractions suitable for diesel blending. Remixed middle distil-
lates were prepared from kerosene and gas oil in the ratio
corresponding to distillation yield in order to extend the number
of diesel fuels evaluated.

All obtained primary middle distillates were characterized
using simulated distillation performed on the gas chromatograph
TRACE GC 2000 (ThermoQuest, CE Instruments). The chromato-
graph was equipped with an on-column injector, oven cryogenic
cooling and a capillary column Varian WCOT Ulti-metal
(5 m � 0.53 mm i.d.; film thickness 0.17 lm). Helium was used
as the carrier gas (flow: 5 cm3 min�1). The temperature program
was as follows: 2 min at �30 �C, followed by a linear increase at
15 �C min�1–410 �C (5 min). The second distillates (gas oils) were
in addition analyzed by other GC method in order to monitor the
approximate content of n-alkanes. These measurements were car-
ried out on a gas chromatograph HP-6890 equipped with a split-
type injector, FID detector and a J&W capillary column HP-ULTRA
1 (12 m � 0.32 mm i.d.; film thickness 0.52 lm). Nitrogen was
used as the carrier gas in this case (flow: 1 cm3 min�1). The follow-
ing temperature profile was used: 3 min at 60 �C, followed by a lin-
ear increase at 8 �C min�1–280 �C (5 min). Approximate values of
n-alkanes content were calculated from area of the respective n-al-
kane peak and the total area of the chromatogram. Physicochemi-
cal properties of all analyzed fractions were determined using the
standard test procedures designated for diesel fuel and petroleum
products.

3. Results and discussion

3.1. Kerosene fractions

The product of hydrocracking was distilled in order to isolate
diesel fraction from naphtha fraction and from high-boiling hydro-
carbons designated as residue. The yields of distillation are pre-
sented in Table 1. The products contained only a small amount of
light volatile hydrocarbons and the majority of them thus escaped
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Fig. 1. Simulated distillation and other selected parameters of straight-run vacuum
distillate (raw material for hydrocracking).

Table 1
Distillation yields of the products obtained by hydrocracking (at 400 and 420 �C) of
vacuum distillate (VD) and vacuum distillate containing 5 wt.% of rapeseed oil (RO).

Parameter Yield (wt.%)

VD
(400 �C)

VD + RO
(400 �C)

VD
(420 �C)

VD + RO
(420 �C)

Kerosene (1st distillate) 5.3 6.4 18.1 19.8
Gas oil (2nd distillate) 41.9 45.6 53.9 55.4
Residue 52.4 47.2 26.6 23.2
Losses 0.4 0.9 1.4 1.6
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as distillation loss (from 0.4 to 1.6 wt.%). The first distillate obtained
can be consequently denoted as kerosene rather than naphtha (see
Fig. 2). As expected, the distillation profile of kerosene fractions was
not influenced by the presence of rapeseed oil in the feed for hydro-
cracking as the extent of cracking reactions of n-alkanes formed by
rapeseed oil deoxygenation was limited. This can be seen from only
minor increase of the distillate fractions content when 5% of vac-
uum distillate was replaced by rapeseed oil. The reaction tempera-
ture plays, on the other hand, more important role, as can be seen
by the dramatic increase of the kerosene yield when the reaction
temperature was increased from 400 to 420 �C. Similar trend is also
visible for the gas-oil yield. The physicochemical properties of the
obtained kerosene fractions are in agreement with physicochemical
properties typical for hydrocracking products – high-quality low-
sulphur low-aromatic distillates (see Table 2).

3.2. Gas oils (diesel fuels)

The second distillates (gas oils) obtained from the products of
hydrocracking are typical petroleum middle distillates. Their frac-
tion composition matches gas oil having a slightly lower distilla-
tion end point in some cases (Fig. 3). It is obvious that the

reaction temperature influenced, once again, the distillation profile
of the gas oils much more than the presence of rapeseed oil in the
feed for hydrocracking. Nevertheless, it is possible to observe a
slight shift towards higher boiling points in the case of gas oils
originating from the feedstock containing rapeseed oil.

The presence of products of rapeseed oil transformation is
clearly visible on chromatograms (Fig. 4). Rapeseed oil present in
the feedstock was transformed into saturated hydrocarbons having
mainly 17 and 18 carbon atoms. This can be seen from the increase
of n-heptadecane and n-octadecane content in the gas oils, which
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Fig. 2. Simulated distillation of kerosene fractions obtained by hydrocracking
(at 400 and 420 �C) of vacuum distillate (VD) and vacuum distillate containing
5 wt.% of rapeseed oil (RO).

Table 2
Physicochemical properties of ‘‘kerosene fractions” obtained by hydrocracking of
vacuum distillate (VD) and vacuum distillate containing 5 wt.% of rapeseed oil (RO).

Parameter Row material for hydrocracking (reaction
temperature)

VD
(400 �C)

VD + RO
(400 �C)

VD
(420 �C)

VD + RO
(420 �C)

Density at 15 �C (kg m�3) 804 803 790 786
Kin. viscosity at 40 �C (mm2 s�1) 1.15 1.14 1.02 0.98

Distillationa

Initial boiling point (�C) 123 114 94 100
10 wt.% recovered at (�C) 156 153 141 139
50 wt.% recovered at (�C) 185 187 182 177
90 wt.% recovered at (�C) 206 208 206 201
final boiling point (�C) 240 251 236 228
Sulphur (mg kg�1) 4 3 4 4
Nitrogen (mg kg�1) 7 9 1 4

Group-type composition (wt.%)
Saturated hydrocarbons 97.4 98.1 98.0 98.6
Monoaromatics 2.6 1.9 2.0 1.4
Diaromatics <0.1 <0.1 <0.1 <0.1
Polyaromatics (tri +) <0.1 <0.1 <0.1 <0.1

a Data originated from simulated distillation due to the small amount available.
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is particularly significant at the reaction temperature of 400 �C
where cracking and isomerization reactions are not as abundant
as at 420 �C. Due to larger production of i-alkanes at 420 �C, the in-
crease of C17 and C18 n-alkanes content is not so significant, but
still evident. This fact can be also observed in Table 3. Although
the GC determination of n-alkanes in gas oil is not very accurate,
it provides sufficient information for comparison purposes. The
increase of reaction temperature by 20 �C not only increased the
total yield of middle distillates (Table 1), but it simultaneously
caused decrease of n-alkanes content in gas oil originating from
the feed containing rapeseed oil (Table 3). This is desirable, be-
cause low content of n-alkanes is very important for good low-
temperature properties, which are the weak point of hydropro-
cessed vegetable oils.

The content of rapeseed oil and its intermediates (mono- and
diglycerides, alcohols, free fatty acids) could not be determined
due to peak overlapping. Earlier experience with rapeseed oil
hydroprocessing suggests that the most refractory species are tri-
glycerides and free fatty acids [6]. The presence of triglycerides
in the distillation residue is not probable due to high reaction tem-

perature. The same assumption can be applied for free fatty acids
that could be theoretically present in the evaluated gas oils. The
validity of this assumption is supported by low acid numbers of
obtained gas oils (see Table 4), which indicates that there are no
free fatty acids in the products. One of the gas oils showed a
slightly higher acid number, but this fact could not be related to
presence of free fatty acids since the feed for hydrocracking did
not contain rapeseed oil in this case. Physicochemical properties
(Table 4) of gas oils predetermine their utilization as diesel fuel
or as a high-quality diesel fuel component. Their density and vis-
cosity meet European quality requirements except one negligible
deviation in density (815 kg m�3). Raw materials hydrocracked at
420 �C yielded low-aromatic gas oils that fulfilled the current
requirement for sulphur-free diesel. The differences among differ-
ent gas oils in sulphur content and content of aromatics are not too
significant. The cetane index of all gas oils was higher than 60, but
gas oils obtained from feedstock containing rapeseed oil had higher
cetane index than those obtained from pure mineral oil by 2–3 ce-
tane index units. The relatively high flash point of all samples was
due to their higher beginning of distillation.

In contrast to the other parameters, the low-temperature prop-
erties were strongly influenced by the presence of rapeseed oil in
the feed. The gas oils obtained from raw material containing rape-
seed oil had significantly worse low-temperature properties than
those prepared from rapeseed oil-free feed (Table 4) in all cases,
which can be attributed to the higher content of n-alkanes in these
products. The reaction temperature played an important role par-
ticularly in gas oils originating from rapeseed oil containing feed;
higher reaction temperature (420 �C) improved cloud point, pour
point and CFPP of the gas oil by 9–13 �C in comparison with gas
oil obtained at 400 �C. The favourable influence of higher reaction
temperature is probably caused by larger formation of i-alkanes
from dominant n-alkanes (n-heptadecane an n-octadecane) origi-
nating from rapeseed oil. On the other hand, the difference in
low-temperature properties of gas oils obtained from rapeseed
oil-free feed was less significant (from 1 to 6 �C).

Table 3
Approximate content of key n-alkanes (wt.%) in gas oils obtained by hydrocracking (at
400 and 420 �C) of vacuum distillate (VD) and vacuum distillate containing 5 wt.% of
rapeseed oil (RO).

n-alkane Content (wt.%)

VD
(400 �C)

VD + RO
(400 �C)

VD
(420 �C)

VD + RO
(420 �C)

n-C15 0.5 0.7 0.7 0.8
n-C16 0.5 0.7 0.5 0.6
n-C17

a 0.6 2.8 0.5 1.5
n-C18

a 0.6 3.7 0.5 1.6
n-C19 0.3 0.3 0.3 0.4
n-C20 0.3 0.3 0.3 0.2

a Main products of rapeseed oil hydroprocessing.

Table 4
Physicochemical properties of gas oils obtained by hydrocracking of vacuum distillate (VD) and vacuum distillate containing 5 wt.% of rapeseed oil (RO).

Parameter Row material for hydrocracking
(reaction temperature)

EN 590 (temperate climate)

VD
(400 �C)

VD + RO
(400 �C)

VD
(420 �C)

VD + RO
(420 �C)

Density at 15 �C (kg m�3) 833 830 821 815 820–845
Kin. viscosity at 40 �C (mm2 s�1) 3.62 3.85 2.94 2.78 2.00–4.50

Distillation
At 250 �C recovered (vol.%) 13 9 30 26 <65
At 350 �C recovered (vol.%) 98.5 98.4 99.0 99.0 >85
95 vol.% recovered at (�C) 339 346 318 326 <360
Flash point in closed cup (�C) 101 105 97 95 >55
Cetane index 60.5 63.9 61.2 63.6 >46
Sulphur (mg kg�1) 15 13 8 10 <10
Nitrogen (mg kg�1) 9 11 6 10 –
Water (mg kg�1) 20 10 20 10 <200

Group-type composition (wt.%)
Saturated hydrocarbons 93.8 96.0 94.6 95.7 –
Monoaromatics 5.5 3.5 4.8 3.9 –
Diaromatics 0.6 0.5 0.6 0.4 <11
Polyaromatics (tri +) <0.1 <0.1 <0.1 <0.1
Acid number (mg KOH g�1) 0.14 0.02 0.01 0.01 –
Copper corrosion Class 1 Class 1 Class 1 Class 1 Class 1

Low-temperature properties
Cloud point (�C) �24 �10 �23 �23 <�8a

CFPP (�C) �25 �13 �29 �24 <(+5 to �20)b

Pour point (�C) �41 �17 �47 �26 –

a F grade diesel.
b Maximum values for grade A, B, C, D, E and F are +5, 0, �5, �10, �15 and �20 �C, respectively.
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As the kerosene fraction is also a middle distillate used for die-
sel production, remixed middle distillates were prepared and eval-
uated as a diesel fuel too. The remixed distillates were blended
from the appropriate kerosene and gas oil in the ratio correspond-
ing to the distillation yields. The physicochemical properties of re-
mixed distillates are presented in Table 5. Addition of kerosene
caused, as expected, decrease of flash point, which was still within
the limits specified by the European standard for diesel fuel, in-
crease of the volume recovered at 250 �C (satisfactory) and slight
decrease of density and cetane index. On the other hand the low-
temperature properties were improved.

Providing that more than 80% of rapeseed oil mass is trans-
formed into hydrocarbons from gas oil range (gas oil formed about
50 wt.% of the product), gas oil obtained at reaction temperature
420 �C contains about 8 wt.% of ‘‘full-energy” hydrocarbon-based
biodiesel. In fact, a part of rapeseed oil mass is transformed also
into lighter hydrocarbons due to cracking reactions. Nevertheless,
remixed middle distillate obtained at 420 �C still contained more
than 5 wt.% of ‘‘biohydrocarbons”. The low-temperature properties
of gas oil and remixed middle distillate seem to be reasonable if
evaluated as diesel fuel.

4. Conclusions

Hydrocracking of petroleum vacuum distillate containing
5 wt.% of rapeseed oil yielded high-quality hydrocarbon middle
distillates suitable for diesel fuel production. Obtained gas oils
contained more than 5 wt.% of hydrocarbon-based biodiesel. The
products contained neither free fatty acids nor triglycerides (prod-
ucts of incomplete transformation of rapeseed oil into hydrocar-
bons). The product of co-processing obtained at 400 �C (18 MPa)
contained significantly larger amount of n-alkanes C17 and C18

than the product obtained from rapeseed-oil-free raw material.
The high concentration of n-alkanes resulted in worse low-tem-
perature properties of co-processed product. Larger formation of
i-alkanes at 420 �C decreased the content of n-heptadecane and
n-octadecane in the co-processed product. Consequently, the key

low-temperature properties of this product were significantly
improved (cloud point: �23 �C, CFPP: �24 �C). It seems that joint
hydrocracking of petroleum raw material and vegetable oil can be
a promising alternative to produce green diesel using existing
refinery technologies. There was not observed any significant
deactivation of the catalyst used in this study, however, a more
detailed investigation of hydrocracking catalyst deactivation dur-
ing co-processing of petroleum fractions with vegetable oils is
needed.

Acknowledgement

This work was supported by Ministry of Education, Youth and
Sports of the Czech Republic under the Agreement No. MSM
6046137304 and by the Ministry of Industry and Trade of the
Czech Republic (Project FT-TA3/074).

References
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a b s t r a c t

This paper deals with the hydroprocessing of rapeseed oil as a source of hydrocarbon-based biodiesel.
Rapeseed oil was hydroprocessed in a laboratory flow reactor under four combinations of reaction con-
ditions at temperatures 310 and 360 �C and under hydrogen pressure of 7 and 15 MPa. A commercial
hydrotreating Ni–Mo/alumina catalyst was used. Reaction products contained mostly n-heptadecane
and n-octadecane accompanied by low concentrations of other n-alkanes and i-alkanes. Reaction product
obtained at 360 �C and 7 MPa was blended into mineral diesel fuel in several concentration levels ranging
from 5 to 30 wt.%. It was found, that most of the standard parameters were similar to or better than those
of pure mineral diesel. On the other hand, low-temperature properties were worse, even after addition of
high concentrations of flow improvers.

� 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Hydroprocessing of vegetable oils allows easy transformation of
fatty acid triglycerides into hydrocarbons. Three most important
reactions take place during hydroprocessing of vegetable oil [1]:

(i) Hydrogenation of double bonds present in unsaturated
chains of bonded fatty acids.

(ii) Hydrodeoxygenation (HDO), which results in removal of
oxygen atoms from carboxylic group in the form of water.

(iii) Hydrodecarboxylation (HDC), which leads to elimination of
carboxylic group in the form of carbon dioxide.

It was found that hydrogenation of double bonds precedes HDO
and HDC reactions [1]. HDO and HDC of saturated triglycerides
proceed at different reaction rates, which depend on reaction con-
ditions and type of catalyst used. The changes in the respective
reaction rates can be observed by the changing ratio of the princi-
pal products, i.e. n-octadecane in the case of HDO and n-heptadec-
ane in the case of HDC. In general, the main reaction products of
vegetable oil hydroprocessing are thus n-alkanes having the same
carbon atom number as fatty acids present in the original vegeta-
ble oil (HDO) and n-alkanes with the carbon atom number lower
by one as compared to the carbon atom number of fatty acids in
the original vegetable oil (HDC). Hydroprocessing of common veg-

etable oils (rapeseed, sunflower, soybean and palm oil) leads to
hydrocarbon mixtures, in which n-alkanes C15 to C18 are predomi-
nant [2–4].

Reaction conditions and type of catalyst also influence the ex-
tent of side reactions leading to formation of i-alkanes, cycloal-
kanes and aromatics [2,4]. Cracking of the hydrocarbon chains is
usually negligible. The vegetable oil hydroprocessing [5] is some-
times referred to as hydrogenation [6] or hydrocracking [2,3].
However, the term hydrogenation can be misleading, because it
has a different meaning in food industry. During this process the
unsaturated chains of fatty acids are hydrogenated and become
saturated while the structure of triglycerides remains unchanged.
The term hydrocracking may also not be completely exact, because
cracking of carbon–carbon bonds occurs only in some cases (HDC)
and generally at the carbon atom carrying oxygen-functional
group. Therefore, we will denote the set of reactions in this reac-
tion system as hydroprocessing and the individual reactions will
be referred to as hydrodeoxygenation (HDO) and hydrodecarboxy-
lation (HDC) throughout the article.

From the refinery point of view, all hydrocarbons present in
hydroprocessed vegetable oil belong to middle distillates and are
thus suitable for production of diesel fuel. Hydroprocessed vegeta-
ble oil can be, hence, called hydrocarbon-based or oxygen-free bio-
diesel. Oxygen-free biodiesel eliminates some drawbacks of the
traditional FAME-type biodiesel relating mostly to fuel stability.
Car manufacturers would probably also prefer hydrocarbon-based
biodiesel to FAME as it offers full compatibility with current diesel
fuel for which the diesel engine systems are optimized. Moreover,
the content of such bio-component in diesel fuel could be much
higher than 5 vol.% permitted currently for FAME concentration
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in diesel in Europe without negative impacts on engine operation.
Thanks to its high content of n-alkanes, oxygen-free biodiesel has
an excellent cetane number ranging from 55 to 90 [5] depending
on degree of branching. The worsened low-temperature properties
seem to be the only disadvantage in comparison with FAME-type
biodiesel. Low-temperature properties can be improved either by
choice of proper catalyst and reaction conditions or by isomerisa-
tion [7,8] following the hydroprocessing. It is also possible to use
existing refinery technologies for co-processing of vegetable oil
and petroleum feedstock. The most promising way is perhaps the
addition of vegetable oil into feedstock for hydrocracking or hydro-
treating [9,10].

Commercial production of hydrocarbon-based biodiesel from
vegetable oil has been recently incorporated in petroleum refinery.
Finnish company Neste Oil operates two vegetable oil hydropro-
cessing units with capacity 170 kt/y each in its refinery in Porvoo.
Two world-scale plants, in Singapore and Rotterdam, with capacity
800 kt/y each are under construction [8,11,12]. The production of
biodiesel takes place in two stages. Product of vegetable oil hydro-
processing (stage 1) proceeds to an isomerisation unit (stage 2)
where its low-temperature properties are improved. The final
product called NExBTL is used as renewable component for pro-
duction of diesel fuel. Neste Oil guarantees that its Neste Green
diesel, which suits all diesel engines, contains at least 10% of
NExBTL.

The paper summarizes some fuel properties of hydroprocessed
rapeseed oil obtained at various reaction conditions using com-
mercial Ni–Mo catalyst. Furthermore, fuel properties of mixed
fuels containing the selected hydroprocessed rapeseed oil (5–
30 wt.%) and mineral diesel are reported and discussed. This work
is a logical continuation of the recent experiments aimed at reac-
tion mechanism description and determination of detailed compo-
sition of reaction products [4,13].

2. Experimental

2.1. Hydroprocessing

Hydroprocessing of rapeseed oil was performed in a bench scale
flow reactor equipped with a salt bath heating system. The exper-
imental set-up is schematically depicted in Fig. 1. All the feed and
product lines were heated to prevent feed and product solidifica-
tion in the lines. The liquid products were stripped with hydrogen

prior to sample collection (not shown in Fig. 1). The dimensions of
the reactor were 900 mm (length) and 40 mm (inner diameter).
The total amount of the catalyst used was 100 g. The composition
of the commercial hydrotreating Ni–Mo/alumina catalyst was as
follows: NiO – 3.8 wt.%, MoO3 – 17.3 wt.% and P2O5 – 6.7 wt.%. Ra-
peseed oil used as raw material had food quality (S: 3 mg kg�1; P:
<0.5 mg kg�1; Na: 5 mg kg�1; K: 2 mg kg�1; Ca: 4 mg kg�1; Mg:
<0.5 mg kg�1). The liquid feed flow and hydrogen flow was
100 g h�1 and 0.1 Nm3 h�1, respectively. The WHSV and gas-to-
oil ratio were thus 1 h�1 and 920 Nm3/Nm3, respectively. The reac-
tion products were collected during the hydroprocessing of rape-
seed oil at two temperature levels, 310 and 360 �C, and at two
hydrogen pressure levels, 7 and 15 MPa.

2.2. Analysis of products

After separation of aqueous and organic phases, the reaction
products were analyzed by gas chromatography. A gas chromato-
graph, model HP-6890 (Agilent), was used for all chromato-
graphic measurements. Gaseous products and all organic liquid
products were analyzed by gas-chromatographic methods pro-
posed in recent work [4]. Physiochemical properties of the or-
ganic liquid products and mixed fuels were determined using
standard test procedures designated for diesel fuel or petroleum
products.

2.3. Mixing of product with mineral diesel fuel

Organic liquid product (OLP) obtained by hydroprocessing of ra-
peseed oil at 360 �C and 7 MPa was chosen for preparation of
blends with mineral diesel fuel. The mineral diesel fuel was ob-
tained from a refinery and it had low sulfur content (10 mg kg�1).
Furthermore, it did not contain FAME or any additives. All moni-
tored physiochemical properties of this basic mineral diesel corre-
sponded to the properties of a commercial diesel fuel before final
additivation. Four diesel blends containing 5, 10, 20 and 30 wt.%
of OLP, respectively, were prepared and evaluated as commercial
diesel fuel according to the European standard EN 590. These
mixed fuels were then separately treated with flow improvers Ker-
oflux� 3566 (BASF) and Infineum R 288 (Infineum) in concentra-
tion ranges of 10–500 mg kg�1 to evaluate their impact on low-
temperature properties of the blends.
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Fig. 1. A schematic figure of the bench scale reactor.
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3. Results and discussion

3.1. Composition of reaction products

Hydroprocessing of rapeseed oil yielded water, gaseous hydro-
carbons and organic liquid product (OLP). The conversion of rape-
seed oil was >99% at 310 �C and complete conversion was achieved
at 360 �C. The yields of the main products were as follows: OLP –
83 wt.%, water – 11 wt.% and gaseous hydrocarbons 6 wt.%. Beside
hydrogen, the reaction gas contained mainly propane (0.8–
2.5 vol.%) and small amounts of carbon dioxide (0.05–0.3 vol.%),
carbon monoxide (up to 0.5 vol.%) and methane.

All OLPs were colourless or slightly yellowish liquids with den-
sity around 770 kg m�3 at 40 �C. However, in the temperature
range of 20–30 �C they became solids. The composition of OLPs is
presented in Table 1. It is evident, that OLP is a mixture of satu-
rated, in particular non-branched, hydrocarbons. Two hydrocar-
bons – n-heptadecane and n-octadecane – represent more than
75 wt.% of OLP in all cases. Besides other n-alkanes, the OLPs con-
tained also i-alkanes and smaller amounts of cycloalkanes. Forma-
tion of i-alkanes was observed to increase with increasing reaction
temperature and pressure. Aromatics were found in OLPs only in
trace amounts (<0.1 wt.%) in some cases. The OLPs obtained at
310 �C contained small amounts (up to 2 wt.%) of reaction interme-
diates (mainly stearic acid) and reactants. Traces of n-octadecanol,
another reaction intermediate, was also observed, but only in one
of the products. On contrary, the OLPs obtained at 360 �C contained
no oxygenated compounds and they can be, thus, denoted as oxy-
gen-free hydrocarbon mixtures.

3.2. Physiochemical properties

The composition of OLPs determines their boiling point range.
Narrow range of carbon atom numbers of dominant hydrocarbons
causes the flat shape of distillation curve. Approximately 80% of
each product distilled at a boiling point of about 300–310 �C (see
Fig. 2), which is the boiling point falling into the diesel fuel distil-
lation range. Density and kinematic viscosity of OLPs showed also
values acceptable for diesel fuel although the density of OLPs was a
little lower than that of diesel (see Table 2). However, this issue can
be easily solved by blending with a suitable heavier fraction. Typ-
ical composition of hydroprocessed rapeseed oil leads to high cal-
culated cetane index of all prepared OLPs. It is expected that cetane
number can reach or even exceed the value of 100, as the calcu-
lated cetane index does. Other monitored parameters (sulfur,
water and flash point) also satisfied the demands for diesel fuel.

Products obtained at 310 �C showed increased acid number, prob-
ably due to carboxylic acid content (see Table 1 and 2).

The main disadvantage of OLPs as a potential component of die-
sel fuel consists in their poor low-temperature properties. All low-
temperature parameters (cloud point, pour point and cold filter
plugging point) fell into the range of +20 to +30 �C (Table 2). Utili-
zation of such a kind of diesel fuel in the pure form would be very
problematic even in countries with hot climate.

3.3. Mixed diesel fuels

The product obtained by hydroprocessing of rapeseed oil at
360 �C and 7 MPa was chosen for mixing with mineral diesel fuel.
Neither reactants nor intermediates were detected in OLPs

Table 1
Composition (wt.%) of organic liquid products obtained under various reaction
conditions (temperature and pressure).

Component Reaction conditions

310 �C,
7 MPa

310 �C,
15 MPa

360 �C,
7 MPa

360 �C,
15 MPa

n-alkanes 6 n-C16 5.0 4.9 5.8 6.3
n-heptadecane 18.4 10.5 24.9 24.9
n-octadecane 70.6 78.2 58.1 51.8
n-alkanes > n-C18 3.3 3.2 4.5 3.6
Other hydrocarbonsa 1.1 2.3 6.7 13.4
Palmitic acid (C16:0) – – – –
Stearic acid (C18:0) 0.6 0.6 – –
n-octadecanol – 0.1 – –
Monoglycerides 0.1 0.1 – –
Diglycerides 0.1 – – –
Triglycerides 0.8 0.1 – –

a This group includes all hydrocarbons except n-alkanes (contains more than 90%
i-alkanes C16–C18).
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Fig. 2. Distillation curves of organic liquid products obtained under various
reaction conditions.

Table 2
Physiochemical properties of organic liquid products obtained under various reaction
conditions.

Parameter Reaction conditions

310 �C,
7 MPa

310 �C,
15 MPa

360 �C,
7 MPa

360 �C,
15 MPa

Density at 40 �C
(kg m�3)a

772
(788b)

771 (787b) 771
(787b)

770 (786b)

Kin. viscosity at 40 �C
(mm2 s�1)

4.15 4.11 3.92 3.82

Distillation
At 250 �C recovered

(vol.%)
<5 <5 <5 <5

At 350 �C recovered
(vol.%)

>95 >95 >95 >95

95 vol.% recovered at
(�C)

339 330 344 323

Flash point in closed
cup (�C)

>128 >128 125 120

Cetane indexc 103 105 103 103
Sulfur (mg kg�1) 9 9 10 10
Nitrogen (mg kg�1) 11 11 11 11
Water (mg kg�1) 95 95 66 42
Acid number

(mg KOH g�1)
0.54 0.65 0.06 0.05

Low-temperature properties
Cloud point (�C) 26–28 28–30 25–27 23–25
CFPP (�C) >20 >20 >20 >20
Pour point (�C) 28 29 25 23

a Solid nature of the sample did not allow to measure its standard density at
15 �C.

b Approximate values (density at 15 �C was calculated from density at 40 �C
taking the sample as homogenous liquid).

c Cetane index calculated with the estimated density at 15 �C.
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processed at 360 �C. While the low-temperature properties of the
products processed at 7 and 15 MPa were comparable, hydropro-
cessing at the lower pressure would be the preferable technologi-
cal solution. Addition of OLP into mineral diesel results in a shift of
the distillation curve toward to higher boiling points (see Fig. 3).
The shift is in the middle part of the curve and therefore it does
not influence negatively the key points of distillation curve. All
measured physiochemical properties of mixed fuels containing
various amount of hydroprocessed rapeseed oil are presented in
Table 3. Viscosity and density of mixed fuels corresponded to EN
590 standard requirements with one exception of a little deviation
in density (for the mixed fuel containing 30 wt.% of OLP). Flash
points of mixed fuels were comparable or slightly higher than that
of basic mineral diesel. Mixed fuels had, however, significant ben-
efit in the calculated cetane index, which linearly increased from
52 (pure basic mineral diesel) up to 66 units (mixed fuel containing
30 wt.% of OLP). Similar increase of cetane number can be
expected.

As expected, the addition of OLP worsened the low-temperature
properties of the mixed fuels in comparison with the basic mineral
diesel. The increase of cloud point and CFPP seems to be negligible
(not more than 2 �C) for fuels containing up to 10 wt.% of OLP.
However, higher concentration of OLP in the mixed fuel caused a
more significant increase (5–12 �C) of all key low-temperature
parameters. After evaluation of the fuels without additives, the
performance of two different flow improvers (Keroflux 3566 by
BASF and Infineum R 288 by Infineum) was investigated. The re-
sults of CFPP measurements of the mixed fuels treated with vari-

ous concentrations of additive Keroflux� 3566 (BASF) are
presented in Fig. 4. While CFPP of pure basic mineral diesel
dropped according to expectations, the additive showed negligible
efficiency in mixed fuels. While CFPP of the basic mineral diesel
dropped from original �12 to �27 �C for additive concentration
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Fig. 3. Distillation curves of mixed fuels containing various amount of organic
liquid product (hydroprocessed rapeseed oil processed at 360 �C and 7 MPa).

Table 3
Physiochemical properties of mixed fuels containing various amount of organic liquid product (hydroprocessed rapeseed oil processed at 360 �C and 7 MPa).

Parameter Content of the product (wt.%) EN 590 (temperate climate)

0 5 10 20 30

Density at 15 �C (kg m�3) 829 826 824 820 816 820–845
Kin. viscosity at 40 �C (mm2 s�1) 2.35 2.44 2.50 2.63 2.76 2.00–4.50
Distillation
At 250 �C recovered (vol.%) 48 45 42 36 27 <65
At 350 �C recovered (vol.%) 95 95 95 95 95 >85
95 vol.% recovered at (�C) 351 350 352 350 352 <360
Flash point in closed cup (�C) 72 72 73 74 76 >55
Cetane index 52.1 54.3 56.7 60.6 65.7 >46
Sulfur (mg kg�1) 10 10 10 10 10 <10
Nitrogen (mg kg�1) 37 36 34 32 29 –
Water (mg kg�1) 40 41 43 45 48 <200
Low-temperature properties
Cloud point (�C) �9 �8 �7 �1 +3 <�8a

CFPP (�C) �12 �12 �10 �7 �3 <(+5 to �20) b

Pour point (�C) �12 �12 �9 �9 �3 –

a Grade F diesel.
b Maximum values for grades A, B, C, D, E and F is +5, 0, �5, �10, �15 and �20 �C, respectively.
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200 mg kg�1, the same concentration of additive in mixed fuels did
not improve CFPP more than by 5 �C. Although CFPP of untreated
mineral diesel and mixed fuel containing 5 wt.% of OLP were the
same, basic mineral diesel became F-grade diesel after addition
of 100 mg kg�1 of flow improver. On the other hand, not even
500 mg kg�1 changed the grade of mixed fuels. Mixed fuels con-
taining from 5 to 30 wt.% of OLP could be labeled only as E-grade
to B-grade diesel. Hence, there is no benefit in treating the mixed
fuels with ordinary commercial flow improvers, as similar results
were obtained when using additive Infineum R 288 (see Fig. 5).
Nevertheless, it is possible that some kind of tailored flow impro-
ver could be more effective.

4. Conclusions

Hydroprocessing of rapeseed oil at 360 �C and 7 and 15 MPa
yielded oxygen-free hydrocarbon mixtures. Only trace amounts
of reactants and intermediates were observed in products obtained
at 310 �C. The organic liquid products (OLPs) contained acyclic sat-
urated hydrocarbons having carbon atom number ranging from
about 14 to 20, where n-alkanes C17 and C18 formed more than
75 wt.% of the product. The composition and physiochemical prop-
erties of hydroprocessed rapeseed oil predetermine this product as
a high cetane diesel fuel, but its poor low-temperature properties
(pour point higher than +20 �C) prevents its utilization in the pure
form.

Mixed diesel fuels containing from 5 to 30 wt.% of OLP (ob-
tained at 360 �C and 7 MPa) met the European diesel fuel specifica-
tion EN 590. The greatest benefit of the mixed fuels is probably the
increase of the cetane index (by 2–14 units). On the other hand, the
flow improvers used were shown to be ineffective in lowering
CFPP. The mixed fuels thus met only diesel grade specifications
B, C, D and E, respectively, while the basic mineral diesel treated
with flow improvers met F-grade specification (EN 590) easily.
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This paper deals with the hydroprocessing of rapeseed oil representing a perspective technological way
for production of biocomponents in diesel fuel range. Rapeseed oil was hydroprocessed at various tem-
peratures (260–340 �C) under a pressure of 7 MPa in a laboratory flow reactor. Three Ni–Mo/alumina
hydrorefining catalysts were used. Reaction products were analyzed using several gas-chromatographic
methods. Reaction products contained water, hydrogen-rich gas and organic liquid product (OLP). The
main components of OLP were identified as C17 and C18 n-alkanes and i-alkanes. At a low reaction tem-
perature, OLP contained also free fatty acids and triglycerides. At reaction temperatures higher than
310 �C, OLP contained only hydrocarbons of the same nature as hydrocarbons present in diesel fuel. Influ-
ence of reaction temperature and catalyst on the composition of reaction products is discussed.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

There are only a few types of liquid fuels produced from bio-
mass, which are commercially used as motor fuels. Bioethanol is
used either as a component of motor gasoline (up to 5 or
10 vol.%) or as special gasoline–ethanol blends (E85). Bioethanol
is also used in the form of ethyl tert-butyl ether (ETBE) as a com-
ponent of motor gasoline (up to 15 vol.%). Strongly additived etha-
nol is also used as fuel for special designed diesel engines. Several
recent studies also deal with idea of large production of biobutanol
instead of bioethanol.

Fatty acid methyl esters (FAME), or biodiesel, are the other
group of widely used biofuels. FAME is produced by transesterifica-
tion of vegetable oils with methanol. Besides rapeseed oil used in
Europe, there are other oils used for production of FAME (soybean
oil, sunflower oil, palm oil, etc.). In principle, it is possible to use
also waste cooking oil or animal fats. All fats mentioned above
are chemically based on triglycerides of fatty acids, which can be
transesterified to FAME. FAME is used either in pure form, or in
mixtures with mineral diesel or as a component of ordinary com-
mercial diesel fuel according to EN 590 (FAME content up to
5 vol.%). Furthermore, biodiesel can be produced from oils and fats
also by transesterification using bioethanol. Obtained product,
fatty acid ethyl esters (FAEE), have similar properties like FAME.
All rights reserved.

ax: +420 476 768 476.
Šimáček), david.kubicka@-
Production of FAEE was commercialized in Brasil [1] where FAEE
is produced from waste feedstock (tallow, free fatty acids).

Although FAME has been used as diesel fuel for many years, the
use of FAME is connected with some problems as compared to the
use of petroleum-based diesel fuel. FAME damages some construc-
tion materials of the fuel system (seals). Detergent properties of
FAME cause elution of impurities and plugging of some parts of
the fuel system. This phenomenon is significant especially when
changing mineral diesel fuel for diesel fuel containing FAME. FAME
also tends to form sludge and deposits, especially during long-term
storage no matter whether pure FAME or diesel fuel containing
FAME are stored. High content of FAME in diesel fuel or combus-
tion of pure biodiesel usually leads to faster degradation of motor
oil. Relatively high solubility of water in FAME can cause larger cor-
rosion of metal parts in comparison to mineral diesel fuel. Majority
of the negative effects of FAME usage can be minimizing the con-
tent of FAME in diesel fuel. On the other hand, small content of
FAME inhibits its larger utilization. Beside FAME production, there
are other possibilities of vegetable oil processing for motor fuel
production.

The beginning of thermo-catalytic processing of vegetable oil
dates back to twenties of 20th century. The first catalysts used
for cracking in gas phase were MgO, Al2O3, CaO and Cu. Chlorides
of Zn, Cu and Ba were used for cracking in liquid phase. The pro-
cesses were carried out at temperatures 400–450 �C [2–4]. Vegeta-
ble oil was cracked in large scale in China during world war II.
Acidic (AlCl3) and basic (MgO, CaO, NaOH) catalysts were used in
batch reactors [5]. Catalysts based on silica–alumina and zeolites
(e.g. HZSM 5, Pd/HZSM 5, H-Y) have been used in more recent
works aimed at development of new catalysts [6–9]. Some modern
1/5
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Table 1
The list of the catalysts used.

Content (wt.%) Catalyst

Aa B C

NiO 3.8 2.6 2.6
MoO3 17.3 15.7 8.8

a Catalyst A contained 6.1 wt.% of P2O5.
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chnologies use also catalytic hydroprocessing. All thermo-cata-
tic processing of vegetable oil has been carried out with the
tention to produce alternative motor fuels, namely gasoline
d diesel.
Three main concepts are described in the literature: hydropro-

ssing (hydrogenolysis), catalytic cracking and thermal cracking.
ith respect to the fractional composition, products of thermo-
talytic cracking represent a suitable alternative to gasoline
ther than to diesel. Even if the catalytic cracking process is opti-
ized the yields of ‘‘biodiesel” are relatively low. Furthermore,
ese products often contain carboxylic acids and other oxygen-
es, which could complicate their use both with respect to their
orage and distribution and also with respect to their combustion
engines [10–14]. On the other hand, hydroprocessing provides

gh conversion of vegetable oils as well as high yields of hydrocar-
n middle distillates, which can be used as an alternative diesel
el. Due to high cetane number in the range from 55 to 90 [15]
e such fuels sometimes called ‘‘super cetane diesel”. Possible
awback of such fuels is their somewhat worse low-temperature
operties.
Papers discussing hydroprocessing of vegetable oils agree on

e composition of the relatively simple mixture of reaction prod-
ts. The main product of hydroprocessing of vegetable oils is a
ixture of n-alkanes and the most represented ones are those from
C15 up to n-C18 [16,17]. There is also small amount of free car-
xylic acids in reaction products in some cases. Several reactions

ke place during vegetable oil hydroprocessing: hydrogenation of
uble bonds in alkyl chains of fatty acids, decarboxylation and
carbonylation or reduction of carboxylic acids. Besides main
actions mentioned above, cyclization and aromatization reac-
ons can take place [16].

Gusmao et al. [17] and da Rocha Filho et al. [16] studied exten-
vely the transformation of vegetable oils on sulfide catalysts un-
r hydrogen pressure. Gusmao et al. investigated hydrocracking
soy and babassu oils in a batch reactor at temperatures 350–
0 �C and at hydrogen partial pressures 1–20 MPa. They used sul-
ed Ni–Mo/c-Al2O3 and reduced Ni/SiO2 catalysts. They found
at only double bonds were hydrogenated in soy oil at low reac-

on temperatures (less than 200 �C) and corresponding saturated
iglycerides, i.e., tristearin and tripalmitin, were formed. The
composition of triglycerides accompanied by the hydrogenation
the decomposition products was observed at temperatures

ove 290 �C. In contrast to reduced Ni catalyst, sulfided Ni–Mo
talysts requires higher reaction temperatures (in the range of
0–280 �C) to achieve double bond hydrogenation. On the other
nd, the transformation of the carboxylic groups is achieved un-
r similar reaction temperatures (around 300 �C) on both cata-

sts [17]. The main reaction products are, for both catalysts,
iphatic hydrocarbons that correspond either to products of total
drogenation, i.e. they have the same carbon number as the acids,
hydrodecarboxylation, i.e. their carbon atom number is smaller
one than the corresponding carboxylic acid. If the reaction con-

tions are enough severe, all carboxylic acids (reaction intermedi-
es) converted into the hydrocarbons. Almost no cracking of the
drocarbon chains was observed.
Da Rocha Filha et al. [16] studied hydrogenation of vegetable

ls on Ni–Mo/c-Al2O3. In addition to decomposition of soy oil,
e authors investigated hydrogenolysis of special vegetable oils,
ch as maracuja, buritim tucha and babassu oils. The main reac-

on products were corresponding n-alkanes (66–76 wt.%) after
h at 360 �C and 14 MPa (filling pressure of hydrogen at room
mperature) in a batch reactor. The yields of gaseous products
d water were 9–13 and 5 wt.%, respectively. The main gaseous
oduct was CO2 (80 wt.%). The rest was formed by CO and C1–C4

drocarbons. The main reaction product, n-alkanes were accom-
nied in substantial amounts by cycloalkanes (up to 13 wt.%)
ART - 32
d alkylaromatics (up to 4 wt.%). The experimental results sug-
st that cycloalkanes and aromatics are formed due to the pres-
ce of polyunsaturated fatty acids in the triglycerides, mainly
oleic acid that is found particularly in soy and maracuja oils.
e identified cycloalkanes have 18 carbon atoms in the molecule,

hich further confirms the theory of aromatics and cycloalkanes
rmation. The concentration of free fatty acid was low (less than
wt.%).

Hydroprocessing of vegetable oil could become a regular part of
oil refinery in the future. For example Finland’s company Neste-

il [18–21] has completed the construction of a unit for vegetable
l hydroprocessing in Porvoo (Finland). The unit with capacity
0 kt/year has two stages: hydroprocessing of vegetable oils and

omerisation of obtained hydrocarbon product to improve its
w-temperature properties. NesteOil also declared that the emis-
ons of CO2 in this process are lower than emissions coming from
oduction of FAME [22]. Other oil companies are developing their
n solutions as well [23–26].
The paper presents the results of hydroprocessing of rapeseed

l under wide range of reaction temperature using three Ni–Mo
mmercial hydrorefining catalysts. The aim is to describe in detail
e effect of reaction temperature on product distributions in the
ganic liquid product (OLP) as well as in its hydrocarbon fraction.

Experimental

1. Catalysts

Three commercial hydrorefining catalysts with alumina as car-
er were used. List of the catalysts is in Table 1. The catalysts were
tivated before experiments via sulfidation using 5% solution of
methyldisulfide (DMDS) in isooctane. During sulfidation, reac-
on temperature was gradually increased from 210 to 340 �C. This
mperature was kept constant for 4 h. During sulfidation, pressure
d hydrogen flow were kept constant at 5 MPa and 30 Ndm3 h�1,
spectively. The sulfidation process was followed directly by the
periments. Pressure was increased to 7 MPa and injection of
w material was initiated.

2. Hydroprocessing

Hydroprocessing of rapeseed oil was performed in a laboratory
w reactor equipped with electric heating. The inner diameter of
e reactor was 17 mm and the length of the isothermal catalyst
d was about 100 mm. Due to the absence of heated reaction
oducts tank, rapeseed oil (row material) was diluted with an in-
t solvent – isooctane (the volume ratio 1:1) before feed introduc-
on. The reaction was performed with a high surplus of hydrogen

the raw material (1000:1) in the temperature range of 260–
0 �C and at pressure 7 MPa. The feed flow (isooctane/rapeseed

l mixture) was 22 g h�1 at weight hour space velocity of 1 h�1.
A typical experiment with one catalyst took from 70 to 90 h.

uring this time, reaction temperature was decreased from initial
0 to 260 �C in 20 �C steps. Unless the reactor was fouled up, tem-
rature was increased again in two steps to 340 �C. Samples of
action products were collected in 2 h intervals. Three samples
ere collected at each reaction temperature level.
2/5
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2.3. Analysis of products

After separation of the aqueous and organic phases, determina-
tion of volume, density and the composition of organic phase as
well as dissolved-water content were determined. At each temper-
ature level, a representative sample of gas products was also
collected.

All gaseous and organic liquid samples were analyzed using HP-
6890 chromatographs. Gaseous products were analyzed by gas
chromatography using CP Carbobond column (50 m � 0.53 mm
i.d.; film thickness 5 lm) and thermal conductivity and flame ion-
ization detectors. Helium was used as the carrier gas
(8 cm3 min�1). The following temperature profile was used:
5 min at 30 �C, followed by a linear increase at 30 �C min�1 to
180 �C (30 min).

Three different gas-chromatographic (GC) methods were used
to evaluate the liquid organic product (OLP) composition:

1. Products containing only hydrocarbons were analyzed by sim-
ple GC method using split injector and non-polar J&W capillary
column HP-ULTRA 1 (12 m � 0.32 mm i.d.; film thickness
0.52 lm). Nitrogen was used as the carrier gas (1 cm3 min�1).
The following temperature profile was used: 3 min at 60 �C, fol-
lowed by a linear increase at 8 �C min�1 to 280 �C (5 min).

2. The second GC method was selected for samples containing also
other substances than hydrocarbons. The method uses silyla-
tion of substances containing the OH group. Beside hydrocar-
bons, the method also allows to determine carboxylic acids
and alcohols. The procedure is slightly modified method EN
14105 dedicated primarily for determination of free and bound
glycerol in fatty acid methyl esters (FAME). The method uses
derivatization of N-methyl-N-trimethylsilyltrifluoracetamide
(MSTFA) in the presence of pyridine. After silylation and addi-
tion of the internal standard, the sample was dissolved in n-
heptane and analyzed using gas chromatography equipped with
on-column injection (1 ll) and a non-polar J&W capillary col-
umn HP-5 (10 m � 0.25 mm i.d.; film thickness 0.1 lm). Nitro-
gen was used as the carrier gas (2.5 cm3 min�1). The following
three-ramp temperature profile was used: 1 min at 50 �C, fol-
0 5 10 15 20 25 30
Retention time (min)

Si
gn

al

Organic liquid product 

Common diesel fuel

n-C18

FAME 

solvent (isooctane) 

n-C20

n-C17

n-C16

n-C18

n-C17

Fig. 1. Typical chromatograms of organic liquid product (OLP) and common diesel
fuel containing 5 wt.% of fatty acid methyl esters (FAME).
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lowed by a linear increase at 15 �C min�1 to 180 �C, next linear
increase at 7 �C min�1 to 230 �C; the last ramp at 10 �C min�1

(5 min).
3. In order to obtain more detailed information about composition

of identified free and bound fatty acids, the method of esterifi-
cation with subsequent GC analysis was used. Samples were
processed in two steps in a special flask. First, the sample was
hydrolyzed (80 �C, 5 min) by methanolic solution of NaOH.
After hydrolysis the sample was esterified (80 �C, 2 min) using
methanolic solution of BF3. Finally, saturated NaCl solution
was added and the sample was centrifuged. A sample of the
separated top layer was withdrawn and injected into chromato-
graph equipped with split injector and polar (PEG) capillary SGE
column BP-20 (25 m x 0.53 mm i.d.; film thickness 1 lm). The
following temperature profile was used: 1 min at 150 �C, fol-
lowed by a linear increase at 5 �C min�1 to 220 �C (10 min).
Nitrogen was used as the carrier gas (2 cm3 min�1).

3. Results and discussion

3.1. Composition of reaction products

Basic properties and composition of rapeseed oil hydroprocess-
ing products are similar for all catalysts used. Reaction gas always
contained propane (0.8–2.5 vol.%). Traces of methane were de-
tected in some cases only. Other hydrocarbons were not detected
in the reaction gas. As permanent gases are concerned, small
amounts of carbon dioxide (0.05–0.3 vol.%) and carbon monoxide
(0–0.5 vol.%) were detected.

Beside gaseous products and water, the reaction yields an or-
ganic liquid product (OLP). Character of this OLP depended on
the reaction temperature. At low reaction temperatures (260–
300 �C depending on the catalyst used), the products were either
cloudy, or they have a heterogeneous nature of a suspension of
white crystals in liquid. On contrary, the products obtained at reac-
tion temperatures above 300 �C were clear colourless liquids with
density ranging from 730 to 750 kg m�3.

The analyses showed that the clear homogenous OLP represents
a relatively simple mixture containing, beside the inert solvent
(about 50 wt.%), predominantly n-alkanes C15–C18. This suggests
that the solvent is really inert; however it can plausibly suppress
the catalyst deactivation due to the dilution effects. Moreover,
the selectivity to hydrocarbons and oxygenated products was not
affected by the presence of the solvent. Content of individual n-al-
kanes increased in the given line, i.e. the dominant hydrocarbon
was n-octadecane. The main products of rapeseed oil hydropro-
cessing are thus the natural components of conventional diesel fuel
(see Fig. 1). These hydrocarbons, n-alkanes C15–C18, are present in
diesel fuel in the concentration about 0.5–2.5 wt.% each. Selected
properties of the discussed n-alkanes as well as ‘‘classic biodiesel”
Table 2
Selected properties of dominant components of rapeseed oil hydroprocessing
together with parameters of diesel fuel and rapeseed oil methyl esters.

Parameter Main components of OLPa Diesel RMEb

n-C15 n-C16 n-C17 n-C18

Density (kg m�3) at
temp. (�C)

769
(20)

774
(20)

775
(20)

776
(28)

820–845
(15)

820–845
(15)

Boiling point (�C) 271 287 302 316 180–360 320-350
Cetane number 95 100 105 110 51–60 >51
Melting point (�C) 10 18 19 28 �25–0c �20–5c

a Organic liquid product.
b Rapeseed oil methyl esters.
c Common values of CFPP (cold filter plugging point).
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Table 3
Distribution of fatty acids in rapeseed oil (raw material).

Acid Number of carbon atoms: number of double bonds

C14:0 C16:0 C16:1 C18:0 C18:1 C18:2 C18:3 C20:0 C20:1 >C20

Content (wt.%) 0.1 4.8 0.2 1.9 61.9 19.8 9.2 0.6 1.5 0.1
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apeseed oil methyl esters) are presented in Table 2 along with
operties of ordinary commercial diesel fuel. Besides n-alkanes,
e OLPs contained also i-alkanes and small amounts of cycloal-
nes. Aromatics were found in OLP only in trace amounts
0.2%) and only at high reaction temperature.
Furthermore, the GC analysis of heterogeneous samples re-

aled the presence of triglycerides (especially tristearin) and free
rboxylic acids (especially stearic acid). These samples contained
so a small amount of mono- and diglycerides and trace of n-octa-
canol. It is an important finding that molecules of glycerides and

ee fatty acids contained in principle only saturated hydrocarbon
ains. This is in contrast to the raw material for hydroprocessing

apeseed oil) that contained more than 90% of unsaturated fatty
ids (see Table 3). This clearly shows that hydrogenation of dou-
e bonds is the primary reaction. Other reactions, leading to for-
ation of hydrocarbons, follow hydrogenation of triglycerides.
mposition of selected OLP obtained at the two temperature ex-

emes is presented in Table 4.

2. Influence of reaction temperature and catalyst

As expected, the content of reactants and intermediates (mainly
iglycerides and free fatty acids) decreased with increasing reac-
on temperature. This relation is graphically expressed in Fig. 2
r catalyst A. At temperatures higher than about 310 �C, the men-
oned reactants and intermediates were not detected in the reac-
on mixture. As to the other catalysts (B and C), similar trends
ere observed. However the absence of triglycerides and free fatty
ids was observed already at lower reaction temperatures (290–
0 �C).
Reaction temperature has a relatively strong influence on the

tio of n-alkanes with even and odd carbon atom number. This
ct is well documented in Fig. 3, which shows a dependence of
e content of alkanes n-C18 and n-C17 on reaction temperature.
is apparent that as the reaction temperature is increased the con-
te
Th
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te
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te
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mposition of selected OLPs (organic liquid products) – catalyst A.

action temperature 260 �C 340 �C
ture of OLP Heterogeneous Homogeneous
mponent Content (wt.%) Content (wt.%)

ctane (inert solvent used for feed dilution) 41.9 45.6
Alkanes 6 n-C14 1.0 1.2
Pentadecane 0.7 0.2
Hexadecane 1.8 2.1
Heptadecane 4.7 11.6
Octadecane 39.6 27.1
Alkanes P n-C18 1.2 1.4
lkanes a 2.5 10.7

lmitic acid (C16:0) 0.1 <0.05
earic acid (C18:0) 0.6 <0.05
Hexadecanol <0.05 <0.05
Octadecanol 0.1 <0.05
onoglycerides 0.1 <0.05
glycerides 0.2 <0.05
iglycerides 5.5 <0.05
id number (mg KOH g�1) 0.7 <0.1

a GC–MS analysis proved that they are especially C16 up to C18 i-alkanes and a
all or trace amounts of cycloalkanes and aromatics, respectively.

0
250 275 300 325 350

Reaction temperature (°C)

n-heptadecane 

Fig. 3. Content of n-octadecane and n-heptadecane in OLP in dependence on
reaction temperature and the catalyst used (content is calculated on OLP without
inert solvent – isooctane).
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nt of n-heptadecane increases at the expense of n-octadecane.
e content of n-heptadecane linearly increases with temperature
d the trend seems to be very similar for all the catalysts used. On
e other hand, there are larger differences in n-octadecane con-
nt between the catalysts used, especially at the highest reaction
mperature (340 �C).

Similar dependencies can be observed also with respect to pair
alkanes n-C16/n-C15, but differences between the catalysts are
t as prominent. This is probably the result of lower accuracy of
alkane determination resulting from a smaller absolute amount
substances that are being determined (0.2–2.4 wt.%). Neverthe-

ss, the trend of increasing content of n-C15 and decreasing con-
nt of n-C16 can be well seen in Fig. 4. From the composition of
4/5
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the reaction products, it can be deduced that splitting of saturated
triglycerides takes place via two routes. The first one represents
hydrogenation and a breakdown of triglycerides to respective n-al-
kanes with the same carbon atom number as the fatty acids in tri-
glycerides. The second one involves hydrogenation and
decarboxylation of fatty acids resulting in formation of n-alkanes
having one carbon atom less than the respective carboxylic acids.
From Figs. 3 and 4, it is apparent that with increasing reaction tem-
perature decarboxylation comes into play more prominently. Reac-
tion temperature has also a significant influence on the formation
of i-alkanes. On Fig. 5, there is an obvious increase of the i-alkane
content with increasing temperature for all tested catalysts; the
formation of these hydrocarbons was most prominent in the case
of catalyst B. The higher content of i-alkanes is advantageous from
the fuel-use point of view because it could improve low-tempera-
ture properties of the product.

4. Conclusions

It follows from the preliminary experiments of rapeseed oil

temperature and the catalyst used (content is calculated on OLP without inert
solvent – isooctane).
hydroprocessing that at a sufficiently high reaction temperature
(above about 310 �C), the obtained organic liquid product (OLP)
does not contain basically any intermediates nor any remaining
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raw material. It was determined that OLP contained mostly n-al-
kanes n-C18, n-C17. Depending on the type of the used catalyst
and reaction temperature, OLP can also contain a significant
amount of i-alkanes C16–C18 (up to 40 wt.%). Taking into account
the composition of the product, it can be concluded that it is suit-
able as a component for diesel fuel blending. However, further
studies are necessary to verify and possibly adjust some of its fuel
properties such as low-temperature properties, oxidation stability
and corrosion properties, so it could be applied on an industrial
scale.
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Catalytic Transformation of Triglycerides in
Refineries – a Promising Route to Clean
Fuels and Feedstocks for Petrochemicals
VON D. KUBIÈKA, J. LEDERER, Z. BÌLOHLAV*

Abstract
Direct conversion of vegetable oil to hydro-
carbons is a suitable technology not only for
the production of automotive fuels. The
article discusses the basic aspects of rape-
seed-oil hydrotreatment to produce hydro-
carbons and the possibilities to use them as
a feedstock for the production of light
olefins, namely ethene and propene.

Introduction
The use of renewable energy sources includ-
ing biomass has been at the center of scien-
tific attention for many years. It is the result
of the efforts to slow down the rate of accu-
mulation of carbon dioxide in the atmo-
sphere and to ensure further sustainable de-
velopment of the rural areas. Despite the
heated discussion on the sustainability of
biomass exploitation to cover the energetic
needs of the society, it seems that biomass
will become an indispensable supplemen-
tary raw material for production of energy
and chemicals. While electric energy can be
produced from a wide variety of sources be-
sides biomass (e. g. solar, wind, geothermal
and water energy), the only renewable alter-
native for the production of transportation
fuels and chemicals is currently biomass.
It has been previously reported that
hydrotreatment of rapeseed oil over a
sulfided NiMo catalyst yields hydrocarbons
quantitatively at a hydrogen pressure
0.7 MPa and reaction temperatures above
310 °C [1–3]. The main reaction products
were n-heptadecane and n-octadecane.
Their concentrations in the final product
were influenced by reaction conditions – the
concentration of n-heptadecane increased at
the expense of n-octadecane concentration
as a result of the increasing reaction temper-
ature and the decreasing reaction pressure.
Nevertheless, n-octadecane was the main
product over the whole range of investigated
experimental conditions. Based on the com-

position of the liquid and gaseous products,
which consisted predominantly of propane,
methane and carbon oxides, the following
reaction mechanism was proposed (Fig. 1).
The formation of n-C17 and n-C18 is ex-
plained by two parallel competing reactions
– hydrodeoxygenation in which oxygen is
eliminated in the form of water and
octadecane is formed, and hydrodecarboxy-
lation which is characterized by elimination
of CO2 and formation of heptadecane. Prior
to both reactions the double bonds present in
vegetable oil are saturated. Formed CO2 un-
dergoes subsequent hydrogenation yielding
CO and methane.
The aim of the present work is to investigate
the conversion of rapeseed oil over a NiW
hydrotreatment catalyst, particularly the ef-
fects of reaction temperature and pressure
on rapeseed oil conversion and on distribu-
tion of hydrocarbon products. With regard to
the potential industrial application of the
process, the work focuses on upgrading of
the neat hydrocarbons and their mixtures
with crude-oil fractions by steam cracking to
light olefins.

Experimental
The catalytic conversion of rapeseed oil to
hydrocarbons was studied in a bench-scale
experimental unit. The unit consists of an
electrically heated flow reactor of inner di-

ameter equal to 17 mm. There is a thermo-
well (outer diameter 5 mm) placed along the
axis of the reactor containing three thermo-
couples. The position of the thermocouples
is adjustable and they are usually located at
positions corresponding to the inlet, middle
and outlet of the catalyst bed. The outlet
from the reactor can be heated to prevent so-
lidification of reaction products. The experi-
mental unit is equipped with measurement
and control of temperature, pressure and
feed flows (both liquid and gaseous feeds).
Refined rapeseed oil and hydrogen
(99 vol.%) were used as feedstocks. The re-
action was carried under a large molar excess
of hydrogen (100:1) and constant WHSV
equal to 1 h-1. Reaction temperature was var-
ied in the range of 250–310 °C at two pres-
sure levels (0.7 and 7 MPa). A commercial
hydrotreatment NiW catalyst placed in the
isothermal zone of the reactor was employed
in the experiments. The catalyst bed con-
sisted of a mixture of the catalyst and silicon
carbide (1:1 vol./vol.) in order to improve re-
action heat removal and liquid flow distribu-
tion. There was a layer of silicon carbide
above and below the catalyst bed. The cata-
lyst was activated in-situ prior to the experi-
ments by sulfidation using dimethyl disulfide
dissolved in isooctane (5 vol.%) at 350 °C.
The sulfidation temperature was reached by
gradually increasing temperature at a heating
rate less than 30 °C/h under a hydrogen flow.
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Fig. 1 Reaction mechanism of rapeseed oil hydrotreatment [1]
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The liquid products were periodically with-
drawn from the liquid-gas phase separator
that was kept at 80 °C to prevent solidifica-
tion of the products (n-alkanes) and reaction
intermediates (stearic acid, saturated tri-
glycerides) in the separator. These products
were analyzed by gas chromatography after
separation of the water phase. The gaseous
products were analyzed off-line by using a
GC equipped with a three-column system
and two detectors – flame-ionization detec-
tor for hydrocarbons and thermal-conduc-
tivity detector for permanent gases.
Pyrolysis (steam cracking) of hydrocarbons
obtained by hydrogenating rapeseed oil and
of their mixtures with traditional crude-oil-
derived steam-cracking feedstocks was
studied by pyrolysis gas chromatography.
The key feature of this method is the direct
connection of the pulse flow reactor to a
chromatographic column [4]. The pyrolysis
of hydrocarbons takes place in the pyrolysis
reactor that consists of a thin silica glass tube
filled with fine inert silicon carbide powder
(particle size – 0.1 mm). The reactor can be
heated up to 810 °C by the electrical furnace
equipped with precise temperature control.
There is a dosing unit in the upper part of the
reactor that makes it possible to inject gas-
eous, liquid or solid samples together with a
carrier gas. Products and unconverted hy-
drocarbons are then analyzed in two sequen-
tial gas chromatographs allowing separate
analysis of pyrolysis gas (hydrogen and
C1–C4 hydrocarbons), pyrolysis gasoline
(C5–C11 hydrocarbons) and pyrolysis oil (hy-
drocarbons C12+).

Results and Discussion
Total or nearly complete conversion of rape-
seed oil was achieved over NiW catalyst at
reaction temperatures of 280 °C and higher.
The liquid products consisted almost exclu-
sively of n-heptadecane and n-octadecane
(Table 1). On the other hand, lower conver-
sion of triglycerides was observed at 250 °C.
In addition to hydrocarbons, the liquid-
phase products included stearic acid, its es-

ters and other oxygenates. The concentra-
tion of n-octadecane and n-heptadecane (ca.
90 wt.%) corresponds well with the concen-
tration of C18 fatty acids making up triglycer-
ides of rapeseed oil (ca. 93 wt.%). Similarly,
the concentration of n-pentadecane and
n-hexadecane (ca. 5 wt.%) is in good agree-
ment with the concentration of C16 fatty acid
chains in the triglycerides (ca. 6 wt.%). This
agreement suggests indirectly that C16 and
C18 hydrocarbons originate from total hydro-
genation (hydrodeoxygenation) of corre-
sponding fatty acid chains and that C15 and
C17 are formed via a different reaction path-
way which includes the loss of one carbon
atom, e. g. decarboxylation. n-Alkanes were,
however, not the only hydrocarbon products
found. Small amounts of isomers (< 1 wt.%)
of C15–C18 n-alkanes were observed at
310 °C. Moreover, at 0.7 MPa and 310 °C
alkenes were found in the products as well
(ca 1 wt.%).
These results are in a good agreement with
the hydrotreatment of rapeseed oil over
NiMo catalyst [1–3], where the formation of
hydrocarbons was ascribed to hydrode-
oxygenation (hydrocarbons with even num-
ber of carbon atoms) and to hydrodecarb-

oxylation (hydrocarbons with odd number
of carbon atoms). The formation of hydro-
carbons is accompanied by formation of wa-
ter, in the former case, and of carbon diox-
ide, in the latter case. The share of these re-
actions is significantly influenced by reac-
tion temperature as well as pressure (Fig. 2).
A fair comparison of the temperature and
pressure effects on the selectivity can be ob-
tained particularly at 280 and 310 °C since
the conversion is the same, namely 100%.It
can be seen that the concentration of
n-octadecane increases with decreasing re-
action temperature and increasing reaction
pressure at the expense of n-heptadecane
concentration. In other words, the hydro-
deoxygenation is favored by lower reaction
temperature and higher hydrogen pressure,
while hydrodecarboxylation is promoted by
higher reaction temperature and lower hy-
drogen pressure. Similar conclusions were
reached previously for NiMo catalysts
[1–3].
Particularly the effect of hydrogen pressure
on the selectivity is significant. The main
hydrocarbon product obtained at 7 MPa is
n-octadecane whereas at 0.7 MPa the pre-
dominant product is n-heptadecane (Fig. 2).
This is in contrast to NiMo catalyst [1–3]
where n-octadecane was always the main hy-
drocarbon produced, even though its con-
centration decreased with decreasing hydro-
gen pressure. The distribution of n-alkanes
is affected by the catalyst deactivation as
well. The mass ratio of C18/C17 increased
from 1.2 (a value found for a fresh catalyst)
to 2.4 after streaming for 90 hours under
constant reaction conditions (Fig. 3). The
most significant changes were observed
during the first 20 hours of streaming, after
that only a minor increase of the C18/C17 mass
ratio could be seen (Fig. 3).
Useful information about the course of the
hydrotreatment reactions can be obtained
from experiments under only partial conver-
sion of triglycerides, e. g. at 250 °C, since
they allow the following and identification
of key reaction intermediates. Two major

Fig. 2 Distribution of n-alkanes in the products of rapeseed oil hydrotreatment at 310 °C, 7.0 MPa.
WHSV = 1 h–1, H2/RO = 102 mol.mol–1

Table 1 Composition of liquid products of rapeseed oil (RO) hydrotreatment at 250–310 °C and 0.7
and 7 MPa. WHSV = 1 h–1, H2/RO = 102 mol.mol–1

Reaction conditions

Temperature, °C 310 280 250 310 280 250

Pressure, MPa 7.0 7.0 7.0 0.7 0.7 0.7

Liquid products composition, wt. %

n-Pentadecane 2.00 1.26 0.92 4.12 3.83 1.80

n-Hexadecane 3.20 3.87 2.47 1.38 1.12 0.32

n-Heptadecane 36.02 22.29 16.65 68.34 70.82 35.29

n-Octadecane 53.39 66.60 41.85 14.41 16.15 5.27

Stearic acid 0.00 0.12 4.14 0.01 0.13 13.47

Unknown oxygenates 0.59 0.47 2.41 0.77 1.44 1.13

Esters of fatty acids 0.01 0.59 17.77 0.01 0.03 13.98

Triglycerides 0.01 0.00 3.17 0.00 0.00 11.35

Total 95.23 95.20 89.39 89.04 93.52 82.62
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groups of intermediates were observed at
250 °C – fatty acids and alkyl esters of fatty
acids. The group of fatty acids was almost
exclusively composed of stearic acid and
palmitic acid, i. e. of saturated fatty acids.
The alkyl esters were, in contrast to fatty ac-
ids, unexpected intermediates and they were
identified as stearylstearate and stearyl-
palmitate. Their presence can be explained
by esterification of fatty acids by fatty alco-
hols as these are plausible intermediates in
hydrogenation of fatty acids to hydrocar-
bons and were found in small concentrations
in the reaction products. Reduced hydrogen
pressure led to the increase in the concentra-
tion of stearic acid and esters (Table 1). It
seems that the lower hydrogen pressure sup-
presses the consecutive hydrogenation of
fatty acids to alcohols and thus results in a
higher concentration of fatty acids and a
lower concentration of their esters.
It is very well known that n-alkanes are the
best feedstock for production of light ole-
fins, i. e. ethene and propene, by steam
cracking of hydrocarbons. The high concen-
trations of n-alkanes in the products of rape-
seed oil hydrotreatment make these products
viable as an alternative renewable feedstock
for these basic petrochemicals. Besides neat
hydrocarbon product obtained by hydro-
treatment of rapeseed oil at 310 °C and
7 MPa, mixtures of these hydrocarbons with
heavy naphtha and distillation residue from
hydrocracking, i. e. with typical feedstocks
of the steam cracker unit in Litvinov, were
prepared. The concentration of hydrocar-
bons obtained by rapeseed oil hydrotreat-
ment in these mixtures ranged from
5–20 wt.%.
The results of laboratory pyrolysis experi-
ments are summarized in Table 2. Very high
yields of ethene (43 wt.%) and propene
(19 wt.%), in comparison with the tradi-
tional feedstocks, were obtained in pyrolysis
of rapeseed-oil-hydrotreatment products
(Table 2). Furthermore, addition of these hy-
drocarbons into the traditional crude-oil-de-
rived feedstocks resulted in increased for-

mation of ethene and propene. The concen-
tration of ethene and propene increased lin-
early with the increasing concentration of
the hydrocarbons obtained by hydrotreat-
ment of rapeseed oil (Table 2). This increase
was accompanied by reduced formation of
the undesired and less valuable pyrolysis
oils (Table 2).
A comparison of the results of pyrolysis of
naphtha and distillation residue from hydro-
cracking with added hydrocarbons originat-
ing from rapeseed oil hydrotreatment re-
veals that the addition of hydrocarbons from
rapeseed oil hydrotreatment has an analo-
gous effect on the yield vectors of both crude-
oil-derived fractions. This suggests that hy-
drocarbons obtained by hydrotreatment of
rapeseed oil could be added to a wide variety
of steam cracking feedstocks.

Conclusions
The performance of hydrotreatment NiW
catalyst is in general in accordance with the
catalytic performance of other hydrotreat-
ment catalysts (NiMo, CoMo). The main re-
action products are hydrocarbons, mainly
octadecane and heptadecane. They are
formed by hydrodeoxygenation and hydro-
decarboxylation, respectively, of C18 fatty
acids that make up the triglycerides of rape-
seed oil. The complete conversion of these
triglycerides is achieved already at 280 °C.
The extent of the principal reactions de-
pends on reaction temperature and pressure.
Particularly, the dependence on reaction
pressure is very strong – n-octadecane is the
main product at 7 MPa while n-heptadecane
prevails at 0.7 MPa.
The synthesized hydrocarbons were pyro-
lyzed both neat and mixed with hydrocarbon
fractions. The pyrolysis of neat hydrocar-
bons resulted in very high yields of ethene
and propene, 43 and 19 wt.%, respectively.
The yield of light olefins from the pyrolysis
of mixtures depended on the concentration
of hydrocarbons prepared from rapeseed oil
and corresponded to a linear combination of
yields obtained by pyrolysis of individual
feedstocks. Moreover, the yields of less
valuable heavy products decreased as a re-
sult of addition of hydrocarbons obtained
from vegetable oil hydrotreatment.
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A B S T R A C T

To meet the expected requirements of the proposed EU Renewable Energy Directive for the next decade (RED II),
it is necessary to increase the availability of second-generation biofuels. One promising way of doing this in-
volves using ablative fast pyrolysis units to transform an agricultural by-product, for example straw, into bio-oil.
To obtain straw bio-oil suitable for processing in a typical refinery, we optimized the key parameters of its
hydrotreatment. For the upgrading, a continuous flow reactor with a fixed bed of a commercial sulphide NiMo/
Al2O3 catalyst was used. The reaction temperature and pressure were tested at 240–360 °C and 2–8 MPa, re-
spectively. The reaction off-gas was analysed by GC-FID/TCD. A detailed physicochemical analysis of the pro-
ducts was carried out. Under most conditions tested, the product was separated into an aqueous and an organic
phase. For the best products,> 85% of the feed energy content remained in the organic phase and a significant
decrease in viscosity and acidity was achieved. The product prepared at 360 °C and 8MPa was the only one
completely miscible with straight-run gas oil and, thus, appears to be the most suitable for co-processing in a
refinery.

1. Introduction

Fossil fuels are currently used to cover about 78% of our global
energy demand [1]. Their reserves are, however, finite and their use has
adverse environmental impacts as their combustion contributes to a
gradual increase in CO2 concentration in the atmosphere. Apart from

CO2 itself, biomass is the only renewable feedstock containing carbon
that can be converted to liquid fuels [2]. Considering the ever-growing
human population and the associated growing demand for food and
water, it follows that a further increase in the production of the first-
generation biofuels is not sustainable and thus not acceptable. Conse-
quently, the EU Commission proposal for the new EU Directive (RED II)
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demands a decrease in the food-based biofuels from 7% (energy con-
tent) in 2021 down to 3.8% by 2030. In addition, the EU COM draft for
RED II proposes a sub-target of 3.6% (energy content) blending for
advanced biofuels originating from residues either directly from agri-
culture or indirectly as a by-product from food/feed production. An
example of acceptable feedstock for advanced biofuels production is
lignocellulosic biomass, such as straw, also listed in Annex IX of the
drafted EU directive [3]. The final RED II directive is expected to be
available in Q3 or Q4 of 2018 and is currently getting developed in a
joint consultation (“trilogue”) between EU Commission, EU Council and
EU Parliament.

A variety of biomass-upgrading technologies was investigated, such
as pyrolysis, gasification, hydrothermal upgrading, depolymerisation,
etc. [4]. Among them, pyrolysis stands out as one of the few biofuel
technologies that can handle a range of biomass feedstocks (agri-re-
sidues, forest residues, energy crops, municipal solid wastes). Hence, it
is an attractive option for expanding the biomass availability by using
less desirable biomass. In this context, ablative fast pyrolysis (AFP) is of
particular interest as it does not require reducing the particle size of
biomass, which is a significant advantage over fluidized bed pyrolysis
requiring energy-intensive grinding when it comes to straw pyrolysis
[5]. Also, the possible mobility of AFP unit would be beneficial for
straw upgrading as it would allow avoiding the inefficient transport of
straw biomass over long distances (80% of straw cost are logistic cost)
[5]. Finally, AFP is also characterized by low construction and opera-
tional costs [6].

From the liquid biofuels point of view, the key product of pyrolysis
is the liquid called bio-oil or pyrolysis oil whose yield is typically up to
75 wt% [7]. The yields of by-products, i.e. gases and char, are typically
13 and 12wt%, respectively [7]. An efficient use of these by-products,
i.e. gases to heat, e.g. the spinning hot rotor of the pyrolysis device and
char for rejuvenation of tired soils, also reduce the bio-oil production
prices [8]. Thanks to its composition, bio-oil could become one of the
alternative sources of renewable energy which could provide liquid
biofuels in future. However, crude bio-oil has due to its high oxygen
content and degree of unsaturation some undesirable properties such as
(i) low thermal and oxidation stability, (ii) high acidity and thus high
corrosiveness and (iii) immiscibility with non-polar petroleum frac-
tions. These properties prevent direct upgrading of bio-oils in refineries
and appropriate upgrading (stabilization) of bio-oil is necessary prior to
its upgrading or co-processing in a conventional refinery.

The possible co-processing of partially upgraded bio-oils seems
especially advantageous in a situation when there are overcapacities in
the EU refining sector [9] as it would promote employment in the sector
and its further development while securing second-generation biofuels.
When considering available refinery processes for bio-oil co-processing,
hydrotreatment appears to be more beneficial than catalytic cracking as
it affords higher yields and better quality of the upgraded product. This
is a consequence of deeper deoxygenation and suppressed formation of
gaseous and solid by-products [10]. In addition, refinery overcapacities
could also be used for the primary bio-oil upgrading (stabilization) by
their revamping to satisfy (meet) the specific requirements of bio-oil
treatment.

Numerous detailed studies [11–14] deal with a wide variety of
catalysts and process conditions for hydrotreatment/deoxygenation of
lignocellulosic bio-oils to fuels and other valuable products. With re-
spect to their active phase, the catalysts for bio-oil hydrotreatment can
be divided into the following groups: (i) noble metals, (ii) transition
metals and (iii) metal sulphides. Many of them are used in crude oil
refining processes [15].

Among noble metals, mainly Pt, Pd, Ru and Rh were tested for bio-
oil upgrading [11,16,17]. They have shown outstanding results in the
conversion of oxygen-containing compounds present in bio-oils
[18–20]. Unfortunately, their very high hydrogenation activity leads to
increased hydrogen consumption and operating costs [21,22]. Another
disadvantage of noble metal catalysts is that they can be poisoned by

even small contents of sulphur present in lignocellulosic bio-oils. Due to
the high acidity and water content in bio-oils, carbon supports that
would not deteriorate too fast like, e.g. alumina supports have attracted
considerable attention [23].

Transition metals have been studied as a possible alternative, the
focus being on Ni, Mo, Co, Fe and Cu based catalysts [24,25] due to
their good catalytic performance. In addition to metallic catalysts also
phosphides, carbides and nitrides of transition metals have been in-
vestigated [13,14,26,27]. Zhao et al. [28] found that metal phosphide
catalysts were more active in deoxygenation than the traditional
CoMoS/Al2O3 and the commercial 5% Pd/Al2O3 catalysts.

Despite the promising performance of metallic catalysts, the sul-
phided catalysts, predominantly alumina-supported NiMo and CoMo
catalysts, remain the preferred choice for bio-oil hydrotreatment thanks
to being well-established and robust [29]. Their performance has been
reviewed extensively by Patel et al. [30] and Mortensen et al. [10]. A
wide range of experimental conditions have been covered in studies
using sulphided catalysts in hydrotreatment of bio-oils originating from
different feedstocks, but straw. Temperature and hydrogen pressure
were varied between 200 and 450 °C and 1–29MPa, respectively
[23,25,31,32]. Due to the thermal instability of bio-oils, two-stage
upgrading was often applied [11,23] with mild conditions in the first
stage to remove the most reactive compounds and with more severe
conditions in the second stage to eliminate recalcitrant oxygenates. The
sulphur content of bio-oils is, compared to petroleum fractions, low,
typically several hundred ppm [21,30]. Consequently, sulphided cata-
lysts tend to lose their activity during hydrotreatment of bio-oils, unless
a source of H2S is added to protect the active sulphided phase of the
catalyst from reduction [33]. The effects of H2S and water on the
deoxygenation of carbonyl, carboxylic, and guaiacyl groups over alu-
mina-supported sulphided NiMo/CoMo catalysts were studied by
Laurent et al. [34]. They concluded that H2S increased the Bronsted
acidity of the catalysts which promoted decarboxylation reactions, but
it suppressed the deoxygenation of the carbonyl groups [34].

Nonetheless, sulphided catalysts showed good activity and se-
lectivity in bio-oil hydrotreating [12,35] and if the stabilized (partially
deoxygenated) bio-oil would be further upgraded in a refinery, the
slightly increased sulphur content in comparison with the raw bio-oil
would not cause any problems. Commercial hydrotreating catalysts
(sulphided NiMo and CoMo) were investigated in a three-heating-zone
reactor (170–250, 250–350, 350–450 °C) for converting a wood-derived
bio-oil into renewable hydrocarbons by Horáček et al. [36]. The alu-
mina-supported sulphided CoMo catalyst showed better selectivity to
diesel-like products and deeper hydrogenation of gaseous intermediates
(COx) than the sulphided NiMo catalyst. In contrast, the sulphided
NiMo catalyst was found to be more active in decarboxylation and it
was possible to reach a steady state production of hydrocarbons having
a comparable boiling point distribution as petroleum-derived middle
distillates [36]. However, the catalysts suffered from low stability of the
alumina support material at high temperatures in the presence of water
[33]. Similarly, Gholizadeh et al. [35] reported hydrotreating of palm
bio-oil in a fixed bed flow reactor over NiMo/Al2O3 catalyst at 7MPa
hydrogen pressure and 370–450 °C. When increasing the temperature,
the oxygen content in the upgraded product was reduced below 2wt%
[35].

Despite being a valuable sustainable renewable feedstock that could
be abundantly available in the Europe, upgrading of bio-oil obtained
from ablative fast pyrolysis of wheat/barley straw by its hydrotreat-
ment has received only very little attention so far. Therefore, we report
here the effect of key reaction parameters on the yields and properties
of the hydrotreated products originating from straw bio-oil from abla-
tive fast pyrolysis with the aim to obtain a product upgradeable in a
conventional refinery rather than a fully-deoxygenated product. To the
best of our knowledge, this has not been attempted in the previous
studies. In addition, we propose for the first time the use of principal
component analysis (PCA) classification of products to assess the degree
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of deoxygenation of hydrotreated bio-oils allowing real time analysis of
products and adjustment of reaction conditions.

2. Experimental

2.1. Materials

Straw bio-oil was produced at Fraunhofer UMSICHT by ablative fast
pyrolysis of straw (wheat and barley straw, 1:1 w/w). The straw pellets
were pressed onto a hot rotating disc and pyrolyzed at 550 °C with
vapour residence time less than 1 s. After condensation at 2–5 °C, the
liquid product spontaneously separated into an aqueous and an organic
phase (bio-oil). For more details, see [37]. The bio-oil was filtered to
remove any residual solids, doped with dimethyl disulphide (DMDS,
≥99.0%) supplied by Sigma-Aldrich to contain 0.5 wt% of DMDS to
maintain the catalyst activity and used in the experiments. The basic
properties of the straw bio-oil are summarized in Fig. 1 and Table 1. A
conventional commercial sulphided NiMo/Al2O3 catalyst (5.5 wt% NiO
and 28.3 wt% MoO3) and hydrogen (99.9 vol%) supplied by SIAD
(Czech Republic) were used in the experiments.

2.2. Bio-oil hydrotreating

Bio-oil was hydrotreated in an electrically heated fixed bed reactor
(inner diameter 23mm) having a thermo-well (outer diameter 4mm) in
its axis with 10 thermocouples. The reactor was loaded with 55 g of a
NiMo catalyst. The catalyst particle sizes 0.25–0.42 in lower part and
0.85–1.5 mm in upper part of reactor were used. A metallic preheater
was placed above the catalyst bed. Prior to the experiments, the catalyst
was in-situ sulphided at 345 °C and 4MPa using a mixture of

hydrotreated gas oil and DMDS containing 3.8 wt% DMDS. The catalyst
activation was followed by its stabilization using straight-run gas oil
(0.23 wt% S) for 24 h at 340 °C, 4MPa and WHSV ca 1·h−1. Then, the
temperature in the reactor was adjusted to the first tested temperature
(240 °C) and bio-oil feeding in the reactor was started. The experiments
were carried out at WHSV of approximately 1 h−1 and hydrogen flow-
rate of 90 l·h−1. The reaction temperature and pressure were varied in
the range 240–360 °C and 2–8 MPa, respectively. Liquid samples were
collected for 2 h at each reaction condition from the moment when all
reaction parameters were stabilized. Water phase was separated from
organic phase that was analysed as described below by an array of
analytical methods. During of each sampling period, the reaction off-
gas was also collected into a sampling bag and analysed by GC-FID/
TCD. An overview of the experimental reaction conditions, products
samples and corresponding times on stream is given in Results and
Discussion section (Table 2).

2.3. Analyses of feed and products

Elemental composition (C, H, N, S) was determined using a Vario EL
Cube analyser (Elementar). A Merck stearic acid standard and a stan-
dard by Elementar Analysensysteme GmbH (C: 67.68wt%, H: 4.95 wt
%, N: 0.69 wt%, S: 0.81 wt%) were used for the instrument calibration.
The sample (5–15 mg) was burned in a pure oxygen atmosphere.
Gaseous combustion products were separated after reduction in a purge
and trap chromatographic system and finally detected by a thermal
conductivity detector (TCD). The oxygen content was calculated by
difference.

The water content was determined by a Karl Fischer volumetric ti-
tration according to the ASTM E203 using a METTLER TOLEDO DL38
device. A small amount of sample (0.02–0.05 g) was injected into a
glass chamber containing HYDRANAL™-KetoSolver (Karl Fischer sol-
vent, Honeywell). Titration was carried out by Karl Fischer titrant
Composite 5 K (Riedel-de Haën).

Density at 15 °C and kinematic viscosity at 40 °C were determined
by an SVM 3000 Stabinger Viscometer (Anton Paar). Micro Conradson
carbon residue (MCR) was determined according to the ASTM D4530
standard method, by an NMC 420 device (NORMALAB ANALIS).

The higher heating value (HHV) was determined by an IKA 2000
device (Merci). Sample (0.5–1.0 g) was weighed into a crucible for
reaching an ideal temperature increase of 3–5 °C·min−1. The lower
heating value (LHV) was calculated from the HHV reduced by the
evaporation heat of the water in the sample and the water produced by
the combustion of hydrogen.

Total acid number (TAN) and carboxylic acid number (CAN) were
determined by a 716 DMS Titrino instrument (Metrohm AG). TAN was
determined according to the ASTM D664, with KOH as a titrant, LiCl as
an electrolyte and a mixture of toluene:isopropanol:water (100:99:1 V/
V) as a solvent were used. CAN was determined by a titration method

Fig. 1. Elemental composition and water content in bio-oil.

Table 1
The properties of the bio-oil.

Parameter Value

Density at 15 °C [g·cm−3] 1.13
Kinematic viscosity at 40 °C [mm2·s−1] 140
Higher heating value [MJ·kg−1] 23.3
Lower heating value [MJ·kg−1] 21.5
Total acid number [mg KOH·g−1] 98.9
Carboxylic acid number [mg KOH·g−1] 54.3
Micro Conradson residue [wt%] 15

Table 2
An overview of experimental conditions, product samples and times on streams
(TOS).

Sample Average
temperature in
catalytic zone [°C]

TOS [h] Sample Average
temperature in
catalytic zone [°C]

TOS [h]

240/4 242 19 300/2 298 45
260/4 261 23 320/2 320 69
280/4 280 29 340/2 341 60
300/4 300 36 300/4 297 36
320/4 315 42 320/4 318 26
340/4 338 74 340/4 339 31
360/4 358 81 300/8 297 11

320/8 319 7
340/8 339 21
360/8 361 52

M. Auersvald et al. Fuel 238 (2019) 98–110

100

ART - 34 3/13

http://www.astm.org/Standards/E203
http://www.astm.org/Standards/E203
http://www.astm.org/Standards/D4530
http://www.astm.org/Standards/D4530
http://www.astm.org/Standards/D664
http://www.astm.org/Standards/D664


[38], with tetrabutyl ammonium hydroxide as a titrant, tetraethyl
ammonium bromide as an electrolyte, and isopropanol as a solvent
were used.

Bio-oil and all liquid organic products were characterized by si-
mulated distillation. Samples were dissolved in carbon disulphide (1 wt
% solution) and introduced to a TRACE ULTRA gas chromatograph
(Thermo Scientific) equipped with an on-column injector, Agilent J&W
CP-SimDist UltiMetal (10m ×0.53 mm ×0.17 µm) column, an FID
detector and an oven cryogenic cooling system. The absolute accuracy
of the simulated distillation was negatively affected by the presence of
oxygenates in the samples, and thus a “recovery” parameter was cal-
culated from the concentration and total chromatogram area for all
samples to allow a comparison of samples. This parameter expresses the
percentage of sample response related to the response of completely
eluted hydrocarbons, which have, per definition, the “recovery” para-
meter equal to 100%.

All liquid samples (both organic and aqueous phases) were char-
acterized by FTIR-ATR (Attenuated Total Reflection) technique. An
infrared spectrometer IRAffinity-1 (Shimadzu, Japan) with Quest ATR
accessory with a diamond crystal (Specac, USA) was used to record the

FTIR spectra. LabSolution IR software (Shimadzu, Japan) was used as
an interface between the spectrometer and the control computer. The
spectra were recorded in the 4000–650 cm−1 region using the spectral
resolution of 4 cm−1 and 128 scans.

Due to the complexity of the spectra, principal component analysis
(PCA) was employed as a tool allowing a direct comparison of in-
dividual samples. PCA is a method used for a reduction of usually large
data sets [39]. The original variables (e.g. spectroscopic data) are re-
placed by new variables called principal components (PCs) which are
linear combinations of the original variables. The new variables are
mutually orthogonal and uncorrelated. The first few principal compo-
nents usually explain most of the relevant variability of the original
dataset. Each sample gets its own set of values (scores) for each prin-
cipal component, so it is possible to create plots of the score values and
compare the samples based on their position in the plots.

Two analytical methods were used for analysis of gaseous products
collected in 10 L Tedlar sampling bags: (i) determination of permanent
gases and lighter hydrocarbons and (ii) determination of higher hy-
drocarbons and other organic compounds. The determination of per-
manent gases (H2, CO, and CO2) and light hydrocarbons and oxygenates

Fig. 2. Yields of organic and aqueous phases under different reaction temperatures at pressures (A) 4MPa and (B) 2; 4 and 8 MPa.
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(C1–C5) was performed using a Hewlett Packard HP 6890 gas chro-
matograph equipped with a CP-Carbobond fused silica column
(50m ×0.53 mm ×5 μm) and two detectors; a flame ionization de-
tector (FID) for detection of the hydrocarbons (C1–C5) and a thermal
conductivity detector (TCD) for detection of the permanent gases. The
effluent flowing out of the column was split into the detectors using a Y-
piece Siltek MXT Connector (Restek). The content of higher hydro-
carbons and other organic compounds was determined using an Agilent
6890 gas chromatograph equipped with an HP-PONA column
(50m ×0.2 mm× 0.5 μm) and an FID detector. Major higher hydro-
carbons and other selected organic compounds were identified based on
the retention times of pure substances and previous GC–MS analysis of
biooil. The content of “other organic substances” including oxygenates
and C6+ hydrocarbons was expressed as a sum using an estimated re-
sponse factor of 1.2.

3. Results and discussion

3.1. Experiments performed

Two sets of experiments were performed, each with fresh catalyst at
the beginning of the experiment. The first set was performed at a
pressure of 4MPa, the second set at pressures 2, 4 and 8MPa. An
overview of experimental conditions, designation of the gained product
and times on stream in which they were obtained is listed in Table 2.

3.2. Mass and energy balance

The yields of liquids from bio-oil hydrotreating exceeded 90wt% in
the full range of experimental conditions (Fig. 2A and B), except pro-
duct obtained at 360 °C and 8MPa, where it attained 88.5 wt%. When
considering the yield of gaseous products, the mass balance was almost
completely closed. The observed slight differences in mass balance can
be attributed mainly to losses during manipulation with samples and to
a much smaller extent due to the formation of carbonaceous deposits on
catalyst.

Reaction temperature had a pronounced effect on the yield of
aqueous and organic phase. Under mild temperatures (< 300 °C), the
yield of the aqueous phase was<33wt% (Fig. 2A), which indicates a
low degree of deoxygenation (taking into account that water present in
bio-oil was 22.6 wt%). As a result of (partial) deoxygenation especially
at higher temperatures (> 300 °C), the yield of organic phase de-
creased, and its density became lower. Consequently, the order of the
phases changed as indicated in Fig. 2A. At the same time, the yield of
aqueous phase increased up to ca. 42 wt%.

Similarly, hydrogen pressure affected the yields of both liquid
phases as well. The deoxygenation degree was lower at lower hydrogen
pressures (particularly at 2MPa) and hence less aqueous phase was
formed and separated. Due to the higher density of the organic phase at
these conditions, the aqueous phase was the top layer. A comparison
between Fig. 2A and B reveals that the yields of liquid phases obtained
at 340 °C and 4MPa were similar in both tests despite the different
time-on-stream (TOS), at which these samples were collected (TOS:
74 h in Fig. 2A and 31 h in Fig. 2B), and of different history of the
catalysts. The yields of the organic and aqueous phases as a function of
the hydrotreating severity demonstrate that the yields of gaseous
phases (typically 2–10wt%) increased slightly with the increased hy-
drotreating severity. However, extensive cracking was not observed (as
discussed below).

In addition to maximizing the mass yield of the liquid organic
fraction suitable for further refinery upgrading into fuel components, it
is critical to ensure that most of the energy contained in the bio-oil feed
is kept in the liquid organic phase. The share of the initial energy
content that is transferred in the organic liquid phase, i.e. the energy
content of the organic phase divided by the energy content of the fed
bio-oil multiplied by the yield of this phase and by 100 is denoted as

“energy recovery” (based on lower heating value) and reported in Fig. 3
as a function of reaction conditions. The values above 100 (Fig. 3B) thus
indicate that more energy was incorporated in the liquid organic pro-
ducts than lost to other product streams. Specifically, hydrogenation of
unsaturated bonds and reduction of aldehydes and ketones to corre-
sponding alcohols were the main reactions at mild reaction conditions,
while deoxygenation and hydrogenolysis reactions occurred mainly at
more severe conditions (> 320 °C and pressures 4 or 8MPa). Due to
these reactions, some of the energy was lost from the organic liquid
phase to the gas phase and the energy carried in by hydrogen was lost
as water. Nonetheless, it is positive that> 85% of the initial energy
content of bio-oil can be kept in the organic liquid phase, i.e. in the
targeted product.

4. Liquid products

4.1. Composition

The composition of hydrotreated products changes gradually and
reflects well the changes in the experimental conditions. At 300 °C and
2MPa, some of the reactive groups, such as double bonds and carbo-
nyls, were saturated, and deoxygenation, e.g. by dehydration, dec-
arbonylation or decarboxylation took place although it was not very
significant. This explains also the observed increase in the energy re-
covery to values> 100% (Fig. 3) and is as well reflected in the calcu-
lated degree of deoxygenation (DOD, a difference of the organically-
bound oxygen in bio-oil and products divided by the organically-bound
oxygen in bio-oil). An increase in the reaction temperature (from 240 to
360 °C) led to a continuous increase in the H/C atomic ratio and at the
same time a significant decrease in the O/C atomic ratio (from ca. 0.18
to about 0.04, Fig. 4A). This confirms that in this temperature range
deoxygenation reactions accompanied by hydrogenation reactions, e.g.
saturation of double bonds after dehydration, took place. These trends
were the same also in the full range of hydrogen pressure (2–8MPa). In
addition, it is also obvious that the increase in the hydrogen pressure
promoted hydrogenation reactions, as indicated by the increase in the
H/C atomic ratio from ca. 1.4 at 320–340 °C and 2MPa to ca. 1.6 at
320–340 °C and 8MPa (Fig. 4B). At the same time, deoxygenation re-
actions were promoted as well since for a constant temperature, e.g. 320
or 340 °C, there was a significant drop in the O/C atomic ratio (Fig. 4B)
when hydrogen pressure was increased.

Raw bio-oils, as well as products of their hydrotreating, are very
complex mixtures of many compounds, which render the analysis of
their composition very difficult. Nonetheless, it is important to extract
at least qualitative information about the composition in “real time” to
steer the conversion process efficiently, i.e. to adapt reaction para-
meters to compensate the loss of catalyst activity and to maintain
product quality. Therefore, we propose two methods, one chromato-
graphic and one spectroscopic that enable a quick characterization of
the obtained products.

The chromatographic method is based on the simulated distillation
(SIMDIS) analysis. Applied to bio-oils and products of their hydro-
treating, it allows estimating the “hydrocarbon-likeliness” of the pro-
duct and its approximate fractional composition. The analysis relies on
the different response factor of hydrocarbons (here by definition set to
100%) and that of the oxygenates which is always lower, nonetheless
related to the oxygen content of the compounds. As shown in Fig. 5A,
already hydrotreating at 240 °C resulted in an increase in the SIMDIS
recovery from 32 to 42%. The data further evidence that deoxygenation
extent increases with the increasing reaction temperature. It has to be
noted that the data are reported yields related to the feed, i.e. the sum of
the yields is less than 100% due to formation of water and gases. The
fractional composition suggests (Fig. 5B) that majority of the products
is within the diesel fuel range (about 30%, which corresponds to ca.
50% of the fractions). Interestingly, the amount of the heaviest products
increased from 8% determined in the feed to 16% found in the products
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at 280 °C. This significant increase (Fig. 5B) cannot be explained simply
by the formation of gaseous products due to deoxygenation of short-
chain oxygenates and has to be attributed to the occurrence of con-
densation reactions. However, further increase in reaction temperature
resulted in a dramatic reduction of the heaviest products down to 5% at
360 °C (Fig. 5B) due to significant deoxygenation as evidenced by the
increasing SIMDIS recovery (Fig. 5A) and the calculated deoxygenation
degree (Fig. 8C). At the same time, the yields of gasoline- and diesel-like
fractions increased (Fig. 5B) together with the increasing yield of gas-
eous products (Fig. 10A).

The effects of both reaction temperature and pressure on the SIMDIS
recovery are presented in

Fig. 5C. As expected, both parameters have a positive effect, al-
though the increase in SIMDIS recovery when increasing hydrogen
pressure from 4 to 8MPa is rather modest, especially at lower tem-
peratures. Interestingly, the combination of high temperature and
pressure (360 °C and 8MPa) resulted in almost complete deoxygenation
and the SIMDIS recovery reached 96%, i.e. the product consisted almost
exclusively of hydrocarbons (Fig. 5C). The effect of pressure on the
fractional composition is demonstrated in Fig. 5d. In line with the ef-
fects described for reaction temperature, the more severe reaction
conditions promoted (hydro) cracking reactions affording thus more
gasoline-like products and less heavy products. Also, at lower hydrogen
pressure it could be confirmed that condensation reactions resulting in
the formation of heavier products took place and their yield increased
from 8% found in bio-oil to ca. 12% formed in the products obtained at
2MPa and 340 °C (Fig. 5D).

4.2. FTIR spectra and principal component analysis

A complementary method for rapid screening of the character of
bio-oil and products of its hydrotreating (in terms of composition) was
based on FTIR.

As seen in Fig. 6, the spectra are rather complex and the changes are
only subtle to allow elucidating in detail the changes in composition.

Fig. 6A shows the entire spectrum of the bio-oil and the spectra of
selected products obtained by bio-oil hydrotreating. To analyse the
changes, three spectral regions (B, C and D) containing the most im-
portant spectral features have been displayed in Fig. 6B–D and will be
discussed separately. The broad band occurring in the region of ap-
proximately 3700–3000 cm−1 (Fig. 6B) can be attributed to the
stretching of the OH group, which is typical for alcohols, phenols,
carboxylic acids and water [40]. Signal intensity of this band in all
products spectra was lower than in the feed spectrum. Moreover, the
increase in the reaction temperature and pressure always led to a de-
crease in the signal intensity of the OH band. It can be mainly attributed
to the water content decrease which was confirmed using KF titration
(Figs. 8C and 9D). Nevertheless, a decrease in other OH group-con-
taining compounds, whose other absorption bands can be found in the
region 1300–1000 cm−1, was observed as well. On the other hand, the
bands in the region 3000–2800 cm−1 (Fig. 6B), which can be attributed
to the asymmetrical and symmetrical stretching of the CeH bonds
originating from the methyl and methylene groups, were stronger in the
products spectra. As expected, the highest signal intensity of these

Fig. 3. Energy recovery at different reaction conditions (A) 4MPa and (B) 2; 4 and 8 MPa.

Fig. 4. Van Krevelen diagram of diesel fuel, feed bio-oil and hydrogenated
products under different reaction temperatures at pressure (A) 4 MPa and (B) 2;
4 and 8 MPa.
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bands was observed in the spectrum of the product obtained at the most
severe conditions.

The spectral region 1820–1320 cm−1 (Fig. 6C) consists of signals
belonging to the stretching of the C]O groups and the stretching of the
C]C bonds from aromatics or alkenes. Moreover, scissoring vibration
of water molecule occurs in this region. An evident change in the ab-
sorption intensity of the feed and products can be seen. Most im-
portantly, the band with the maximum signal intensity at 1697 cm−1,
which can be attributed to the C]O groups (e.g., ketones, aldehydes
and carboxylic acids), was eliminated at the most severe reaction
conditions. The intensity of the bands in the region 1630–1570 cm−1

and at 1514 cm−1 belonging to the stretching of the C]C bonds in
aromatics (e.g., phenols) decreased as well.

The spectra of the spectral region 1320–650 cm−1 are shown in
Fig. 6D. The overlapped bands in the 1320–1000 cm−1 region can be
attributed to the oxygen-containing groups present for example in
phenolic compounds with hydroxyl and methoxy groups, aldehydes,
carboxylic acids, glycosides, etc. It should be noted that the content of
these compounds decreased with the increasing severity of reaction
conditions. Moreover, some bands (e.g., alkyl-aryl ethers and glyco-
sides) disappeared almost completely when the highest temperature
was applied. The bands in the 900–650 cm−1 region can be mainly
attributed to the out-of-plane deformation vibrations of aromatic
]CeH groups. Besides these bands, the out-of-plane deformation of
OeH groups of phenols occurs in this region. Signal intensities in this
region are strongly influenced by the broad band caused by deforma-
tion vibrations of water.

Although significant changes in the FTIR-ATR spectra can be ob-
served upon careful visual inspection of the spectra, only qualitative
conclusions can be drawn. Thus, to extract more valuable information
and to enable a comparison of individual products, principal compo-
nent analysis (PCA) of the spectra was applied. In addition to the
spectra of the bio-oil hydrotreating products, i.e., organic and aqueous

phases, and the feed, i.e., bio-oil, a spectrum of water and spectra of
other batches of straw bio-oil were added to the data set. The first two
principal components (PC1 and PC2) captured 99.4% of the variability
of the original data. The plot of PC scores is shown in Fig. 7A. As can be
seen, there are four distinct clusters of points. On the right side of the
plot, aqueous phases and water can be found. Organic phases of the
products and feeds are situated on the left side of the plot. Moreover,
the variable chemical composition of the organic products was con-
firmed by moving position of the points from the top to the bottom of
the plot. The most deoxygenated product is situated at the left bottom
corner of the plot. On the other hand, the product treated using the
mildest reaction conditions is the closest one to feeds. It follows, that
while the PC1 is highly related to water content, PC2 is highly related to
the carbonyl groups, aromatics and alkyl-aryl ethers.

To obtain more insight in the composition of the targeted organic
products, a separate PCA model was built just for the organic products
and feeds (Fig. 7B). The first two principal components (PC1 and PC2)
captured 99.1% of the variability of the spectra. Since the variability
caused by the large differences between the organic and aqueous phases
(and water) was eliminated, i.e., a new model without water and aqu-
eous phases spectra was built, other spectral features became more
important. Although the new first principal component is still related to
the water content, the effect of the carbonyl groups, aromatics, alkyl-
aryl ethers and other compounds increased. On the other side, the PC2
is positively correlated, inter alia, with the content of methylene groups.
Nevertheless, since the PC2 is also positively correlated to the other
types of compounds (e.g. glycosides) and the signal intensities of the
methylene groups are influenced by the other bands, PC2 score values
of the products do not have just an increasing trend. In other words,
decreasing content of glycosides (and other compounds) prevailed the
influence of the increasing methylene group content which caused that
PC2 score values of the products obtained at the lowest temperatures
have decreasing trend. As can be seen in the Fig. 7B, the products

Fig. 5. SIMDIS recovery as a function of reaction temperature at 4 MPa (A), yield of fractions (on water-free basis) obtained at different temperatures at 4 MPa (B),
SIMDIS recovery as a function of reaction temperature at different pressures (C) and yield of fractions (on water-free basis) obtained at 340 °C at 2–8 MPa (D).
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Fig. 6. Entire FTIR-ATR spectra (A), spectral region 3800–2600 cm−1 (B), spectral region 1820–1320 cm−1 (C) and spectral region 1320–650 cm−1 (D) of the feed
and two products of the catalytic hydrotreating of the bio-oil.

Fig. 7. PCA score plot (PC1 vs. PC2) of feeds, organic and aqueous phases and water (A) and of the organic phases of the products (denoted by T/P, i.e., reaction
temperature/reaction pressure) and feeds (B).
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Fig. 8. Effect of temperature on physico-chemical properties of organic phase of products: density (A), kinematic viscosity (B), degree of deoxygenation, (DOD) (C),
water content (D), carboxylic acid number (CAN) (E), total acid number (TAN) (F), micro Conradson carbonization residue (MCR) (G), lower heating value (H) at
4 MPa.
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Fig. 9. Effect of temperature and pressure on physico-chemical properties of organic phase of products: density (A), kinematic viscosity (B), degree of deoxygenation
(DOD) (C), water content (D), carboxylic acid number (CAN) (E), total acid number (TAN) (F), micro Conradson carbonization residue (MCR) (G), lower heating
value (H); blue triangle – 2MPa, red circle – 4MPa, green square – 8 MPa. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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obtained in different experiments but using the same process conditions
are situated very close to each other.

The results of the principal component analysis applied to the FTIR
spectra of bio-oil and hydrotreated products clearly demonstrate that
the method allows assessing rapidly the character of the products. This
feature can be used to control the bio-oil hydrotreating by adjusting the
hydrotreating process conditions to produce organic products having
desired properties.

4.3. Properties of organic phases from hydrotreating

The changes in the properties of the hydrotreated products due to
the increase in reaction temperature at 4MPa are rather straightfor-
ward (Fig. 8). The increase in temperature resulted in a gradual de-
crease in density, kinematic viscosity, acid numbers, propensity to
coking (expressed by the value of micro Conradson carbon residue,
MCR) and water content. In line with the changes in elemental

Fig. 10. Mass flow of gaseous products from bio-oil hydrotreating as a function of reaction temperature at 4MPa (A) and selected concentration ratios (B).

Fig. 11. Ratio CO/CO2 in gaseous products as a function of reaction tempera-
ture at 4MPa.

Fig. 12. Mass flow of gaseous products from bio-oil hydrotreating at different temperatures and hydrogen pressures – methane (A), CO and CO2 (B), saturated C2–C4

(C) and unsaturated C2–C4 (D).
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composition, degree of deoxygenation (DOD) and the lower heating
value (LHV) increased with the increase in reaction temperature
(Fig. 8). Analogous behaviour can be observed also for the set of ex-
periments carried out over a wider range of hydrogen pressures (Fig. 9).
As expected, deeper hydrogenation and deoxygenation observed at
higher hydrogen pressure was reflected by a more pronounced decrease
in the values of density, kinematic viscosity, acid numbers (TAN and
CAN), MCR and water content. More interesting are, however, the
different profiles characterizing the changes in the properties of hy-
drotreated products as a function of the reaction temperature.

All analysed properties change almost linearly over the studied
range of temperature, LHV increases while other properties decrease.
The changes in acid numbers (Fig. 8E and F), i.e. carboxylic and total
acid number, disclose information about the type of acidic oxygenates
present as well as about the extent of deoxygenation of these com-
pounds. Whereas carboxylic acid number provides information about
the concentration of carboxylic acids, the total acid number informs not
only about the presence of carboxylic acids, but also about other acidic
oxygenates, such as phenolics. At temperatures < 260 °C, the decrease
in a CAN is slower than the decrease in TAN suggesting thus that other
acidic organic compounds than carboxylic acids are predominantly
hydrogenated in this range. The difference between TAN and CAN
dropped from ca. 44mg·g−1 obtained for the feed to about 18mg·g−1

found at 260 °C (Fig. 8E and F). The difference remained constant while
the temperature was increased from 260 to 340 °C, suggesting that in
this range the observed deoxygenation was driven mainly by deox-
ygenation of carboxylic acids either by hydrodeoxygenation or dec-
arboxylation. Finally, at 360 °C, the CAN was only 3mg·g−1 and the
difference between TAN and CAN decreased to 14mg·g−1 indicating
that also deoxygenation of some of the phenolics took place at the
highest temperature. Nonetheless, it has to be kept in mind that phenol
and some of the acids could have been extracted in the aqueous phase.
The difference between TAN and CAN was also affected by the reaction
pressure (Figs. 9E and 7F). Whereas at 2MPa, the difference between
TAN and CAN is 26mg·g−1 at 340 °C or higher at lower temperatures,
which is in line with the limited extent of deoxygenation reactions, at
8MPa, the difference between TAN and CAN dropped to less than
5mg·g−1 in the temperature range 320–360 °C, which proves that apart
from carboxylic acids also other oxygenates, such as phenolics, were
deoxygenated. Also, the TAN dropped to<1.5 mg KOH·g−1, i.e.
to< 2% of the original acidity, showing that the acidic compounds can
be virtually completely removed under these conditions (i.e. at 360 °C
and 8MPa).

Keeping in mind the envisioned co-processing of the partially
deoxygenated bio-oil with conventional refinery streams in a refinery, a
simple preliminary blending test was carried out by blending the or-
ganic phases of the hydrotreated bio-oil products with straight run gas-
oil (SRGO). Among the hydrotreated bio-oil products obtained here,
only the organic phase of the product obtained at 360 °C and 8MPa was
fully miscible with the SRGO.

4.4. Gaseous products

The composition of gaseous products is an additional indicator that
reflects the reactions that occur in the liquid phase. The changes in the
concentration of gaseous products clearly show that there were vir-
tually no cracking and/or hydrogenolytic reactions involving carbon-
carbon bonds below 260 °C (Fig. 10a). An appreciable formation of
gaseous products started only when reaction temperature exceeded
280 °C (Fig. 10A). Methane was the most abundant gaseous product
formed by hydrogenolysis of methoxy compounds and by hydrogena-
tion of carbon oxides (CO and CO2) that were produced by decarbox-
ylation and decarbonylation reactions. Altogether, C1 gases constitute
the majority of gaseous products, which supports the interpretation of
the observed changes in the acid numbers as discussed above. The
formation of C1 gases was accompanied by the formation of C2–C4

hydrocarbons that originate from cracking reactions of larger molecules
and from deoxygenation of short-chain alcohols, aldehydes, ketones
and acids. In addition, several oxygenates were identified in the gas
phase as well including acetone, methylacetate, butanone, methylfuran
and dimethylfuran. Their concentrations were, however, low
amounting to several tens to a few hundred mg/m3.

A closer inspection of the gas phase composition reveals (Fig. 10B)
that the relative share of particularly ethane and propane increases at
the expense of methane (the concentration ratio of methane to ethane
or propane drops from ca. 12 to about 2) confirming thus the im-
portance of cracking and deoxygenation reactions at higher reaction
temperatures. At the same time, the hydrogenation of alkenes is sig-
nificantly favoured at higher reaction temperatures, as, e.g. the ethane-
to-ethene ratio increased from about 2 to> 100 (Fig. 10B). It is also
noteworthy that the CO2/CO ratio decreased from 3.5 at 240 °C to ca.
1.4, a value that was constant in the range 280–360 °C (Fig. 11).

The composition of gaseous products obtained at 2–8MPa and
300–360 °C is reported in Fig. 12. In line with the above-discussed re-
sults, the increase in reaction temperature resulted in the enhanced
formation of all gaseous products but the differences between 320 and
340 °C were not very significant. It can be also seen (Fig. 12) that the
formation of all products except alkenes is enhanced by higher hy-
drogen pressure. Again, this is in agreement with the observed deeper
deoxygenation particularly at 8MPa (Fig. 9C) resulting in more pro-
nounced hydrogenolytic and deoxygenation activity of the catalyst.

5. Conclusions

The effect of reaction conditions on the composition and properties
of products obtained by hydrotreating of bio-oil originating from ab-
lative fast pyrolysis of straw was studied over a commercial sulphided
NiMo/Al2O3 catalyst in a fixed bed reactor. The effect of temperature
and hydrogen pressure was investigated in the range 240–360 °C and
2–8 MPa, respectively. The experiments have shown that the degree of
deoxygenation increased and the properties of the products were im-
proved with the increasing hydrotreating severity. In particular, the
acidity expressed by total and carboxylic acid number (TAN and CAN)
decreased to less than 2mg KOH·g−1 and water content dropped to less
than 1wt% in products obtained at 360 °C and 8MPa. This would allow
processing of the products obtained by hydrotreating of straw-based
bio-oil in a conventional refinery. At the same time, these products
contained> 85% of the initial bio-oil energy content.

Considering the complex composition of bio-oil and products of its
hydrotreating, it is important to be able to characterize their overall
quality in a simple yet reliable way. Therefore, two methods were
proposed and verified in this study. The first one is based on simulated
distillation (SIMDIS) method and allows estimating the degree of
deoxygenation relying on the different response of oxygenated and non-
oxygenated compounds in this chromatographic technique. The second
method is based on the principal component analysis (PCA) of the in-
frared spectra of bio-oils and products of their hydrotreatment. The
method allows classify the products according to their structural com-
position that is accented by the PCA method. Consequently, the depth
of hydrotreatment can be estimated reliably within a few minutes.
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ood-derived bio-oil was investigated as a feedstock for the production of renewable hydrocarbons over
mmercial hydrotreating CoMoS and NiMoS catalysts. Alumina-supported CoMoS active phase showed
etter selectivity to diesel-like products than NiMoS phase and higher activity in removal of gaseous
termediates (COx) by hydrogenation. This reaction can play an important role in the reduction of cor-
sivity at the reactor outlet and determine the process economy. The disadvantage of alumina as a sup-
ort material was its low stability at high temperatures in presence of water. NiMoS catalyst was found to
e more active in decarboxylation and it was possible to reach a steady state production of hydrocarbons
aving a comparable boiling point distribution with crude oil middle distillates. A test performed with a
mbination of NiMoS (at the top of the catalyst bed) and CoMoS (at the bottom of the reactor) revealed
e key role of the catalyst type and reaction conditions in the first zone of the reactor. The experiments
ith elevated feeding rates showed the undesirable presence of the not-stabilized reactants behind the
rst reactor zone. Reaction conditions, catalyst selection and presence of additives (methanol to modify
scosity, DMDS/H2S to stabilize active centers) were combined and optimized to tune the product com-
osition and properties. The catalyst low-temperature activity in the first reactor zone was the limiting
ctor for the maximum feed rate and reactor capacity. The reaction temperature in this zone strongly
fects the boiling point distribution of the product. In case of NiMo catalyst, the reaction temperature
ove 360 �C in the 3rd zone can reduce molecular weight of the product due to mild cracking. In con-
ast, temperatures above 400 �C result in fast deactivation preventing thus the establishment of the
eady state operating regime.

� 2016 Elsevier Ltd. All rights reserved.
. Introduction

Bio-oil is an important and intensively studied topic in the field
f renewable chemicals and fuels. The definition of the fast pyrol-
is bio-oil by FPBO (Fast pyrolysis bio-oil) consortium is: ‘‘Liquid
ndensate recovered by thermal treatment of lignocellulose bio-
ass, at short hot vapor residence time (typically less than about
0 s) typically at between 450 and 600 �C at near atmospheric
ressure or below, in the absence of oxygen [1]”. In general, these
nditions allow maximizing the yield of the liquid product. The
yrolysis process can be accomplished in several reactor setups.
ypically, the commercially offered reactors are downdraft fixed
ed reactors with horizontally transported feed to the reaction
ne, and fluidized bed reactors [2].
There are several reasons, why to produce bio-oils. One of them
the possibility to extract valuable compounds that find applica-
on in fine chemicals production generating thus bio-based high
ded value products. Another main direction of bio-oil investiga-
ons is energy and fuels production. The motivation for using
io-oil as an energy source instead of lignocellulosic biomass
ood chips, straw etc.) is the enhanced energy density. From
e transportation point of view, it would be highly inefficient to
ansport straw-like lignocellulose (having typically higher heating
lue of about 17 MJ/t and low density of about 200 kg/m3) to a
istant place for processing. Moreover, the manipulation with
io-oil is significantly easier when compared with handling ligno-
llulose by crane or any other carrying machine. As mentioned
efore, a large interest is being paid to developing processes for
pgrading bio-oil to liquid fuels for internal combustion engines.
ue to its properties, such as low thermal stability (aging),
rrosivity related to content of water (up to 30 wt.%) and acidic
mpounds (for example acetic acid, formic acid) bio-oil is not
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suitable for direct use in automotive engines. Basic bio-oil charac-
terization and studies on blending fossil fuels with bio-oil revealed
a decrease in engine performance and its irregular running. More-
over, the poor low temperature stability of bio-oil is problematic
for coking in the injection system of diesel engines [3,4]. Hence,
successful utilization of bio-oil in automotive engines requires
chemical transformation of bio-oil to hydrocarbons, which can be
readily integrated to refinery processes as their properties are
much closer to those oil fractions. As shown below (Table 1), the
main difference between bio-oil and crude-oil fractions is in the
much higher content of heteroatoms in bio-oils as compared with
fuel oil fraction. The high content of oxygen in form of dissolved
water together with the low pH (caused by the presence of car-
boxylic acids) results in high corrosivity of bio-oil, particularly at
elevated temperatures.

Two main routes for converting bio-oils into hydrocarbons
include catalytic cracking using zeolites and hydrodeoxygenation
(HDO) using metals- or metal-sulfides-based catalysts. The former
reaction is being operated at near atmospheric pressure and tem-
peratures 350–500 �C. Presence of hydrogen is not required. Oil
yields are typically only about 20 wt.% related to feedstock.
Catalysts introduced in published papers are based on HZSM-5
[6], aluminosilicates [7], SAPO-5, SAPO-11, Mg-APO-36 [8] and
some others. The most problematic by-product is coke, which
decreases the yield of liquids. HDO is an interesting alternative
due to the higher yields of organic and high deoxygenation
degrees. Advantageous is also the possibility of using a simpler
reactor setup (such as fixed bed reactor). As mentioned in pub-
lished papers, long-term activity and high deoxygenation degrees
can be reached when using non-isothermal reactor profile and
commercial hydrotreating catalysts (NiMoS, CoMoS types com-
bined with Ru/C type in the first reactor zone [9]).

The character of Bio-oil hydrodeoxygenation products strongly
depends on experimental conditions used (catalyst type, reaction
temperature, reaction pressure and relative flow rate selection).
Elliott and coworkers [9] reported as the main product practically
oxygen-free hydrocarbon mixture, with initially dominant yield of
diesel fraction in organic phase (53 wt.%) and large yields of gaso-
line over non-isothermal combined catalyst bed (RuS/C, NiMoS).
After approximately 68–76 h of time on stream, the yields of frac-
tions decreased in the following order diesel > gasoline > vacuum
gas oil. The reported end of experiment was typically accompanied
either by an increase in reactor pressure drop or reactor plugging
by coking. Oxygen was removed as water in aqueous phase or car-
bon oxides in reaction outgas.
Table 1
Comparison of bio-oil and REB (Russian export blend) derived fuel oil.

Parameter Bio-oil Fuel oil Rapeseed oil

Moisture (water) [wt.%] 30a <0.1b 0b

pH 2.5c – –
Density [g/cm3] 1.2a 0.91b 0.92b

Elemental analysis [wt.%]
C 45.7a 86.3b 77.4d

H 6.4a 11.4b 11.8d

O 48.9a 0.00b 10.9d

N <0.05a 0.00b 0.00d

S [wt.%] <0.05a 2.3b 0.00d

Ash [wt.%] 0–0.2 0.1 –
Heat of combustion [MJ/kg] 16.47a 43.21b 38.48b

Viscosity (50 �C) [cP] 40–100 180 34.9b

Solids [wt.%] 0.2–1 1c –
Distillation residue [wt.%] Up to 50c 1c 100d

a Data for BTG bio-oil MSDS.
b Data measured for fuel oil by vacuum REB distillation and food quality rapeseed

oil (RSO).
c Data by Huber and co-workers [5].
d Calculated for triolein as RSO model compound.
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The application of exclusively carbon-supported noble metal
catalysts can result in yields of organics around 36 wt.% in case
of Pd/C type [10]. Ru/C catalyst was reported to provide a deoxy-
genation degree up to 64%. The deoxygenation degree was
enhanced mainly due to an e increase in reaction temperature
and residence time [10].

Bio-oil HDO can be performed also in batch reactors using bio-
oil and its fractions as feedstock. Using palladium and ruthenium
as active metals supported on active carbon shows high deoxy-
genation degrees [11].

The basic problem in use of noble metals is their sensitivity to
sulfur, which is presented in bio-oil in tens to hundreds of ppm.
The initial high activity can be consequently significantly reduced
when operating HDO in continuous system over these metals.

Although competitive product price of HDO product calculated
per ton of oil equivalent was reported [12] and this price is in the
range of prices for HDO of triglycerides and is lower than in case of
bio-ethanol produced from biomass, the production is less benefi-
cial. The reason is in the high capital costs for building this technol-
ogy, typically high amounts of hydrogen needed and especially in
the high pressure setup of all process parts.

The aim of this study is to investigate in detail the effect of reac-
tion conditions on the product distribution. DMDS was selected as
a hydrogen sulfide source, which can be in an industrial application
partially replaced by H2S recovery from the off-gas from conven-
tional hydrotreating processes. Methanol was selected as an addi-
tive due its reported ability to stabilize bio-oil during storage and
to reduce the viscosity of bio-oil [13].
2. Experimental

2.1. Materials

BTG fast pyrolysis bio-oil supplied by BTG-BTL was used as a
reference feedstock for the hydrotreating tests. The BTG-BTL tech-
nology uses a ‘‘cone rotating” reactor type [14]. Methanol (analyt-
ical grade; Lach Ner), was used to improve flow properties of the
feedstock for hydrotreating. Dimethyl disulfide (DMDS; Sigma
Aldrich) was used as a sulfur donor agent improving the catalyst
stability. Commercial hydrotreating NiMoS and CoMoS catalysts
were tested. Catalysts composition and their surface area are given
in Table 2.

2.2. Methods

Simulated distillation (SIMDIS; Agilent 7890 A, ASTM D2887)
was used to determine the boiling point distribution of the organic
product mixture obtained prepared by bio-oil hydrotreating. Gas-
eous products were analyzed off-line using a gas chromatograph
equipped with FID and TCD detectors. Elemental analysis was per-
formed by ICP. The density and the refractive index of products
was measured by an Anton Parr DMA 4100 M instrument and by
an Anton Parr Abemat 200 instrument, respectively.
Table 2
Catalytic material characterization.

Parameterncatalyst CoMo NiMo

Co [wt.%] 2.9 0.0
Ni [wt.%] 13.9 3.8
Mo [wt.%] 0.0 9.5
sS [m2/g] 133 120
Cat. support c-alumina c-alumina
Particle size [mm]a 0.25–0.50 0.25–0.50

a Fraction used in the tests. It was obtained by crushing and sieving the original
3.2 mm extrudates.

2/9
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Spruce bio-oil for the experiments was supplied by BTG
etherlands). The oil was stored in fridge at temperature about
�C. Before a catalytic experiment, bio-oil was blended with
fined amounts of additives and stored in a fridge. Experiments
ere carried out in a stainless steel reactor equipped with a
ree-zone electric heating unit. The reactor had internal diameter
17 mm and an integrated thermowell where thermocouples are
aced to control temperature (outer diameter 5.0 mm). Bio-oil
as pumped into the reactor by an HPLC pump (ECOM, KAPPA
). Hydrogen flow was controlled by an MFC Bronkhorst with a
aximal flow of 720 Nl/h. The reactor set-up is depicted in Fig. 1.
fore a catalytic test, the catalyst was first crushed and sieved
obtain catalyst particles of required size (0.25–0.50 mm). The

actionated catalyst was loaded into the reactor on top of a layer
inert silicon carbide. The top layer of catalyst was covered by
e SiC inert to facilitate feed distribution and to avoid feed wall
w., Glass wool was placed in the bottom and the top of the reac-
r to prevent SiC flushing out of the catalyst bed. CoMoS and
iMoS commercial catalysts were used to study bio-oil hydrotreat-
g conversion.
First, a reference test (Nr. 1) using CoMoS catalyst was per-

rmed. The experimental conditions were selected based on the
blication by Elliott and co-workers [9] dealing with the investi-
tion of bio-oil continuous hydrotreating. The reactor was divided
to three reaction zones having different reaction temperature
t-point. In the first zone, the temperature was kept in the range
0–250 �C, in the second zone, the reaction temperature was kept
the range 250–350 �C and in the third zone, the temperature was
the range 350–450 �C. Based on [9], 0.01 wt.% addition of DMDS
as added into the feedstock to protect the sulfided active sites
the catalyst. The reaction conditions and reaction mixture
Fig. 1. Scheme of hydrotrea

ble 3
t of tests performed and reaction conditions, all the experiments were carried at 13 MPa.

Testa Active phase Additives [wt.%] WHSV

Nr. DMDS MeOH [h�1]

1 CoMoS 0.01 0.0 0.2
2 NiMoS 0.20 0.0 0.2
3 NiMoS 0.40 4.0 0.2–0.4
4 NiMoS 1.00 5.0 0.2
5 NiMoS + CoMoS 1.00 5.0 0.2

a Chronological order.
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mposition was changed in each test to investigate the roles of
ese parameters. The results will be described and discussed in
tail in the next section. Under reaction conditions, DMDS affords
2S the concentration of which plays an important role in equilib-
um state of active phase as described by Furimski and Massoth
5], and significantly affects competitive adsorption of oxygen
teroatom. Based on the test Nr.1 results, the catalyst was chan-
d to NiMoS type and the concentration of DMDS was increased
0.2 wt.% (test Nr. 2). To avoid coking observed in the previous
sts, 4 wt.% of methanol was added in the reaction mixture (test
r. 3) to improve feedstock-catalyst contact. In addition, hydrogen
w was doubled (i.e. the gas-to-liquid ratio was increased). To
timize the middle distillate yield, the final reaction temperature
as reduced to suppress hydrocracking reactions (Nr. 3). In this
st, the role of feeding rate was investigated at reduced reaction
mperatures (220, 240, 320 �C) to limit coking and extend the cat-
yst lifetime. WHSV was investigated in the range 0.2–0.4 h�1. The
llowing experiment (Nr. 4) was focused on extending the catalyst
etime. Hence, the reaction temperatures were changed to 230,
0 and 350 in the top, middle and bottom zone of reactor respec-
vely. Moreover, methanol dosing was increased from 4 to 5 wt.%
d DMDS addition from 0.4 to 1.0 wt.% in the test Nr. 4. The last
st (Nr. 5) was performed at similar conditions as the test Nr. 4,
t the catalyst bed in the bottom part of the reactor was changed
om NiMoS to CoMoS (resulting in 5:4 w/w ration of the catalysts).
is test was focused on decreasing the COx concentration in the
f-gas to reduce the corrosiveness of this stream. Summary of
perimental setup for all experiments shows Table 3.
The catalysts were activated at ramped temperature profile by

methyl disulfide solution (10 vol.% of DMDS) in isooctane in pres-
ce of hydrogen flow. The final temperature of the activation
ting reactor setup.

Temperature Catalyst loading

Top Middle Bottom [g]

170 250–350 450 75
230 250–350 450 73.6
220 240 320 85
230 320 350 85
230 320 350 50 + 40

3/9
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method was 340 �C. This temperature was held for 9 h. After the
activation, the reactor was cooled down to temperature set-points
of each heating zone under reduced sulfiding agent and hydrogen
flow. After reaching the temperature set-points, pumping of bio-
oil was started with a weight hourly space velocity (WHSV) equal
to 0.2 h�1. Material used as feed was BTG spruce wood bio-oil with
different percentage of additives. Liquid samples and outgas sam-
ples were collected typically each 4 h from the heated and cooled
(two stages) gas-liquid separator. Aqueous phase was quantita-
tively separated and analyzed by SPME/GC–MS in the case of low
bio-oil conversion and unusual look. Typically, only some traces
of hydrocarbons were detected. The absence of organics in aqueous
phase indicates total deoxygenation degree. Organic phase was
analyzed by simulated distillation (Agilent 7890 A, ASTM D2887).
Gaseous products were analyzed by gas chromatography
(RGA – refinery gas analysis) to identify and quantify gaseous prod-
ucts which were produced.
3. Results and discussion

The reference test (Nr. 1) performed with a CoMoS/Al2O3 com-
mercial hydrotreating catalyst showed severe catalyst deactivation
after only 30 h on stream. The catalyst deactivation was indicated
by change in the color and physical properties of the reaction
products. The color of the reaction products changed from
bright/colorless to yellow, red and black during the 40 h on stream
when the reference test was ended. Also, reactor plugging was
indicated by a rapid increase in pressure difference between the
top and the bottom of reactor (dP over 1 MPa) after 40 h on stream.
The analysis of the reactor content showed massive plugging by
coke formed from the unstable bio-oil, and catalyst decomposition
into dust. Catalyst decomposition was observed in catalyst bed
between 20 and 100% of length from the top of the catalyst layer.
Coke formation was observed also in the guarding bed above cata-
lyst layer, its formation is an indication of approaching reactor
plugging. Apart from coke, the reaction products typically con-
sisted of reaction off-gas, aqueous phase and organics. The gaseous
products contained mainly carbon monoxide, carbon dioxide and
methane (C1), ethane, propane and butanes. The C1 products orig-
inated from formic acid reduction and from decarboxylation of
other acids (present in concentration of several wt.% units accord-
ing to the bio-oil MSDS) and hydrogenation of the primarily
Fig. 2. Percentage of liquid pro
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formed CO2. Ethane and propane are expected to be products of
acetic acid deoxygenation/hydrogenation and lignin phenyl propa-
noid monomeric units decomposition, respectively.

The low feeding rate (WHSV = 0.2 h�1) used in all experiments
caused a delay of 16 h to get a fully saturated catalyst bed and to
stabilize yields of the liquid fraction (Fig. 2). The overall stabilized
yield of liquids was about 85 wt.% related to the bio-oil amount
fed. The overall organic phase yield (related to amount of bio-oil
injected) was between 32 and 37 wt.%. This is in good agreement
with results of experiments with sulfided catalysts producing fully
deoxygenated hydrocarbons yielding around 33 wt.% of organics
[16]. Yields of organics are in general higher in comparison with
catalytic cracking [12], which is an alternative route of bio-oil
conversion into hydrocarbons for fuel production. A closer inspec-
tion of Fig. 2 reveals that the overall liquids yield was slightly
increasing as well as the yield of organic liquids. It was caused
by a steady catalyst deactivation resulting in a gradual increase
in oxygen content in the product. The catalyst possessed a high
cracking activity and, as a result, nearly full selectivity to low
molecular hydrocarbon liquids and gaseous hydrocarbons was
observed at the very beginning of the test (in the initial 16 h). After
complete catalyst layer saturation with the feed/products (i.e. ca.
after 16 h), the hydrocarbon products in the boiling-point range
of diesel (Bp > 200 �C; Fig. 3a) tended to slowly increase. The yield
of diesel fraction increased at the expense of the yield of the petrol-
like hydrocarbons.

Despite the gaseous and liquid fraction yields were stabilized,
the rapid catalyst deactivation and decomposition together with
the low feed rate resulted in a steady increase in density and
refractive index of the organic liquid product (Fig. 3c). The catalyst
deactivation and the destruction of active centers was reflected by
the increasing content of heteroatoms in liquid products with time
on stream. The detected nitrogen (Fig. 3b) originated from the bio-
oil feedstock and the fast increase in its content pointed to the fast
reduction of HDN capacity of the catalyst, i.e. due to inhibition or
destruction of the active centers. The increase in sulfur content
confirmed the destruction of the active centers and decrease in
HDS activity and probably also leaching of sulfur bound in the cat-
alyst active phase into the organic phase (Fig. 3b). Sulfur leaching
was confirmed by elemental analysis, as just 122 ppm sulfur were
detected in raw bio-oil.

The significant increase in DMDS dosing (from 0.01 wt.% to
0.2 wt.%; test Nr. 2) together with the use of NiMoS catalyst
ducts related to liquid feed.
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Fig. 3. Test Nr. 1 yields of organic fractions with boiling point <200 �C and >200 �C (a), content of heteroatoms in organic layer (b), changes in density and refractive index (c)
as function of time on stream.
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54 J. Horáček, D. Kubička / Fuel 198 (2017) 49–57
reduced the rapid decline in catalytic activity. Ni promoted catalyst
was selected to speed up the decarboxylation of carboxylic acids.
Moreover, the concentration of DMDS, which is responsible for
establishing sufficient H2S partial pressure and thus playing the
key role in stabilizing the anionic vacancies of active centers, was
increased from 0.01 wt.% to 0.2 wt.% DMDS addition. While the test
length was not affected in general, important changes in products
quality were observed. All product samples were colorless with
slightly higher portion of lighter fraction (Fig. 4). Middle distillate
yields were lower when compared with the CoMoS reference test
(Fig. 3a), where middle distillates yield was typically over 60 wt.
% of organic fraction. The strong effect of the low feed rate on
feedstock axial dispersion (resulting in cross contamination of
deoxygenated liquid samples in reactor bottom and gas-liquid sep-
arators) prevented us from checking the reactor operation stability
by liquid products characterization. For this purpose, the gaseous
phase was analyzed periodically to check changes in the reaction
requiring a high catalyst activity (COx reduction, cracking; Fig. 5).
As depicted, the main reaction gases are CO2 and methane, CO
was detected as a minor compound. Based on trends of the C1 gases
yields, the reactor was stabilized after ca. 20 h on stream. The main
gaseous hydrocarbon products were ethane and propane.

Due to the high reactivity of bio-oil, the reactor plugging
occurred in the top layer of the catalytic bed. To prevent this plug-
ging, two methods could be applied - either lowering the temper-
ature in the first catalytic zone, which is related with the
undesirable decrease in the rate of hydrotreating, or improving
the bio-oil flow properties. To investigate the effect of solvents,
methanol was used to dilute the bio-oil feedstock. Apart from
reducing the viscosity, the addition of small amount of methanol
(5 wt.%, test Nr. 3) can significantly reduce coke formation in the
reactor. Methanol presence can also slightly reduce corrosivity of
the feedstock by reacting with carboxylic groups and affording
respective esters. Methanol has been selected as a solvent for its
oxygen content, which is nearly the same as that of neat bio-oil
(ca 48.5 wt.%). 4 wt.% of methanol and 0.4 wt.% of DMDS were
added into bio-oil and the homogenized feedstock was used for
catalytic tests. To reduce the cleavage of CAC bonds in hydrocar-
bons, reaction temperatures in the middle and the last zone were
reduced from 350 to 240 �C and 450 to 320 �C, respectively. The
changes in experimental design resulted in production of heavier
hydrocarbons (i.e. hydrocarbons with higher boiling point) and
the reactor tended to reach steady state in about 40–60 h
Fig. 4. Yields of organic fractions with boiling point <200 �C
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(estimation based on previous work with this reactor setup and
hydrotreating reactions). Having just limited catalyst lifetime due
to rapid coking, the flow rate increase from 0.2 to 0.3 h�1 was done
before reaching the steady state (gas/liquid ratio was kept constant
for all cases) and significantly changed the properties of the liquid
products. However, as apparent from Fig. 6, the yields of liquids
were not affected by the increase in feed rate at all.

As depicted (Fig. 7a), the higher flow rate led immediately to an
increase in the density and refractive index of the products. Also,
the nature of products has changed significantly: the main product
fraction, naphtha, obtained at lower feeding rate, became a minor
product. The influence of WHSV on the distribution of gaseous
products was found to be negligible (Fig. 7b). Only carbon dioxide
content has increased andmethane content decreased as a result of
the limited capacity of the active centers responsible for methana-
tion. The lower content of C4 and C5 can be explained by the lim-
ited cracking activity at higher feed rate and partially also by
catalyst deactivation due to coke formation (Fig. 7b). The middle
distillate production raised to about 35 wt.% and important yield
(about 25 wt.% in organic fraction) of fuel oil fraction, which could
be still introduced to oil refinery system as feedstock, was
obtained. The naphtha fraction has typically nature of a mixture
of relatively low number of compounds present in high concentra-
tions when compared to crude oil petrol (Fig. 7c). As can be seen in
Fig. 7d, the overall distillation curve of the low-feeding-rate pro-
duct has little higher final boiling point than naphtha (about
20 wt.% of middle distillate). As mentioned before, the final boiling
point and overall boiling point distribution has changed: at
WHSV = 0.3 h�1 significant yields of heavier fractions were formed.
An important change was detected in the aqueous phase, where
phenolic compounds were detected after 40 h on stream (SPME
GC–MS: phenol, cresols, xylenols and C3 alkylphenols) at 0.3 h�1.
This shows that the limiting feed rate for full deoxygenation of
bio-oil was reached. A further increase in the feeding rate from
0.3 to 0.4 h�1 resulted in an uncontrolled temperature increase
(240)�263 �C) in the middle (2nd) catalyst layer and after 3 h
the reactor was plugged as detected by the rapid pressure differ-
ence increase. The observed spontaneous temperature increase in
the middle catalyst zone followed by the reactor plugging was
caused by overloading of the first (low temperature) catalyst bed.
This resulted in a breakthrough of the highly reactive compounds
to the second catalyst bed, i.e. the feed reached the second
reaction zone without the required stabilization and due to the
and >200 �C (NiMoS, test Nr. 2, 230, 250–350, 450 �C).
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Fig. 5. Gaseous products distributions, elevated dosing of DMDS from 0.01 to 0.2 wt.% (NiMoS, test Nr. 2, 230, 250–350, 450 �C).

Fig. 6. Liquids fraction yields at various feeding rate (NiMoS, test Nr. 3, 230, 240, 320 �C).
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oxygenation reaction exothermicity a high increase in tempera-
re was observed. Moreover, at higher reaction temperatures, the
king rate of the unstable feedstock significantly increased and
sulted in an early test termination.
The following optimization step was focused on reaching steady

ate operation of the reactor and maximizing the yield of diesel
d fuel oil like fraction. These ‘‘heavy” fractions (products with
iling point above 350 �C, i.e. above the final boiling point of die-
l) are preferred as materials to be co-processed with crude oil
ithout any significant changes in refinery technologies. In this
se, bio-oil was modified with 5 wt.% of methanol and 1 wt.% of
MDS. The sulfur donor agent content was increased after the pre-
ous experience with the elevated feeding rate, where physical
operties of products did not tend to get stabilized. Based on
perience with triglycerides deoxygenation, decarboxylation is
nsitive to H2S concentration. The aimwas to promote decarboxy-
tion to speed up oxygen removal in the first two catalytic zones.
promote decarboxylation, the reaction temperatures of 2nd and

d zones were increased to 320 and 350 �C, respectively. As a
sult of these changes, steady state operation was reached in
ART - 35
h on stream. The selectivity to naphtha fraction (ca 25 wt.% in
ganic phase) and the average hydrocarbon yields (30 wt.%
lated to bio-oil fed; Fig. 8) was reduced as well. The rest of the
ganics was in the boiling point ranges of diesel and fuel oil.
nfortunately, the experiment had to be stopped early because
malfunctioning of the manometer on the gas liquid separator
e to corrosion. The corrosiveness of the off-gas stems from its
mposition. It contains 50 wt.% water and high amount of H2S
d CO2, respectively, and due to water vapor condensation in
e presence of CO2 corrosive carbonic acid is formed.
To reduce the corrosiveness, two different catalysts were loaded

to the reactor based on results of previous experiments discussed
ove. Off-gases obtained during experiments with CoMoS catalyst
ntained lower concentrations of COx when compared with the
f-gases from ‘‘NiMoS” experiments. It is explained by the lower
carboxylation activity of Co promoted catalysts and their prefer-
ce in hydrodeoxygenation mechanism in oxygen removal
7,18]. CoMoS catalyst used for the initial reference test was
aded into the third (bottom) catalyst layer. The first two zones
ere loaded with NiMoS type catalyst used for the optimization
7/9



Fig. 7. Physical properties of organic layer during test (a); distribution of gaseous products (b); GC (Simdis) of products obtained over different flow rates and crude oil
gasoline – Petrol (c); and distillation curves of these products (d) by Simdis, ASTM D2887.

Fig. 8. Products yields from optimized test (a) and product boiling point distribution of products of steady state period (b).

Fig. 9. Effect of CoMoS on properties of reactor outcome, role in hydrocarbon fraction composition (a), effect on CO2 reduction (b) (NiMoS, test Nr. 4 and 5, 230, 320, 350 �C).
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Fuel
f feedstock composition and reaction conditions. The reaction
tup was similar to that of the optimized test. No changes were
bserved in yields of boiling point distribution – naphtha/middle
istillate yields, while gaseous product composition has changed
gnificantly. The comparison of results pointed to near identical
ydrocarbons yields with identical hydrocarbon boiling point dis-
ibution (Fig. 9a) as in the optimized test with NiMoS catalyst. It
early shows, that the initial reaction parameters and catalyst
roperties are playing the key role in process of the bio-oil stabi-
zation. The role of CoMoS active phase was reduction of CO2 at
e outlet of the reactor as it is well known that CoMoS catalysts
e more active under low hydrogen partial pressure than NiMoS
talysts. Fig. 9b shows the difference between test with single
iMoS catalyst (‘‘Optim.”) and test with CoMoS type in the bottom.
he presence of the CoMoS active phase resulted indeed in deeper
eoxygenation/reduction of CO2. The reduction of COx is a matter
f economic optimization, because it reduces requirements for cor-
siveness resistance of the reactor/separator parts, but also signif-
antly increases hydrogen consumption.

. Conclusions

A series of bio-oil hydrotreating experiments with two
mmercial hydrotreating catalysts and different experimental
rangements, in particular the use of additives and non-
othermal temperature profile, provided valuable information
out bio-oil stabilization and its upgrading to automotive fuels
actions. In the first reactor zone, condensation reactions affording
igh molecular weight compounds with boiling point in the range
pical for diesel fuel can be achieved by optimizing reaction tem-
erature and feed flow rate. It results in partial deoxygenation and
ydrogenation (saturation) of the most reactive compounds. This
ads to the formation of two liquid phases, an organic and an
ueous one. The extent of condensation and coking in the first
actor zone is an important factor determining the overall bio-
il upgrading efficiency. The addition of methanol (up to 5 wt.%)
cilitates accessibility of active centers by bio-oil compounds in
e top part of the reactor. Consequently, the optimization of the
actor top zone is a key point of bio-oil stabilization. Moreover,
ue to the demanding conditions, a lot of attention must be paid
catalyst properties (e.g. resistance to acids in the feed, high oxy-

J. Horáček, D. Kubička /
en elimination activity, coke formation reduction). The second
action zone is responsible mainly for multiple double bonds
d aromatics saturation. In the third reactor zone, the final

igh-temperature deoxygenation, saturation and hydrocracking
ke place. Hence, the optimization of the last reaction-zone tem-
erature determines the organic-product boiling point distribution
d the nature of the obtained fuel fraction. The active phase selec-
on can help to change the product selectivity and as a result

[1

[1

[1

[1
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aphtha-, diesel- or fuel-oil-like products can be obtained. More-
ver, the corrosiveness of the effluents from the reactor can be
inimized by optimizing the catalyst composition in the last reac-
r zone.
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ABSTRACT: Bio-oil upgrading through its hydrodeoxygena-
tion (HDO) using sulfided catalysts has attracted significant
attention because of its potential to provide advanced biofuels.
Although many studies have been undertaken, a detailed
understanding of the changes in the chemical composition on
the molecular level that would allow the better design of
catalysts for bio-oil upgrading is still insufficient. Therefore, we
have subjected straw bio-oil and products obtained from its
hydrotreatment over a broad range of experimental conditions
to a detailed quantitative chemical analysis. Most of the volatile
compounds were quantified by GC-MS. Among them, 115
compounds were quantified directly (i.e., using the appropriate
standards) and more than 100 indirectly (i.e., based on their
structural similarity with corresponding standards). Moreover, the total concentrations of carboxylic acids, carbonyls and
phenols were quantified by the carboxylic acid number (CAN), Faix, and Folin−Ciocalteu methods, respectively, to obtain
complementary and supporting information on the chemical composition to the GC-MS data. The detailed quantification of
most volatile compounds in the feed and the products allowed us to create a reactivity order of the oxygen-containing functional
groups present and to understand the origin of some of the compounds. On the basis of the results, the upgrading of straw bio-
oil from ablative fast pyrolysis at 340 °C and 4 MPa seems to be optimal when evaluating the severity of the reaction conditions
and hydrogen consumption, on the one hand, and the products quality, on the other hand. This provides a good starting point
for further catalyst development and optimization allowing the long-term upgrading of the bio-oil for obtaining petroleum-
refinery-compatible feedstock.

KEYWORDS: Ablative flash pyrolysis, Hydrodeoxygenation, Quantitative analysis, GC-MS, Carboxylic acids, Carbonyls, Phenols

■ INTRODUCTION

Fast pyrolysis is one of the simplest and most cost-effective
options for the conversion of a lignocellulosic biomass into a
bio-oil, achieving yields of up to 75 wt %.1 Despite its
undesirable properties (thermal lability, high acidity, high
water/oxygen content),2 the bio-oil has the potential to be used
for the production of advanced biofuels. For this purpose, it is
necessary to reduce the oxygen content of the bio-oil and to
improve its properties in general. Despite its high operating
expenditures, hydrotreatment is one of the most promising
methods for bio-oil upgrading, producing higher yields of
upgraded products with an acceptable quality.3 Thus, it is
desirable to optimize the bio-oil hydrotreatment process. For
this purpose, a quantitative characterization of the chemical
composition of the bio-oil and its upgraded products is crucial.4

A bio-oil is a complex mixture of hundreds to thousands of
oxygenates.5 Together with the fact that its chemical
composition is strongly dependent on the original biomass,2

this makes a detailed quantitative characterization very difficult
and time-consuming. Probably, for this reason, some papers
studying bio-oil hydrodeoxygenation (HDO) only focused on
the characterization of the physicochemical properties of the
HDO products.6−8 To simplify the determination of the bio-oil
composition, some researchers used the percentage of the total
peak area obtained from GC-MS to estimate the content of the
individual chemical compounds.4,9−11 However, such an
approach can be misleading due to the different response
factors of the different oxygenates.
To our best knowledge, just three papers focused on the

detailed quantification of the chemical changes occurring
during the bio-oil HDO.12−14 Routary et al.12 used GC-FID
and HPLC-RI to quantify oxygenates and a special GC-MS
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technique (nitric oxide ionization spectroscopy evaluation) to
quantify the hydrocarbons formed. Sanna et al.14 used GC-MS
for the quantification of 28 different compounds and HPLC for
the quantification of saccharides. Nevertheless, the most
detailed study up to now was apparently carried out by
Stankovikj et al.13 from the National Renewable Energy
Laboratory (NREL). This team developed, validated,15 and
recently published several methods for quantifying the most
important chemical groups in bio-oils, such as carboxylic acids
(CAN method),16 carbonyls (Faix method),17 and phenols
(Folin−Ciocalteu method).18 Stankovikj et al.13 applied these
methods to study the changes that occur in the nonvolatile
oligomeric fractions during the bio-oil HDO. To quantify the
changes in the volatile fraction, they used GC-MS. All of these
works were focused on the hydrotreatment of wood bio-oil over
noble metal catalysts. Because of their very high catalytic
activity, the hydrogen consumption in the bio-oil HDO over
these nonsulfided catalysts is higher than that over the sulfided
catalysts, thereby increasing the processing costs and reducing
product sustainability.19 Moreover, the noble metals can be
poisoned by the presence of even small amounts of sulfur
compounds in the bio-oil,19 which is why the well-established
and robust sulfided catalysts remain the preferred choice for
bio-oil HDO.20

Compared with noble metal catalysts, where HDO is often
preceded by saturation of the aromatic rings, HDO preferably
takes place over sulfided catalysts.21 Often, only model
compounds representing the typical compounds present in
bio-oil have been hydrodeoxygenated over sulfided catalysts.22

Typically, the reactivity of such compounds has been assessed
individually, but their reactivity can be quite different in
complex mixtures, such as bio-oils. The HDO of real bio-oils
over sulfided catalysts has been studied as well9,23,24 but with
the main focus on the qualitative changes in the physicochem-
ical properties, that is, none of the studies quantified the
changes that take place in the chemical composition of bio-oils.
In our previous paper, we tested a sulfided NiMo/Al2O3

catalyst for the HDO of a straw bio-oil (as an alternative to the
wood bio-oil generally used) from the ablative fast pyrolysis and
analyzed the physicochemical properties of the resulting HDO
products.25 To provide a deeper understanding of the whole
straw bio-oil HDO process over the sulfided catalysts, we have
built upon our previous work and present what, to our best
knowledge, is the first such detailed quantitative study of this
process including analysis of both the aqueous and organic
phases formed. Low-molecular compounds were quantified by
GC-MS, 115 of them were quantified directly and the other
more than 100 indirectly. The total concentrations of the
carboxylic acids, carbonyls and phenols were quantified by the
carboxylic acid number (CAN), Faix, and Folin−Ciocalteu
methods, respectively. Thanks to the detailed analysis of the
volatile compounds, we were able to consider the reactivity of
the respective groups in the nonvolatile fractions of the samples.
All of this allowed us to understand the complexity of the bio-oil
HDO and to decide about the most favorable conditions for
maximizing deoxygenation while minimizing hydrogenation of
the aromatic rings. Moreover, the manuscript can serve as an
overview of the HDO of oxygenates present in a real bio-oil
over a sulfided catalyst. This quantitative description contrib-
utes to a better understanding of the whole process that is
necessary for further advances in bio-oil hydrotreatment.

■ EXPERIMENTAL SECTION
Bio-oil and Hydrotreatment. Straw bio-oil was produced at

Fraunhofer UMSICHT by the ablative fast pyrolysis of straw (wheat
and barley, 1:1 w/w). The straw in the form of pellets was pressed onto
a hot rotating disc and pyrolyzed at 550 °C with a vapor residence time
of less than 1 s. After condensation at 2−5 °C, the liquid product
spontaneously separated into an aqueous and organic phase (bio-oil
used as feed for the hydrotreatment). More details are given in the
literature by Schulzke et al.26

Before the hydrotreatment experiments, the bio-oil was first filtered
to remove residual solids and then doped with 0.5 wt % dimethyl
disulfide (Sigma-Aldrich, DMDS ≥ 99.0%) to maintain the catalyst
activity as suggested by Yoshimura et al.27 A commercial sulfided
NiMo/Al2O3 catalyst (5.5 wt % of NiO and 28.3 wt % of MoO3) and
hydrogen (SIAD, 99.9 vol %) were used in the continuous fixed-bed
hydrotreatment experiments. Two sets of experiments were carried
out. In the first one (further labeled as T/4), the temperature (T) was
increased from 240 to 350 °C at a constant hydrogen pressure of 4
MPa. The second experiment set was labeled as T/P; the temperature
(T) and hydrogen pressure (P) varied between 300−360 °C and 2−8
MPa, respectively. Compared to our previous paper,25 the T/4
experiment was repeated with a greater emphasis on the reaction
conditions around 300 °C and 4 MPa, where the density of the organic
phase became lower than that of water for the first time. Therefore, the
temperature change step between 280−330 °C was only 10 °C.

The reaction products were labeled as follows: T/P = desired
average temperature (°C)/pressure (MPa), the real average temper-
ature in the catalyst bed and the time on stream of each reaction
condition are summarized in Tables S1 and S2. The other reaction
parameters were kept constant: WHSV was 1 h−1 (feed flow 50 g·h−1)
and hydrogen flow rate at standard conditions was 90 L·h−1. The
reactor configuration, catalyst activation, and other details of the
hydrotreatment process are described in detail elsewhere.25

Analysis of the Feed and Products. The detailed description of
the analytic measurement procedures for the elemental composition
and water content analyses, commented on in this manuscript, was
given elsewhere.25

GC-MS Analysis. A gas chromatograph Focus GC equipped with an
autoinjector AI 3000, connected to a DSQ mass spectrometer (all
Thermo-Fisher Scientific) was used for the GC-MS analyses. The
instrument control, data acquisition, and processing were performed
using Xcalibur 2.2 software (Thermo-Fisher Scientific). The
conditions of the GC-MS analysis are given in Table 1. All samples

(∼80 mg) were dissolved in about 1.7 mL of acetone (Penta, p.a.) for
the GC-MS analysis. Compounds with retention lower than or equal to
that of acetone were analyzed in an n-butanol (Penta, p.a.) solution
prepared at the same concentration level. The exact weight
concentration obtained was finally used for the calculation of the wt
% in a real sample. Ten microliters of an internal standard stock
solution was added into each sample. The internal standard solution
contained 1-butoxypropan-2-ol (Sigma-Aldrich) and 2-naphthalde-

Table 1. Conditions of the GC-MS Analysis

parameter description

injection 250 °C, 1 μL, split 1:20
carrier gas helium, (5.5), 1 mL·min−1

temperature
program

32 °C (8 min), then 5 °C·min−1 to 300 °C (10 min)

column ZB-5MSi, W/Guardian,
30 m (+5 m Guardian end) × 0.25 mm × 0.25 μm

interface 280 °C
MS ionization EI+, 70 eV
solvent delay 3.0 min (only for analysis of acetone solutions)
data acquisition full scan, 20−500 Da
scanning
frequency

5 scans·s−1

analyzer quadrupole
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hyde (Koch Light) dissolved in ethanol (Penta, absolute for UV
spectroscopy). The concentration of each internal standard in the
stock solution was 34 mg·mL−1. The prepared samples were
homogenized in an ultrasonic bath and filtered using a 0.45 μm
syringe filter. Identification of the detected compounds was performed
using a NIST 14 mass spectra library, standard compounds, or Kovats
indices; only the peaks with a match factor above 700 were further
quantified.
Four mixtures containing 115 standard compounds (each

approximately 1 mg·mL−1) were used for the direct quantification:
(i) most of the oxygenates were dissolved in acetonitrile (Merck, LC
grade), (ii) acids and some other oxygenates were dissolved in ethanol
(Penta, absolute for UV spectroscopy) to avoid coelution with the
compounds present in the first mixture, (iii) low-boiling-point
oxygenates were dissolved in n-butanol (Penta, p.a.), and (iv)
hydrocarbons were dissolved in n-hexane (Penta, 99%, p.a.). For
each compound, a six-point calibration curve covering the concen-
trations from 25 to 1000 μg·mL−1 was created (measured from the
lowest to the highest concentration). The quantification was
performed using the Xcalibur 2.2 Quan Browser tool; all calibration
curves were obtained with an R2 value of ≥0.995 from at least 4 points.
For a more precise quantification, the areas of the peaks from the
selected extracted ions specific to each compound (instead of the total
ion current (TIC)) were used. Usually, one up to three ions with the
highest intensity specific for the compound concerned were selected.
Other compounds were quantified indirectly based on the response
factor of the most structurally similar compounds,28 using eqs 1 and 2.
The list of standards, suppliers, purity, ions for quantification, relevant
oxygenates group, and other quantified compounds are given in Tables
S3−S6. The primary results of the quantification expressed in μg·mL−1

were recalculated to wt %. For a better comparison between the
product samples and the feed, the cumulative changes in wt % for each
compound were calculated as the wt % of a compound divided by the
yield of the relevant product, that is, as the yield of the compound. To
compare between the GC-MS results and the results obtained from
other applied methods (see below), the yield of each compound
(cumulative wt %) was recalculated to mmol·g−1 using the molecular
weight of relevant compound and further multiplied by the number of
relevant oxygen functional groups for CAN and Faix methods.

C A i k i k A C( )/ ( ) (STD)/ (STD)i m z m z/ / STD= × × (1)

where C = concentration, A = peak area, k = ratio of ions area, i =
similar compound to STD, and STD = standard compound.

k i
A i
A i

( )
( )
( )

m z/

TIC
=

(2)

where k (i) is the ratio of the area of ions for the quantification and
total TIC area, determined from the NIST library.
Carboxylic Acid Number. The carboxylic acid number (CAN) was

determined by a 716 DMS Titrino instrument (Metrohm AG)
equipped with LabX titration software using a titration method
described in detail elsewhere.16 The electrode system consisted of
combined glass, silver chloride and platinum electrodes (Metrohm
AG). The sample (0.2−3.0 g, the amount used increased with its
decreasing acidity) was titrated by a 0.1 M solution of tetrabuty-
lammonium hydroxide (86854 Sigma-Aldrich) dissolved in a 10:1 V/V
mixture of isopropyl alcohol and methanol (Penta, p.a.) standardized
by a known amount of potassium hydrogen phthalate (Sigma-Aldrich).
A 0.4 M solution of tetraethylammonium bromide (Sigma-Aldrich,
98%) dissolved in ethylene glycol (Penta) was used as an electrolyte in
the silver chloride electrode and isopropanol (Penta, p.a.) was used as
a sample solvent. Each sample (feed or HDO product) was analyzed in
triplicate.
Carbonyls Content by Faix. The total carbonyls content was

determined by the Faix method based on the oximation of the carbonyl
group and further by the reverse titration of the released HCl,
described in detail elsewhere.17 The sample (0.2 g for the feed, up to
1.0 g for the best, that is, the most deoxygenated product 360/8) was
weighed into an 8 mL vial. Then, (i) 1 mL of dimethyl sulfoxide

(DMSO; Penta, p.a.), (ii) 2 mL of hydroxylamine hydrochloride
(NH2OH·HCl, Sigma-Aldrich, ≥99.9995%) solution (0.3 M in 80%
ethanol), and (iii) 2 mL of triethanolamine (TEA, Sigma-Aldrich, ≥
99.0%) solution (0.5 M in ethanol) were added in the given order. The
vial was tightly closed and placed into a preheated bath (80 °C), where
it was stirred for 2 h to complete the reaction. In addition, each sample
group included three blank samples (consisting of a mixture of the
DMSO, NH2OH·HCl, and TEA solutions). After it was cooled down
to ambient temperature, the sample was quantitatively transferred into
a titration vessel using distilled water and ethanol to create an 80%
ethanol solution and titrated. Each sample (feed or HDO product) was
prepared, oximated, and analyzed in triplicate.

Phenols by Folin−Ciocalteu. The total content of the phenols was
measured by the Folin−Ciocalteu method optimized for bio-oils.18

The bio-oil and products were dissolved in ethanol (Penta, absolute for
UV spectroscopy) to obtain samples with a concentration of ∼500 mg·
L−1. The sample was homogenized in an ultrasound bath and then 20
μL of this solution was weighed into a 1 cm path-length polystyrene
cuvette. Then, 1.58 mL of distilled water and 100 μL of the Folin−
Ciocalteu reagent (Sigma-Aldrich, 2 N) were added, and the content
of the cuvette was properly mixed. After ∼5 min, 300 μL of a 20%
aqueous solution of sodium carbonate was added in to the cuvette. The
mixture was again properly mixed and allowed to develop the color for
2 h at ambient temperature. Gallic acid (Sigma-Aldrich, 97.5−102.5%)
was used as a calibration standard to create a four-point calibration
curve between the concentrations of 50 and 500 mg·L−1. The
absorbance of all the samples was measured after a final
homogenization against a blank (20 μL of ethanol instead of a
sample) at 765 nm using a UV-1800 spectrophotometer (Shimadzu,
Japan). The average of three measurements was recalculated to mmol
of phenols per gram assuming phenol as the surrogate structure29 to
allow a direct comparison with the GC-MS results.

■ RESULTS AND DISCUSSION

Physicochemical Properties. The physicochemical prop-
erties of the organic phases were discussed in our previous
paper.25 Regarding the aqueous phase (AP), only the elemental
composition and water content were measured. We found that
the AP contained 8.7 and 7.3 wt % of carbon for the mildest
reaction conditions of 240 °C at 4 MPa and 300 °C at 2 MPa,
respectively. The carbon content gradually decreased with the
increasing severity of the reaction conditions (and, thus, the
lower content of the polar oxygenates in the reaction system) to
2.4 and 1.0 wt % for the most severe conditions tested, that is,
350 °C at 4 MPa and 360 °C at 8 MPa, respectively (Tables S1
and S2). The carbon content in the AP evidence the presence of
organics in the aqueous phase, which consequently contained
between 85 to 98 wt % of water only (Tables S1 and S2).

GC-MS Analysis. First, the temperature program of the GC-
MS analysis was optimized to obtain the optimum separation of
all the samples. Then, two internal standards, which did not
coelute with any peak in all of the samples, were selected. The
first one (1-butoxypropan-2-ol) eluted in the first quarter of the
chromatogram (retention time 16.45 min) was used for the
quantification of all the compounds with the retention time
(RT) of up to 24.50 min. The second one (2-naphthaldehyde
RT 33.50 min) was used for the quantification of all the
compounds with the RT of 24.51 min and higher. In total, 115
compounds were quantified directly and almost 140 other ones
indirectly; most of them were present in the product organic
phase and in the feed. Only some compounds were unique for
the product aqueous phase, such as cyclohexanediols.
The feed (being the least homogeneous sample) was used,

after homogenization, to prepare five samples for further
analysis. Each of them was analyzed three times using the same
calibration curve. We found that for the most of the oxygenates
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in the standard mixtures (Tables S3−S5), the calibration curve
was very stable with an R2 value significantly higher than 0.995,
and the relative standard deviation (RSD) was up to 5% for the
15 results obtained for each compound in the feed, see Table
S7. There were only a few compounds with an RSD between
5−6%, such as pentan-3-one, 2,6-dimethylphenol, 2-propyl-
phenol, 2,4,5-trimethylphenol, and 2,3-dimethylphenol (Table
S7). The slightly higher RSD for these compounds was mainly
caused by their low concentrations in the feed (below 0.1 wt
%). For 2-ethyl-4-methylphenol, cis-methylisoeugenol, and 3-/
4-propylphenol, the RSD was higher than 6% (Table S7), and
this was caused by even lower concentrations of these
compounds (below 0.05 wt %). The only compounds with a
poorly stable calibration curve (RSD above 6%) were carboxylic
acids (vanillic, isovanillic, palmitic, and stearic), pyrocatechol,
and levoglucosan (Table S7); all of these compounds had
tailing peaks. Excluding pyrocatechol, the higher RSD was
probably caused also by high boiling points of these compounds
leading to their discrimination in the injector.
Quantification of Oxygenates in the Aqueous Phase

by GC-MS. As mentioned in previous section, the aqueous
phase contained less than 9 wt % of carbon. We were only able
to quantify 44 different oxygenates in the aqueous phases (APs)
in total. They included predominantly low-molecular-weight
alcohols, ketones, and acids up to valeric acid with acetic acid
amounting to at least 40% of all the organic compounds
present. All quantified compounds and their calculated amounts
are given in Tables S8 and S9. The directly quantified
compounds constituted more than 80% from all the quantified
compounds in the AP. Except for the mentioned compounds,
benzenediols, phenols, and lactones were present in the AP.
The quantified compounds accounted from 50 wt % up to
almost 90 wt % of the total carbon content determined by
elemental analysis in the APs (Tables S8 and S9). We observed
very low oxidation stability of the APs except those from the
340/8 and 360/8 products, which contained a very low amount
of organic matter. After the removal of the APs from the
samples and enabling access to the air, solid dark particles were
formed after a few days, see Figure S1. This implies that most of
the unidentified carbon was probably constituted by unstable
compounds probably of saccharides or lignin origin that were
soluble in water and not detectable by GC-MS.
Quantification of Oxygenates in the Organic Phase by

GC-MS. We were able to identify and determine 32% of the
volatile oxygenates in the feed. For the best, that is, the most
deoxygenated product (360/8), it was more than 50 wt %

(Tables S10 and S11). The total amount of oxygen
(determined by elemental analysis by difference) in the T/P
experiment sharply decreased to one-half compared to the feed
already in the 300/2 product. This step change was definitely
caused by the removal of water from the product by the
separation of the HDO products into an aqueous and organic
phase. Another reason could be the decomposition of the high-
boiling pyrolytic lignin molecules and the subsequent
deoxygenation of the aldehyde and aliphatic hydroxyl groups.
An increase in pressure at 300 and 320 °C led to a gradual
decrease in the ratio of volatile oxygenate compounds (Figure
1). As the decrease in volatile fractions was sharper than the
decrease in the total oxygen content in the whole sample, we
think (based on GC-MS chromatogram) that this difference
was caused by the occurrence of many intermediates volatile
products that were not identified and, thus, quantified due to
coelution and/or unavailability of the spectra in the MS library.
The decomposition of the pyrolytic lignin molecules further
increased at 340 °C and 8 MPa, and thus, the share of oxygen in
the volatile compounds (mainly with propyl substituent) has
again increased (Figure 1). In the course of all the subsequent
reactions (Figure S2), the main product of this decomposition,
4-propylphenol, reached its maximum content at 350 °C and 4
MPa (Figure 2G). Unfortunately, the results from T/P and T/4
experiments at the same reaction conditions (300 and 320 °C at
4 MPa) are not directly comparable. It is a consequence of a
significant difference in the time-on-stream (Tables S1 and S2)
and, hence, the different extent of the catalyst deactivation.
The total amount of the compounds quantified in the organic

phases by GC-MS varied between 23 and 38 wt % (Tables S10
and S11). The highest amount of the compounds was
determined as expected (based on the significant decrease in
the MCR) in the sample prepared at 360 °C and 8 MPa (i.e.,
360/8). The total fraction of the sample that was identified can
be obtained by adding the water content in the relevant sample
to the total concentration of all the organic compounds
identified and quantified by GC-MS. For example, 48.4 wt % of
the feed was determined in detail (Table S10). A change in
temperature as well as in the pressure only had a minimal
influence on the share of the quantified compounds in the
volatile fractions, the only exceptions were the conditions ≥340
°C at 8 MPa (Table S11), caused by the increase in the extent
of the pyrolytic lignin decomposition as was discussed above.
Nonquantified compounds formed approximately 5% of total

TIC peak area of feed, to less than 15% in the case of the HDO
products. This slightly higher abundance of the nonquantified

Figure 1. Total amount of oxygen in oxygenates determined by GC-MS vs the total amount of oxygen determined by elemental analysis in organic
phase of bio-oil and products. The number on the right side of the red column is the share of the blue/red column.
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compounds was due to several reasons: (i) the increase in the

number of compounds with a very low concentration that could

not be identified with sufficient precision (and thus quantified);

(ii) the increase in the peak coelution and then impossible

identification; and (iii) more compounds with high-boiling-

point that could not be identified and quantified were also

present. Nonetheless, the majority of the volatile compounds

was reliably identified and thus quantified.

Figure 2. Cumulative changes in wt % of the compounds representing each group of oxygenates and their distributions between the aqueous and
organic phase.
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Distribution of the Selected Compounds between the
Organic and Aqueous Phase. During the bio-oil hydro-
treatment, the single-phase bio-oil separated into an organic
and aqueous phase as a result of the changes in its polarity.
Consequently, some of the oxygenates were present in both the
organic and aqueous phases which makes rigorous quantifica-
tion of these compounds challenging. Significant elution into
the aqueous phases was observed particularly for acids and
benzenediols (Figure 2B and E) and at elevated reaction
temperatures (>320 °C) for phenol also (Figure 2 F). The
elution of these compounds into the aqueous phase was favored
by the increased hydrotreatment severity that resulted in the
decreasing of the organic phase polarity. The elution of other
compounds into the aqueous phase was very limited (Figure 2).
As expected, the presence and the increasing length of the alkyl
chain in the phenolic compounds decreased their solubility in
the aqueous phase. Thus, 3-/4-propylphenol was present in the
aqueous phase in a very small concentration only at the most
severe hydrotreatment conditions, that is, when the least polar
organic phase product was obtained (Figure 2G, Tables S8 and
S9). These findings are supported by the solubility of these
compounds in water (Table S12). These results also show the
necessity of analyzing both the aqueous and organic phases to
obtain the complete information about the products formed.
This can be demonstrated on pyrocatechol and acetic acid.
Without the aqueous phase analysis, one would erroneously
concluded that pyrocatechol and acetic acid were completely
removed already from the reaction mixture at 340 °C and 4
MPa and 340 °C and 8 MPa, respectively. However, under
these conditions, the unconverted pyrocatechol and acetic acid
were present exclusively in the aqueous phase (Figure 2B and
E).
For 2-methylcyclopentanone, as a ketone with the highest

concentration in the HDO products, only very low elution into
the aqueous phase was observed. More interestingly, its
concentration increased dramatically in the products, partic-
ularly those obtained at the mildest reaction conditions, that is,
at 300/2 and 240/4 (Figure 2A). On the basis of the detailed
quantitative GC-MS analysis, we suggest that 2-methylcyclo-
pentanone was created, in addition to hydrogenation of 2-
methylcyclopent-2-enone (0.30 wt % in the feed) as also
reported by Gunawan et al.,30 by partial deoxygenation of 3-
methylcyclopenta-1,2-dione (0.60 wt % in the feed).
Deoxygenation of Typical Oxygenates Groups. In this

section, we will discuss the reactivity of all the typical oxygenate
groups present in the bio-oils. We start with compounds created
predominantly by the pyrolysis of cellulose and hemicellulose.
Then, we will describe the reactivity of the typical aromatic

compounds produced by lignin pyrolysis. We focused on
nonalkylated ones and those with a propyl substituent. For
those two groups, the reaction schemes were created.
The most reactive oxygenates were aldehydes that

completely disappeared under both mildest conditions tested,
see Tables S13 and S14. These results are in line with those
presented by Elliott31 for sulfided catalyst. On the contrary, we
observed a lower reactivity of the ketones and alcohols that
were completely removed only at 320 °C and 8MPa, and at 340
°C and 8 MPa, respectively, compared to the temperatures
below 200 °C reported by Elliott.31 The main reason was
probably their formation from other compounds (by
consecutive reactions) and higher space velocity (1 h−1) than
usually used for the bio-oil hydrotreatment (∼0.3 h−1),32 which
did not allow their complete deoxygenation. The starting
temperature of the reactivity of acetic acid in our experiments
was close to that reported by Elliott31 for acids in general (>260
°C vs ca. 290 °C). Only at 240 °C and 4 MPa, we observed a
little bit higher concentration of acetic acid in the reaction
system (Figure 2 B), which was caused probably by its creation
from other compounds by consecutive reactions. Butyric acid
was the only quantified acid for which we observed the
significant increase in concentration in the products (Tables S7
and S15). The significant creation of butyric acid during
hydrotreatment (the deoxygenation exceeds creation at 300 °C
and 4 MPa for the first time) is in line with the results published
by Chaiwat et al.33 Although, the deoxygenation (conversion)
of carboxylic acids started at temperatures below 300 °C, it was
completely finished only at the conditions of 360 °C and 8
MPa, as obvious better from Figure 2 B, mainly due to the
distribution of acids between the aqueous and organic phase.
The reactivity of esters and lactones was slightly higher than
that of acids (Tables S13 and S14), which is in accordance with
the conclusions of Laurent and Delmon.34

However, dihydrobenzofuran completely disappeared from
the reaction mixture already at the mildest conditions tested;
furfurals and acetylfuran were removed at 240 °C and 4 MPa
and at 290 °C and 4 MPa, respectively (Tables S7 and S15).
Moreover, 2-methylfuran and 2,5-dimethylfuran were com-
pletely removed from the reaction mixture only at the
conditions of 360 °C and 8 MPa (the only detected furans
since acetyl furan was removed, see the content of furans in
Tables S13 and S14). The presence of these furans at these
conditions was probably caused because of the steric hindrance
of furanic oxygen by the methyl group. Alternatively, these
furans could be formed by the decomposition of the pyrolytic
lignin macromolecules, where the furanic units could be
present.35 On the basis of the similar increasing trend in

Figure 3. Reaction scheme of the nonalkyl monocyclic compounds. Compounds: (1) syringol; (2) guaiacol; (3) pyrocatechol; (4) phenol; (5)
cyclohexanol; (6) cyclohexanone; (7) benzene; (8) cyclohexene; (9) cyclohexane. Reactions: HYD, hydrogenation; DeMEOX, demethoxylation;
DeMET, demethylation; HDO, hydrodeoxygenation; K-E, ketone/enol isomerization.
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content of furans and monohydroxybenzenes during the
increasing pressure at 300 °C (Table S14), we think that the
formation of furans from the pyrolytic lignin could be possible.
The reaction scheme of the nonalkyl monocyclic compounds

is shown in Figure 3. The yields of these compounds in the feed
and all the products are shown in Figure 4 as the sum for the
whole group of the related reaction products in molar % to
allow a good comparison between the different compounds.
The observed fluctuation in the content of the nonalkyl
monocyclic compounds (Figure 4) can be attributed to the
measurement errors and the necessary recalculations. This
indicates that these compounds were formed neither by
pyrolytic lignin decomposition that occurred nor by the
dealkylation of alkyl monocyclic compounds.
Syringol started to deoxygenate at the mildest condition

tested. On the basis of Figure 4, we can propose several reaction
routes for syringol (Figure 3): (i) both methoxy groups were
removed to create phenol (the concentration of guaiacol did
not rise), (ii) only one methoxy group was removed and
approximately the same amount of created guaiacol was
deoxygenated through demethoxylation, or (iii) one methoxy
group was demethoxylated and the other one was demethylated
to create pyrocatechol, whose concentration increased up to the
condition of 300 °C and 4 MPa and 340 °C and 2 MPa,
respectively (Figure 2 E). When both methoxy groups were
removed, phenol was formed and underwent further hydro-
genation to yield some intermediate products such as
cyclohexanone and cyclohexanol (Figure 3). These intermedi-
ates were completely removed from the reaction mixture for the
T/4 experiment at temperatures 320 °C and for T/P

experiment at all temperatures at a pressure of 8 MPa (Figure
4). It is obvious that also small amount of phenolic hydroxyl
group (probably due the subsequent demethoxylation of
methoxy phenols) was already deoxygenated to benzene,
cyclohexane, and cyclohexene at both mildest conditions
(Figure 4, Tables S16 and S17).
Assuming that guaiacol was first formed by the demethox-

ylation of syringol, then its demethoxylation rate was higher
than that of syringol at 260 °C and 4 MPa, and 320 °C and 2
MPa, respectively, since its yield did not increase (Figure 2 D).
Although benzene-di/triols were quantified with a larger
measurement error (as already explained), it is obvious from
the GC-MS results that their deoxygenation rate was lower than
their rate of formation by guaiacol demethylation up to 300 °C
at 4 MPa and for 340 °C at 2 MPa (Tables S13 and S14 and
Figure 2 E).
Monohydroxylbenzenes were the least reactive compounds.

Their rate of deoxygenation exceeded their rate of formation
(by demethoxylation of methoxy phenols and pyrolytic lignin
decomposition) at 360 °C and 8 MPa only. These results are
also in line with those presented by Elliott.31

The presence of the alkyl chain in the ortho position of
phenols could reduce the accessibility of the hydroxyl group to
the catalyst active site, as was discussed by Gevert et al.36

Therefore, compounds, such as o-cresol, 2-propylphenol, and 2-
ethylphenol, were not deoxygenated significantly at 340 and
360 °C and 8 MPa. The concentration of 2-ethylphenol even
continued to rise, which could be attributed to its significant
presence and formation from pyrolytic lignin, alternatively, 2-

Figure 4. Cumulative changes of the nonalkyl monocyclic compounds in the feed and all products.

Figure 5. Content of 2-ethylphenol and 3-/4-ethylphenol in the feed and all the organic phases of products from the T/P experiment.
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ethylphenol could be created from benzofuran37 possibly
released from pyrolytic lignin, see Figure 5 and Table S15.
In contrast to nonalkylated monocyclic compounds, whose

overall concentration was virtually constant in the range of the
tested experimental conditions, the concentration of the propyl
monocyclic compounds, as well as other alkylated phenols
clearly increased with the increasing severity of the hydrotreat-
ment. The increase can be attributed to the decomposition of
pyrolytic lignin as indicated in Figure 7.
The hydrogenation of the double bonds in the alkyl

substituents on the aromatic ring already took place at the
mildest reaction conditions of both the experiments, which
resulted in the complete hydrogenation of eugenol and
isoeugenols to 4-propylguaiacol. The yield of 4-propylguaiacol
in the product was higher than the sum of the molar yields of all
the propenylguaiacols (Figure 6). This can be explained by the
partial decomposition of the pyrolytic lignin molecule, where 4-
propyl(enyl)guaiacols could be present, at the mildest
condition of both the experiments, as assumed in previous
section. For the condition of 300 °C and 2 MPa, the increase in
4-propylguaiacol could be caused by the partial demethox-

ylation of 4-propylsyringol. Methoxyeugenol and 4-propenyl-
syringols were hydrogenated to 4-propylsyringol, whose
concentration slightly increased at 240 °C and 4 MPa probably
because of the formation of 4-propylsyringol from pyrolytic
lignin. But at 300 °C and 2 MPa, 4-propylsyringol was already
partially deoxygenated to 4-propylguaiacol or to 4-propylpyr-
ocatechol, 4-propylphenol or even completely to propylben-
zene, propylcyclohexene, or propylcyclohexane (Figure 7). The
same reactivity of a double bound conjugated to an aromatic
ring was observed in case of 4-vinylguaiacol that was fully
hydrogenated to 4-ethylguaiacol under both the mildest
conditions, see Tables S7 and S15. All the aromatic oxygenates
with an alkyl substituent could in principle be pyrolytic lignin
decomposition products as shown in Figure 7.
The concentration of 4-propylphenol increased six times and

ten times compared to the feed and products 240/4 and 300/2,
respectively (Figure 2 G). At these products, the sum of all
propyl monocyclic compounds increased by one-third which is
further confirmation of the suggested pyrolytic lignin
decomposition. Until the conditions of 310 °C at 4 MPa, the
total content of propyl monocyclic compounds was almost

Figure 6. Cumulative changes of the compounds with one ring substituted with propyl chain (propyl monocyclic compounds); the black lines
separate the compounds that were transformed to 4-propylguaiacol (gray and light blue row) and 4-propylsyringol (brown and dark green row)
through hydrogenation of the double bound in the propyl substituent.

Figure 7. Reaction scheme of the propyl monocyclic compounds: (1) 4-allyl-syringol, (2) 4-(1-propenyl)syringol, (3) isoeugenol, (4) eugenol, (5) 4-
propylsyringol, (6) 4-propylguaiacol, (7) 4-propylpyrocatechol, (8) 4-propylphenol, (9) propylbenzene, (10) 1-propylcyclohexene, (11)
propylcyclohexane. Reactions: HYD, hydrogenation; DeMEOX, demethoxylation; DeMET, demethylation; HDO, hydrodeoxygenation; HYLY,
hydrogenolysis. The compounds whose concentration is affected by the decomposition (hydrolysis) of pyrolytic lignin followed by subsequent
deoxygenation of aldehydes and free hydroxyl groups are marked by red arrows.
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constant (Figure 6). Above 310 °C at 4 MPa, the concentration
of propyl monocyclic compounds increased dramatically
(Figure 6), most likely due to the further decomposition of
pyrolytic lignin. The reactivity of the propyl monocyclic
compounds was almost the same as that of the nonalkylated
monocyclic ones. The only noteworthy difference was that no
significant concentration of intermediates products, such as 4-
propylcyclohexanol or 4-propylcyclohexanone, was observed.
This could be attributed to the significant creation of the propyl

monocyclic compounds from pyrolytic lignin and, thus, their
short residence time in the reactor.
On the basis of the overall yields of the individual chemical

groups over the studied range of experimental conditions
(Tables S13 and S14), the order of apparent reactivity of the
compounds present in the bio-oil during its hydrodeoxygena-
tion over the sulfided catalyst at WHSV of 1 h−1 was established
and is reported in Table 2. As the conclusions are drawn based
on the bio-oil hydrotreatment, competitive adsorption or

Table 2. Reactivity of the Compounds during the Bio-oil Hydrodeoxygenation over the Sulfided NiMo Catalyst

*The mildest conditions when the one of these two states was reached. The table was created based on the cumulative sum of each group. The
individual compounds could have slightly different reactivity, and hence, different temperature when a change in their concentration is observed.

Figure 8. Cumulative changes in wt % by hydrocarbon groups A−D for the T/P and E−F for the T/4 experiment. i-Alkanes represent the sum of
C5−C9 i-alkanes.
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mutual inhibition effects may play a significant role in these
observations.
The Quantification of Hydrocarbons by GC-MS. Only

the aromatic compounds like benzene, toluene, xylenes, and
naphthalene were found above the limit of quantification
(LOQ) in the feed (crude bio-oil). However, their total
concentration was only 0.14 wt % (Table S13). The content of
all the detected hydrocarbons (except cycloalkenes in the
experiments at 8 MPa) increased significantly with the
hydrotreatment severity.
Compared to the double bound in alkyl substituent of

phenolics, such as eugenols present in bio-oil, cycloalkenes
(created by the consecutives reactions of phenolics deoxyge-
nation) were observed even in the hydrotreatment product
prepared at 360 °C and 8 MPa (Figure 8 B). The content of
cycloalkenes (as sum) significantly decreased first at 340 °C and
8 MPa. According to us the main reason for the presence of
cycloalkenes even at 360 °C and 8 MPa was just their creation
during bio-oil hydrotreatment and not sufficient time for their
hydrogenation at the used space velocity (1 h−1) as they are
products of consecutive reactions formed most likely at the end
of the catalyst bed. Most of the detected alkylated cycloalkenes
had an alkyl substituent in the position one and thus steric
hindrance by the alkyl group could contribute to the lower
reactivity of the double bond. Compared to 1-alkylcycloalkenes,
the content of cyclohexene and 3-methylcyclohexene (i.e.,
compounds with not sterically hindered double bound) started
to decrease at milder conditions (Table S15). There is no doubt
regarding the cycloalkenes identification as it was based on the
known retention time of the standards (in addition to the
standards we used also 1-ethylcyclohexene), on their
mass spectrum and Kovats indices.
Complete bio-oil hydrodeoxygenation to hydrocarbons

could be reached by multiple step hydrotreatment, but this
process is cost unattractive as it consumes too much hydrogen.
The hydrogen cost constitutes up to 85% of the total bio-oil
upgrading cost.38 From the hydrogen consumption and thus
sustainability point of view, it is advantageous to deoxygenate
phenolic compounds in bio-oil without saturation of the
aromatic rings. However, already at 320 °C and 8 MPa, a
significant increase in the saturation of the aromatic ring was
observed (Figure 8C). Consequently, the combination of
maximal deoxygenation and minimal saturation of aromatic
rings is fulfilled at conditions 340 °C and 4 MPa (Figures 1 and
8).

The yield of n-alkanes reached a maximum at 340 °C and 8
MPa; n-alkanes with an odd number of carbon atoms
predominated. C15 and C17 n-alkanes were formed predom-
inantly from C16 and C18 fatty acids through decarbonylation
and decarboxylation reactions. On the basis of the cumulative
molar yields of the possible sources of these n-alkanes, it is
obvious that only 55% or 21% of acids and ketones were
converted to C15−16 and C17−18 n-alkanes, respectively
(Tables S18 and S19). The rest of the acids contributed to the
creation of higher n-alkanes, by used GC-MS conditions, visible
up to the n-C32 hydrocarbon. Complete deoxygenation of the
acids and relevant ket-2-ones was achieved at 330 °C and 4
MPa and 320 °C and 8 MPa, respectively (Tables S7 and S15).
In contrast, the n-alkane contents did not yet reach their
maximum under these conditions (Tables S16 and S17). It is,
therefore, obvious that these n-alkanes must also be produced
from other sources than the corresponding fatty acids and ket-
2-ones, probably by the cracking of longer the n-alkanes. The
changes in the nonvolatile high-molecular-weight compounds
during hydrodeoxygenation at molecular level will be studied in
future work. Further, we observed that n-alkanes started to
crack and isomerize at 360 °C and 8 MPa. The isomerization
and cracking were confirmed by an increase in the
concentration of the hydrocarbons in the distillation range of
gasoline (Figure 8E, Tables S16 and S17). Among the C6−C12
n-alkanes whose content increased in the samples with the
increasing severity (Tables S16 and S17), compounds with six
carbons in the molecule were those mostly formed by cracking
(the content of n-hexane in the best product 360/8 was 1.09 wt
%).

Carboxylic Acid Number (CAN) in the Organic Liquid
Phase. Carboxylic acids belong to the most problematic
substances in bio-oils because of their corrosiveness and lower
reactivity in HDO. Hence, it is also important to quantify acids
in the nonvolatile bio-oil fractions in addition to the volatile
fraction, where mainly acetic acid is present. We found that the
concentration of carboxylic acids was below the LOQ in the
products obtained at 340 and 360 °C and 8 MPa, although low
acid number values were determined (∼3.7 and 0.4 mg KOH·
g−1 respectively25). On the basis of the evaluation of the
titration curve profile, we are convinced that acids are not
present in the organic phase under these conditions. The
measured titration curves resemble those of phenols as a strong
equivalence point is missing. We also did not detect any
carbonyl group by IR in the sample 360/8, so the carboxylic
acid content could be expected to be close to zero as measured

Figure 9. Amount of carboxylic acids in the organic phase (GC-MS vs CAN). The number on the right side of the blue row is the ratio of the red/
blue row.
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by the CAN method. For a more precise measurement, we
would need to increase the sample amount for CAN analysis
that would exceed the total amount of the hydrotreated product
sample. The GC-MS detectable acids were already removed
from the organic phase at 340 °C and 8 MPa, where the acids
were also below the limit of detection (LOD) of the CAN
method.
A significant decrease in CAN (by almost 50%), between the

feed on the one hand and the 300/2 and 240/4 products on the
other, was probably caused by the elution of carboxylic acids
(mainly acetic acid) into the aqueous phase (Figure 2 B).
Thanks to the detailed GC-MS analysis, we quantified more
than 64% of all the acids present, assuming that the CAN
method reliably detected all the acids present. If the C6−C13
acids appeared in the samples (mainly in the feed) they were
probably present in very small concentrations below the LOQ,
probably even below the LOD. So, based on the assumption
that we quantified almost all the volatile acids, the other
undetected acid groups were probably present in high-
molecular-weight compounds, for example in the pyrolytic
lignin molecules. The presence of carboxylic groups in pyrolytic
lignin was published by Stankovikj et al.29

We found the ratio of C2 + C3 versus C16 + C18 acids was
almost constant for all the products (Tables S7 and S15), which
implies that the reactivity of the low- and high-molecular-
weight carboxylic acid was probably almost the same. This
conclusion is further supported by the almost constant ratio of
the volatile acids vs CAN for the feed and all the products
(being in the range 65−75%, see Figure 9). Because of the low

reactivity of the acids, it is necessary to optimize the catalyst
composition and type of support, not only in terms of its
resistance to acids, but also for its selectivity for the removal of
acids.

Carbonyls in the Organic Liquid Phase by the Faix
Method. Carbonyl compounds, especially aldehydes, are
among the most reactive compounds and cause the low
thermo-oxidative stability of bio-oils.39 The determination of
the content of the carbonyl compounds in both the volatile and
nonvolatile fractions of the bio-oils and its HDO products is,
therefore, important information. All the detected aldehydes
were already removed under the mildest conditions of 300 °C
and 2 MPa and 240 °C and 4 MPa. Thus, the carbonyl
compounds detected by the Faix method were predominantly
ketones and high-molecular-weight pyrolytic lignin compounds
not detectable by GC-MS containing both aldehyde and ketone
groups. All further conclusions are based on the assumption
that all carbonyl compounds are oximated quantitatively.
The sharp drop in the carbonyl content in nonvolatile

fractions (GC-MS not detectable) between the feed and the
300/2 product (Figure 10), points to a significant content of
carbonyls, especially aldehydes, in the pyrolytic lignin
molecules. The presence of the aldehyde groups in pyrolytic
lignin could be expected based on the research of Patil et al.40

The results also showed that the number of the carbonyl groups
in the nonvolatile fractions was higher than that of the carboxyl
groups (higher ratio in Figure 9). Compared to the carboxylic
acids, the nonvolatile carbonyls were removed more easily than
the volatile carbonyls, which could be attributed to the higher

Figure 10. Amount of carbonyls in the organic phase (GC-MS vs Faix method). The number on the right side of the blue row is the ratio of the red/
blue row.

Figure 11. Amount of phenols in the organic phase (GC-MS vs Folin−Ciocalteu method). The number on the right side of the blue row is the ratio
of the red/blue row.
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presence and reactivity of aldehydes in the pyrolytic lignin
molecules compared to both the low- and high-molecular-
weight ketones. Therefore, the ratio of the carbonyls quantified
by GC-MS vs the total carbonyls rose (Figure 10). At 320 °C
and 8 MPa, all the high-boiling carbonyls were removed.
Because of this, the sum of all the carbonyls quantified by GC-
MS was almost equal to the results of the Faix method (ratio of
107%). A ratio higher than 100% was probably caused due to
the measurement error of these methods.
Total Content of Phenols in the Organic Liquid Phase

by the Folin−Ciocalteu Method. Phenolics are in general
among the least reactive oxygenates present in the bio-oils as
known from literature.31 On the other hand, 1,3-di-, 1,3,4-tri-,
and 1,2,3-tri-hydroxybenzenes were identified together with
aldehydes as the most reactive compounds contributing to the
aging of the bio-oils during storage.39

The small decrease in the total phenolic content (Figure 11)
was probably caused by the deoxygenation of di- and
trihydroxyl benzenes to phenols. Because, as known from
literature,18 monohydroxybenzenes provide method about 2/3
of absorbance in the Folin−Ciocalteu (FC) compared to the
gallic acid (trihydroxybenzoic acid) used for the calibration.
Moreover, the presence of the alkyl chain in phenolics further
reduces the absorbance to one-third of the Gallic acid
absorbance.18 For this reason, it is obvious that the results
from the FC method are not able to give us an absolute number
and it is problematic to draw other conclusions, than those
already drawn in the previous sections. Nevertheless, the FC
method was found as a good indicator of the antioxidant
capacity of the bio-oil as a whole.41 We plan to provide a more
detailed comparison of the response of the wider range of the
phenolic compounds in the FC method, typically present in
bio-oils and the HDO bio-oils, in a dedicated study in the
future.

■ CONCLUSIONS

We presented the first detailed quantitative study mapping the
fate of the individual key oxygenates during the one-stage
hydrotreatment of straw bio-oil over a sulfided catalyst in a wide
range of reaction conditions. Using a complex analysis of the
aqueous and organic phases based on the combination of GC-
MS analysis with functional-group-specific analytical methods
(i.e., carboxylic acids, carbonyls and phenols determined by the
carboxylic acid number, Faix, and Folin−Ciocalteu methods,
respectively), we obtained a comprehensive understanding of
the formation and/or consumption of oxygenates and hydro-
carbons as a function of the reaction conditions used. Among
the tested reaction conditions, one-stage bio-oil upgrading at
340 °C and 4 MPa is to be preferred, as there was no significant
saturation of the aromatic ring while a majority of the
oxygenates was removed. Thus, a sustainable product with
minimum hydrogen consumption suitable for the subsequent
coprocessing with petroleum fractions in a refinery was
obtained. Moreover, the biobased aromatics are very desired
components of the gasoline and jet-fuel blending pools The
results will allow further optimization of the sulfided NiMo
catalyst to ensure the more efficient removal of carboxylic acids
and, thus, additional enhancement of its stability during long-
term bio-oil hydrotreatment.
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Towards understanding the hydrodeoxygenation
pathways of furfural–acetone aldol condensation
products over supported Pt catalysts

R. Ramos, Z. Tišler, O. Kikhtyanin and D. Kubička*

Aiming at the valorisation of furfural-derived compounds, the hydrodeoxygenation of furfural–acetone

condensation products has been studied using supported platinum catalysts. The influence of the catalytic

properties of different supports, such as SiO2, Al2O3, TiO2, hydrotalcite (HTC), Beta zeolite, Al-SBA-15 and

WO3–ZrO2, was evaluated in a batch reactor for 480 min at 200 °C and 50 bar of H2. The used feed

consisted of a mixture of furfural–acetone adducts (C8–C19), obtained in previous experiments using a con-

tinuous flow reactor and hydrotalcite as a catalyst. Except for Pt/SiO2, all catalysts showed high conversion

of the reactants, especially due to the hydrogenation of all the aliphatic CC bonds. However, the extent

of further hydrogenation (furan CC and ketone CO bonds) was limited, particularly when HTC and

Al2O3 were used as supports. The higher accessibility of Pt/TiO2 and the smaller Pt particle size shown by

Pt/Al-SBA-15, Pt/WO3–ZrO2 and Pt/Beta in comparison with the other catalysts led to an improvement in

the hydrogenation of furanic and ketonic groups, likely due to lower adsorption constraints. The higher

acid character of the latter group of catalysts promotes dehydration and ring opening steps, thus enhanc-

ing the selectivity towards linear alcohols. Likewise, a significant increase in the extent of aldol condensa-

tion reactions was also observed with these catalysts, yielding longer carbon chain compounds. Based on

this study, a reaction scheme for the transformation of 4-(2-furyl)-3-buten-2-one (C8) into octane has

been proposed in order to establish a valuable correlation between the main conversion pathways and the

catalytic properties of the employed heterogeneous catalyst, thus contributing to further development of

efficient deoxygenation catalysts.

Introduction

The efficient conversion of lignocellulose-derived platform
compounds, such as furfural and hydroxymethylfurfural, into
liquid fuels and value-added chemicals could contribute to
the development of more sustainable and environmentally-
friendly alternative renewable sources and energy technolo-
gies.1,2 Furfural (C5H4O2) is an oxygenated compound
obtained through dehydration of hemicellulose building
blocks (e.g., xylose and arabinose) derived from lignocellulosic
biomass by acid-catalyzed treatments.3 Since lignocellulose is
the main component of agricultural waste and forest residues,
the synthesis and subsequent transformation of furfural (and
its derivatives) has become an active research area in recent
years.3–5 However, the carbon chain length of furfural, once
hydrodeoxygenated, is in general too short for fuel applica-
tions. In this respect, aldol condensation of furfural with
small ketones affords larger organic molecules (≥C8) by
forming C–C bonds between carbonyl-containing compounds.

Recently, this strategy has been proposed for the direct con-
densation of furfural (F) with acetone (Ac) as a promising
approach to yield alkane precursors.6–10 Accordingly, the for-
mation of the F–Ac monomer (C8) and the F2–Ac dimer (C13)
mostly takes place in the presence of a base or acid catalyst at
low temperatures (25–70 °C). It should be noted that acetone
itself is also available from renewable biomass through fer-
mentation11 or ketonization strategies.12,13

In order to yield valuable liquid hydrocarbons, furfural–
acetone condensate products have to be deoxygenated, typi-
cally at high hydrogen pressures (20–80 bar) and mild
temperatures (170–300 °C). During deoxygenation, the furfu-
ral–acetone adducts are subjected to hydrogenation, ring open-
ing and dehydration reactions, yielding numerous intermediate
products according to diverse reaction pathways.10,14–16 Some
authors have studied the deoxygenation of furfural–acetone
condensation adducts into alkanes as a one-step process
using bifunctional catalysts.15–17 However, due to the com-
plexity of this process, the majority of authors suggest carry-
ing out the hydrogenation step individually, i.e. as an inter-
mediary transformation step between the aldol condensation
reaction and the final deoxygenation stage.10,14,18–20
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The hydrogenation of furfural–acetone aldol condensation
products plays an important role in the multi-step catalytic
transformation into liquid alkanes as it increases the feed-
stock stability as a result of the elimination of the unsatu-
rated monomer and dimer (F–Ac and F2–Ac, respectively).
Consequently, the stabilization allows more severe deoxygen-
ation reaction conditions and thus better yields of alkanes,
i.e. fully deoxygenated products. In this sense, there are three
different kinds of double bonds to be hydrogenated: aliphatic
CC, furanic CC and ketonic CO bonds. Thermody-
namic and kinetic considerations favour hydrogenation of
the CC bond over CO,21,22 whereas steric constrains usu-
ally limit the hydrogenation rates of CC in comparison
with CO hydrogenation.23 Moreover, the furanic ring of fur-
fural may also cause steric hindrance, reducing the hydroge-
nation of the CC furanic ring compared to the aliphatic
CC bonds.24 Similarly, the hydrogenation of the furanic
CO bond is generally more restricted, inhibiting ring open-
ing reactions which are a fundamental step towards the for-
mation of linear alcohols.25

The selection of the catalyst plays a critical role in the con-
version pathways. Among the different metal phases studied,
platinum has been revealed as one of the most suitable
metals for hydrogenating both double bonds and ketone
bonds, at moderate temperatures and pressures.17,26

Concerning the support, its main function is to achieve opti-
mum dispersion, stabilize suitably the metal species and pro-
vide sufficient mass transfer rates, i.e. the consideration of
the textural properties of the supports is crucial. Additionally,
support materials can exhibit acidic or basic properties,
which promote different reactions and intermediate forma-
tion, altering the efficiency, and therefore, changing the over-
all activity and selectivity of the transformation.26

Within this context, the main scope of this contribution is
to investigate the influence of different supported platinum
catalysts on the deoxygenation of furfural–acetone condensa-
tion products. The research is focused on the use of real fur-
fural–acetone aldol condensation products obtained in large
scale using a flow reactor and basic hydrotalcite as a cata-
lyst.27 The activity of seven different supports (SiO2, Al2O3,
TiO2, hydrotalcite, Beta zeolite, Al-SBA-15 and WO3–ZrO2)
loaded with platinum was compared at 200 °C and 50 bar.
The support selection covers a wide range of acidity and tex-
tural properties, allowing us to evaluate the effect of the
nature of active sites and pore morphology on the reaction
mechanism. The understanding of this conversion is particu-
larly useful for the design of novel catalysts that will allow
development of a competitive technology for the production
of valuable alkanes from furfural condensation adducts.

Experimental
Feedstock

The used feed consisted of a mixture of furfural–acetone
aldol condensation products obtained from the experiments

described elsewhere,27 using a continuous flow fixed bed
reactor at 50 °C and hydrotalcite (Mg/Al = 3) as a catalyst.
The aldol condensation reactions of furfural and acetone led
to the formation of a heterogeneous mixture of compounds,
resulting not only from the cross aldol condensation of the
aldehyde and the ketone groups, but also from acetone self-
condensation, affording diacetone alcohol (DAA) and mesityl
oxide (MSO). In order to achieve a more appropriate ratio
between the reactant molecules (F–Ac and derivatives, i.e. var-
ious aldol condensation products) and the amount of cata-
lyst, the initial feed was diluted by adding more acetone.
Thus, the final feedstock loaded into the batch reactor
consisted of 50 ml of aldol condensation products and 100
ml of acetone. The molar concentration of the main com-
pounds present in the feedstock (Xi), determined by GC and
GC-MS analyses, is given in Table 1.

Catalyst preparation

Different supports were used for studying the effect of their
catalytic properties on the deoxygenation of furfural–acetone
adducts. The influence of their textural and acido-basic prop-
erties was evaluated by investigating a wide range of mate-
rials including commercial supports SiO2 (Astin Catalysts and
Chemicals), Al2O3 (Astin Catalysts and Chemicals), TiO2 (Euro
Support), Beta zeolite (Zeolyst Int., Si/Al = 12.5), and WO3–

ZrO2 (Euro Support), and in-house synthesized hydrotalcite27

and Al-SBA-15 (Si/Al = 50).
The incorporation of platinum to the supports was carried

out by wetness impregnation of tetraammineplatinumĲII)
nitrate (PtĲNH3)4ĲNO3)2) to prepare catalysts with a nominal
metal loading in the range 0.2–0.8 wt%. The deposition of Pt
was carried out by adding an aqueous solution of the precur-
sor to the supports. After impregnation, the catalysts were
dried at 120 °C overnight and then calcined at 500 °C in air
for 6 h (heating rate 1 °C min−1).

Catalyst characterization

The catalysts were characterized by different physico-
chemical characterization methods in order to determine
their main textural and acido-basic properties.

The textural properties were measured using nitrogen
adsorption–desorption isotherms at 77 K with a

Table 1 Composition of the used feedstock

Compound Molecular mass (g mol−1) Molar fraction (Xi)

Acetone 58 9.7 × 10−1

DAA 116 3.86 × 10−3

MSO 98 2.48 × 10−4

F–Ac 136 1.95 × 10−2

F–Ac2 176 2.06 × 10−3

F2–Ac 214 2.71 × 10−3

(F–Ac)2 272 5.79 × 10−4

F2–Ac2 254 1.35 × 10−3

F2–Ac3 294 7.34 × 10−4
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Quantachrome AUTOSORB instrument. Prior to the analyses,
the samples were treated at 250 °C for 3 h under nitrogen
flow in order to remove the adsorbed compounds. The BET
equation was used for the specific surface area calculation,
whereas the pore volume and pore size were determined by
the BJH method.

The acidic and basic properties of the catalysts were evalu-
ated by temperature-programmed desorption (TPD) of ammo-
nia and carbon dioxide, respectively, in a Micromeritics
Autochem 2950 apparatus. Prior to the TPD analyses, the
catalyst samples were reduced in situ under 10 vol% H2/Ar
(25 cm3 min−1) at 350 °C (10 °C min−1) for 60 min to reproduce
the condition of the catalyst at the beginning of the catalytic
experiments. Before reduction, the sample was outgassed
under a He flow of 25 cm3 min−1 with a heating ramp of 10
°C min−1 up to 500 °C.

The NH3 TPD experiments were started by cooling the
sample after reduction down to 180 °C followed by treating it
with an ammonia stream (10 vol% in He) of 25 cm3 min−1 for
30 min. Once the sample was saturated, the physically
adsorbed NH3 was removed by flowing He (25 cm3 min−1) for
60 min. Finally, temperature-programmed desorption was
performed by subjecting the sample to a heating rate of 15
°C min−1 in flowing He (25 cm3 min−1) up to 500 °C and
maintaining this temperature for 30 min.

In the case of the CO2 TPD analyses, the sample was
cooled after reduction down to 50 °C and saturated under a
CO2 flow (10 vol% in He) of 50 cm3 min−1 for 30 min. Subse-
quently, the physically adsorbed carbon dioxide was removed
by flowing He (25 cm3 min−1) at 50 °C for 60 min. Finally, the
chemically adsorbed CO2 was desorbed by heating up the
sample to 850 °C (heating rate of 15 °C min−1) in flowing He
(25 cm3 min−1) and maintaining this temperature for 30 min.
The amounts of desorbed species were quantified using cali-
bration standards.

The platinum content of the catalysts was determined by
X-ray Fluorescence Spectroscopy (XRF) using a Philips PW
1404 UniQuant apparatus. The reducibility of the Pt phase
was examined by temperature-programmed reduction (TPR)
using a Micromeritics Autochem 2950 unit. The catalyst sam-
ples (0.1 g) were pretreated at 500 °C in flowing Ar (25 cm3

min−1) for 60 min, then cooled down to 40 °C, and finally
reduced under a stream of 10 vol% H2/Ar (25 cm3 min−1)
while increasing the temperature by 10 °C min−1 up to 500
°C. H2 uptake as a function of temperature was measured on-
line using a TCD detector.

The metal dispersion and particle size were determined
by CO pulse chemisorption at 50 °C. Prior to the chemi-
sorption, the samples were reduced in situ under 10 vol%
H2/Ar (20 cm3 min−1) at 350 °C. After reduction, the sam-
ple was cooled down to 50 °C and then 5 vol% CO/He
gas was introduced by pulse dosing in a He flow (50 cm3

min−1). Metal dispersion was determined by measuring
the amount of adsorbed CO, sample metal loading and
using the adsorption stoichiometry factor 1 (M + CO →

M–CO).

Catalytic experiments

The performance of the catalysts was studied in a high-
pressure 300 ml batch reactor (Parr Instrument Co.)
equipped with digital controllers of stirring speed, tempera-
ture and pressure and gas flow meters. All data were collected
and monitored continuously during the reaction by a Parr
4848B acquisition interface.

Prior to the reaction, the catalyst (1 g) was reduced in situ
under H2 flow (80 cm3 min−1) at 350 °C for 90 min. After
cooling down, the reactor was loaded with 150 ml of the feed-
stock mixture described above (Table 1) and purged thor-
oughly with hydrogen. Subsequently, heating of the reactor
was performed under moderate conditions – pressure (15
bar) and stirring (100 rpm). Once the desired temperature
(200 °C) was reached, the vessel was pressurized to 50 bar of
H2 and the stirring speed was increased to 1000 rpm to pre-
vent external mass transfer limitations. The samples of prod-
ucts were collected at different intervals during the course of
the reaction (480 min) in order to evaluate the kinetic behav-
iour. The product mixtures were analyzed by an Agilent
7890A GC unit equipped with a flame ionization detector
(FID) using an HP-5 capillary column (30 m, 0.32 ID, 0.25
μm). The hydrogenated products were identified by using
standard reference compounds along with GC-MS analyses
using a Thermo Scientific ITQ 1100 unit.

The evolution of the concentrations of the reactants and
products, and the yields of the products were calculated by
GC analysis of the feedstock and the liquid product samples
as follows:

where [Xi]t% represents the relative molar concentration of
species i at time t, [Xi]t is the molar concentration of i, [Yi]t%
is the yield of species i (derived from F–Ac) at time t and
[XF–Ac]t=0 is the molar concentration of compound F–Ac (C8)
at the beginning of the reaction.

Results and discussion
Catalyst properties

The catalysts prepared by impregnation of platinum on dif-
ferent supports were characterized by a number of tech-
niques in order to determine their main physico-chemical
properties. The characterization results are summarized in
Table 2.

The results of XRF analysis show a Pt content similar to
the theoretical value from the starting solution, indicating
that complete incorporation of metal species has been
achieved by the wetness impregnation process. The textural
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properties of the samples present a wide variety of values,
ranging from the low porosity shown by Pt/SiO2 (56 m2 g−1)
to the high specific surface area shown by Pt/Beta and Pt/Al-
SBA-15 (529 and 672 m2 g−1, respectively). The higher values
of the BET surface area play an important role since they help
to achieve a better platinum dispersion and metal interaction
with the support, improving the metal site activity. Similarly,
the pore size values vary within a broad interval from micro-
porous (6–7 Å in the case of Pt/Beta) to mesoporous materials
(30–300 Å), which may affect considerably the accessibility of
the reactant molecules to the active sites due to steric limita-
tions. Thus, according to the data given in Table 2, Pt/TiO2

(302 Å) should provide good access to its active sites, whereas
Pt/Beta zeolite, despite its remarkable specific surface area,
may suffer from major diffusional problems. Regarding the
pore volume, Pt/Al-SBA-15 shows the highest value (1.28
cm3 g−1) due to the combination of high specific surface area
and pore size.

The acidity/basicity of the catalysts, as determined by
NH3/CO2 desorption, is included in Table 2. The total amount
of acid/basic sites (meq NH3/CO2 g−1) is related to the
amount of ammonia/carbon dioxide desorbed, whereas the
maximum desorption temperature (Tmax) is an indication of
the acid/basic site strength. Pt/Al-SBA-15, Pt/WO3–ZrO2 and
Pt/Beta show the highest acidity; the remarkable acid charac-
ter (0.648 meq NH3 g

−1) of the latter material is related to the
low Si/Al ratio (12.5) of the BEA zeolite framework. Regarding
the acid strength, these materials show a similar maxima
value for the desorption temperature (268–271 °C). Pt/Al2O3

and Pt/TiO2 catalysts also exhibit acid character although in a
lower range both in the amount (0.110–0.138 meq NH3 g−1)
and in the strength (238–240 °C) of the acid sites. In the case
of the latter, a significant amount of basic sites was also
established by CO2 desorption analysis (0.160 meq CO2 g−1),
mostly corresponding to the presence of weak basicity (110
°C). As expected, the highest basicity is exhibited by Pt/HTC
(0.796 meq CO2 g−1), which indicates the major basic charac-
ter of this material.

Regarding the size and dispersion of platinum particles,
Table 2 shows the important differences in these values

among the studied catalysts. Both parameters are essential
features in bifunctional catalysts, since their activities and
selectivities are not only influenced by the nature of the
metal species, but can also be controlled by their size and
distribution.25,26,28 As expected, a noticeable dispersion was
found for catalysts with the highest specific surface area, i.e.
Pt/Beta and Pt/Al-SBA-15 (34.6 and 65.3%, respectively), while
Pt/SiO2, which shows the lowest BET surface area, has a very
low metal dispersion (0.8%). These values imply great differ-
ences in Pt particle sizes, ranging from 1.7 nm for Pt/Al-SBA-
15 to 141 nm for Pt/SiO2. Equally, the presence of Brønsted
acid sites in Pt/Beta and Pt/Al-SBA-15 may enhance the Pt dis-
persion due to the stronger interaction between the metal
phase and the support.29 The last aspect may also be respon-
sible for the significant degree of dispersion and the small
particle size observed in the case of Pt/WO3–ZrO2 (41.4% and
2.7 nm). Nevertheless, the lower metal loading of this catalyst
may have affected these values. In this sense, Pt/Al2O3, Pt/
TiO2 and Pt/HTC show higher values of Pt particle sizes (7.7–
29.4 nm), likely due to the combination of higher metal load-
ing, middle textural properties and lower acid character.
Finally, the estimated active metal surface areas may consti-
tute a useful parameter for the evaluation of the studied cata-
lytic activities.

Conversion of furfural–acetone condensation products

A series of preliminary tests were performed in order to
establish the most appropriate conditions for the hydro-
deoxygenation experiments. Despite the exothermic character
of the hydrogenation reactions, an increase in reactant con-
version was observed with increasing reaction temperature,
within the experimental range. A maximum temperature of
200 °C was set in order to keep the reactants and products in
the liquid phase. In addition, harsher conditions (>200 °C)
led to undesirable severe C–C bond cleavage and coke forma-
tion, making the whole process less energy-efficient. During
the course of the reaction, hydrogen was consumed and, con-
sequently, more was supplied to keep the pressure constant.
The selected pressure value (50 bar) ensures excess of hydro-
gen during the whole course of the experiment. The amount

Table 2 Physicochemical properties of the studied catalysts

Catalyst

Pt
contenta

Pt
dispersionb

Pt particle
sizeb

Active metal surface
areab SBET

c
Pore
volumed

Pore
sized Acid/basic sites

(wt.%) (%) (nm) (m2 g−1) (m2 g−1) (cm3 g−1) (Å) (meq NH3 g
−1)e (meq CO2 g

−1) f Tmax (°C)
g

Pt/SiO2 0.35 0.8 141.6 0.01 46 0.648 49 — — —
Pt/Al2O3 0.54 14.6 7.7 0.19 207 0.431 38 0.138 — 240
Pt/TiO2 0.48 7.9 14.3 0.09 77.6 0.403 302 0.110 0.160 238/110
Pt/HTC 0.73 3.8 29.4 0.07 179 0.730 31 — 0.796 110
Pt/Beta 0.48 34.6 3.2 0.42 529 0.116h 6–7h 0.648 — 271
Pt/Al-SBA-15 0.29 65.3 1.7 0.47 672 1.283 78 0.221 — 261
Pt/WO3–ZrO2 0.08 41.4 2.7 0.08 90.3 0.272 78 0.258 — 268

a XRF measurements. b CO pulse chemisorption at 50 °C of samples reduced at 350 °C. c Nitrogen adsorption at 77 K. d BJH method. e NH3

TPD experiments (180–500 °C) of samples reduced at 350 °C. f CO2 TPD experiments (50–850 °C) of samples reduced at 350 °C. g Temperature
maxima of the peak as determined by TPD experiments. h Micropore volume and BEA framework pore size.
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of catalyst (1 g) and overall reaction time (480 min) were also
optimized to observe significant changes in the product
distribution. The results of these initial studies allowed the
definition of a standard reaction procedure (described

above) for all the subsequent experiments presented in
this work.

Fig. 1 shows the variations in the relative molar concentra-
tion (Xi%) of the main components of the feedstock (Table 1)

Fig. 1 Evolution of the relative concentration (Xi%) of the reactants (furfural–acetone condensation products) during hydrodeoxygenation over
different catalysts (T = 200 °C; P = 50 bar; t = 480 min).
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as a function of reaction time. Due to the significant differ-
ences in the molar fraction concentrations between these
compounds, the results depicted in Fig. 1 are referred to by
their percentage variation (relative concentration) with the
purpose of appreciating more clearly their evolution with
reaction time. Most of the reactants show a decreasing ten-
dency as a result of the progressive hydrogenation of their
bonds (aliphatic CC, ketonic CO and furanic CC). The
highest rate of conversion for all tested catalysts
corresponded to the compound F2–Ac, which in the experi-
ments carried out with Pt/Al2O3 and Pt/TiO2 completely
disappeared after 120 min. A similar behaviour was observed
for F–Ac, F2–Ac2 and F2–Ac3, showing a continuous decrease
in their molar fractions as the reaction proceeded, although
with a lower hydrogenation rate. Thus, except for Pt/SiO2, the
relative concentration values of these reactants after 480 min
were close to zero, indicating an almost full conversion to
hydrogenated compounds. The lowest hydrogenation rate of
Pt/SiO2 may be associated with the absence of acid/basic
sites, as well as with its low active metal surface area (0.01
m2 g−1), which implies a poor hydrogenation activity. Like-
wise, the significant value of Xi% observed for F2–Ac3 after
480 min when the Pt/Beta catalyst was used (13.3 Xi%) is very
likely related to the steric limitations in microporous mate-
rials for bulky molecules such as F2–Ac3. Thus, in spite of the
fact that most of the Pt particles are probably located on the
external surface, the lower accessibility to acid sites reduces
the activity of this catalyst. In this respect, the kinetic curves
observed for Pt/TiO2 demonstrate clearly that large pores
(mean pore size ≈ 300 Å) facilitate the access of the reactants
to the active sites. The influence of mass transfer limitations
on the reaction was minimized by applying suitable experi-
mental conditions as those suggested in a similar process,30

as well as by using small catalyst particles (<100 μm) and vig-
orous stirring (1000 rpm).

The active metal surface area does not correlate with the
initial hydrogenation conversion rate of the reactants. For
example, for Pt/Beta and Pt/Al-SBA-15, which showed consid-
erably high active metal surface areas (0.42 and 0.47 m2 g−1,
respectively), presented similar or even lower conversion rates
than the rest of the studied catalysts. This fact may be attrib-
uted to the participation of acid/basic sites in the initial reac-
tant conversion or to the plausibly different structures of Pt
particles due to their different sizes and locations.

On the other hand, the extent of the hydrogenation of
F–Ac2 and (F–Ac)2 seems to be limited, even showing an
increase in their relative molar fractions after 480 min when
Pt/SiO2 is used. This fact may be associated with the forma-
tion of these compounds, due to the consecutive aldol
condensation reactions of acetone with F–Ac or self-
condensation of F–Ac. In the case of some other catalysts,
like Pt/Al2O3, Pt/HTC, Pt/Beta and Pt/Al-SBA-15, the concentra-
tion of (F–Ac)2 shows a maximum at short reaction times
(60–120 min). This behaviour indicates that these condensa-
tion reactions are faster than the hydrogenation of these reac-
tants over fresh catalysts. The formation of F–Ac2 and (F–Ac)2

is observed even on Pt/SiO2, i.e. in the absence of acid and
basic sites, which implies that the condensation of F–Ac
adducts takes place probably through a thermal route. Due to
the poor hydrogenation performance of this catalyst (caused
by the low specific surface area of Pt), the consecutive conver-
sion of these condensation products is only partial.

The extent of aldol condensation reactions over the stud-
ied catalysts is evidenced by the increasing concentration of
diacetone alcohol (DAA) formed by acetone self-condensa-
tion. Subsequently, DAA undergoes successive dehydration
and hydrogenation reactions yielding mesityl oxide (MSO),
methyl isobutene ketone (MIBK) and methyl isobutyl carbinol
(MIBC). This conversion process is schematically depicted in
Fig. 2, along with the variation of the concentration of these
products in one of the performed experiments. Importantly,
direct hydrogenation of acetone to isopropanol was not
observed. Since the concentration of MIBK was increasing in
all experiments as the reaction progressed and DAA and MSO
showed a maximum in their concentrations, it can be
inferred that the rate of the selective hydrogenation of DAA
and MSO is faster than the rate of formation of MIBC, under
the given experimental conditions. It is interesting to note
that no higher molecular-weight products, such as dimethyl
heptanone, derived from the further condensation of acetone
with MIBK, were observed.

The motivation for performing hydrogenation/deoxygen-
ation in the presence of acetone is to couple the aldol con-
densation of furfural with acetone with the subsequent
hydrogenation without any intermediate separation steps,
such as distillation of solvents that might be very demanding
due to the high reactivity of the aldol condensation products.
Although it is not the main objective of this work to analyse
the influence of the tested catalysts on acetone conversion, it
is worth mentioning that Pt/Beta, Pt/Al-SBA-15 and Pt/WO3–

ZrO2 gave the highest yields of MIBK. This result indicates a
direct relation between the acidity of the used catalysts and
the extent of the acetone self-condensation and consecutive
hydrogenation represented in Fig. 2.

Fig. 2 Aldol condensation and further hydrogenation of acetone itself
(T = 200 °C; P = 50 bar; t = 480 min).
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Fig. 3 Evolution of the yield (Yi%) of F–Ac hydrodeoxygenated products over different catalysts (T = 200 °C; P = 50 bar; t = 480 min).
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Hydrodeoxygenation selectivity

The multicomponent nature of the initial feedstock led to a
complex mixture of products, derived from the successive
hydrogenation steps of the different bonds (aliphatic CC,
furanic CC and ketonic CO), ring opening and dehydra-
tion reactions. Furthermore, some additional side reactions
such as condensation, isomerization or cyclization may
occur, resulting in a diverse product distribution within a
wide range of molecular weights. Therefore, in order to sim-
plify the discussion, the GC and GC-MS analyses of the col-
lected samples were focused on the fraction of compounds
originated from 4-(2-furyl)-3-buten-2-one (F–Ac), which consti-
tuted 72% of the reactants (without taking into consideration
acetone). The study of the reaction pathways of F–Ac transfor-
mation can be used as a case study for the estimation of the
conversion pathways of heavier furfural–acetone condensa-
tion products.

Fig. 3 depicts the yields of the main products obtained
from the hydrogenation of F–Ac as a function of reaction
time for the different studied catalysts. In all cases, the high
yield of 4-(2-furyl)-butan-2-one (A) stands out among the other
hydrogenated products. The yield of this compound reaches
a maximum at short reaction times, followed by a smooth
decrease as it is consumed to afford more deeply hydroge-
nated products. This fact suggests that the hydrogenation of
this conjugated CC bond is very fast, whereas the further
hydrogenation steps, i.e. of the ketone group and the furan
ring, are the rate-determining hydrogenation steps. This
behaviour is common for all tested catalysts except for Pt/
SiO2, which shows a slow and continuous increase in the
yield of A, indicating again the very poor hydrogenation per-
formance of this material. This observation is also confirmed
by the absence of the other intermediate products result-
ing from the consecutive hydrogenation of A in Pt/SiO2

experiments.
The consecutive formation of hydrogenated compounds

from the primary product (A) was also observed although to a
lower extent. These included products such as
4-(2-tetrahydrofuryl)-butan-2-one (B) and 4-(2-furyl)-butan-2-ol
(C), which are derived from furanic ring and ketonic bond
hydrogenation, respectively. For some catalysts, like Pt/Al2O3

and Pt/TiO2, the yield of these products reached significant
values, >7.9%, through a continuous increase as the reaction
proceeded. However, in the case of Pt/Beta, Pt/Al-SBA-15 and
Pt/WO3–ZrO2, the formation of C seems to be limited, not
exceeding yields of 0.7%. This fact may be correlated with a
faster transformation of C into 4-(2-dihydrofuryl)-butan-2-ol
(D) and 2-butyl-furan (H), via partial hydrogenation of the
furan ring and deoxygenation, respectively. The formation of
D may be promoted by the smaller particle sizes observed in
these catalysts, which may modify the surface chemical
adsorption of the reactant and the subsequent hydrogenation
steps.25,31

Thus, the smaller Pt particles may favour the interactions
with the furanic ring, allowing the unconstrained adsorption

of the most accessible double bond.22,32 On the other hand,
the higher acidic character shown by Pt/Beta, Pt/Al-SBA-15
and Pt/WO3–ZrO2 may have enhanced the deoxygenation reac-
tions, increasing the formation of H (3.4–4.8%). Overall, it is
concluded that the selectivity to C decreased due to the com-
bination of smaller Pt particles and the presence of acid
sites.

The complete hydrogenation of the original molecule
(F–Ac) led to the production of 4-(2-tetrahydrofuryl)-butan-2-ol
(E), which only appeared in limited yields (<3.2%). The low
formation of this product might not only be related to the
slower kinetics of furanic ring and ketonic bond hydrogena-
tion, but also to the higher reactivity of their precursors, pro-
moting side reactions which reduce the selectivity to this
compound. On the other hand, the continuous increase in
the yield of E can be explained by its higher stability, caused
by the limitation of the ring-opening steps of the saturated
ring.33 Among the mentioned side reactions, the formation
of 2-methyl-1,6-dioxaspiroĳ4,4]nonane (F) took place, likely
through the intramolecular addition of the hydroxyl group on
the double bond of D.34

The extent of oxygen removal steps was confirmed by the
formation of compounds such as 2-butyl-furan (H), 2-butyl-
dihydrofuran (I), 2-propyl-tetrahydropyran (J) and 2-butyl-
tetrahydrofuran (K). The deoxygenation steps took place
mostly through dehydration or hydrogenolysis reactions
which usually imply the interaction of Brønsted acid sites
with the hydroxyl group.35 Thus, the yield of deoxygenated
compounds reached higher values with those catalysts that
exhibited stronger acidity, like Pt/Beta, Pt/Al-SBA-15 and
Pt/WO3–ZrO2 (Fig. 4a). In contrast, low acid materials or
no-acid materials, such as Pt/Al2O3 and Pt/HTC, respectively,
show a lower extent of deoxygenation steps. However, Pt/TiO2

also exhibited a remarkable deoxygenation activity indicating
that even mild acidity together with improved accessibility is
equally important for furanic ring interaction with the active
sites.

The formation of linear alcohols like octanediols (M) and
octanols (N) occurs via ring opening reactions through hydro-
genolysis of the C–O bond of the furanic ring, leading to the
formation of a new hydroxyl group. The significant yields of
octanediols at short reaction times (<60 min) in the case of
Pt/Beta, Pt/Al-SBA-15 and Pt/WO3–ZrO2 indicate that the for-
mation of octanediols likely occurs through ring opening of
the primary intermediates, like C, since the yields of further
hydrogenated precursors (B, D and E) are too low or non-
existent at the beginning of the reactions. This observation is
in accordance with Vlachos et al.,36 who reported that the
ring opening reactions preferentially take place through non-
saturated rings because of the higher energy barriers associ-
ated with the ring opening of D, B and E. This behaviour
may also be related to the observed low concentration of C
with Pt/Beta, Pt/Al-SBA-15 and Pt/WO3–ZrO2, since in the pres-
ence of acid sites the hydrogenolysis of the C–O bond of the
non-saturated furanic ring is promoted. A similar behaviour
is observed in the production of octanols (M), whose yields
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seem to be linked to the formation of H (2-butyl-furan) and
enhanced by the presence of acid sites (Pt/Beta, Pt/Al-SBA-15
and Pt/WO3–ZrO2). Fig. 4b shows the variation in the yield of
octanediols and octanols with reaction time for all studied
catalysts. The continuous increase in the yield of linear alco-
hols implies that dehydration/hydrogenolysis could be the
rate-determining step in the conversion pathway to octane
over the investigated set of platinum-containing catalysts.

Proposal of a reaction scheme

To shed light on the transformation pathways of furfural–ace-
tone condensation products into hydrocarbons and to under-
stand the role of different catalyst functionalities, an analysis
of the kinetic curves exhibited in Fig. 3 and in previously
published works,14,17 was performed. As a result, a reaction
scheme has been proposed to describe, in the most simpli-
fied way possible, the major routes in the conversion of
4-(2-furyl)-3-buten-2-one (F–Ac) into n-octane. The reaction

scheme of the studied transformation is rather complicated,
since it includes numerous intermediate products, side reac-
tions, competitive and non-competitive steps, adsorption of
solvent, formation of coke, etc. The product distribution con-
sists of a mixture of compounds with different degrees of
hydrogenation, indicating that there is a step by step mecha-
nism through which various intermediates are formed. Fig. 5
shows the essential features of the reaction pathway for the
production of octane from F–Ac, comprising the hydrogena-
tion, condensation, isomerization, cyclization and dehydra-
tion/hydrogenolysis steps. Likewise, Table 3 displays the yield
of F–Ac hydrogenated products obtained after 480 min, using
the different prepared catalysts and the experimental proce-
dure describe above.

Firstly, the hydrogenation of the aliphatic CC bond
takes place, yielding 4-(2-furyl)-butan-2-one (A). The fast
hydrogenation of this bond is enhanced by its favourable
thermodynamic conditions, and also due to the absence of
steric limitations, unlike the case of the furanic ring bonds.19

Fig. 4 Evolution of the yield (Yi%) of (a) deoxygenated products (H + I + J + K + N) and (b) linear alcohol products (M + N), from the
hydrodeoxygenation of F–Ac over different catalysts (T = 200 °C; P = 50 bar; 480 min).

Fig. 5 Proposed reaction scheme for the hydrodeoxygenation of 4-(2-furyl)-3-buten-2-one (F–Ac) into octane.
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The subsequent hydrogenation of A may proceed by two par-
allel routes: hydrogenation of the ketonic CO bond or
hydrogenation of the furanic ring CC bonds. The latter
yields 4-(2-tetrahydrofuryl)-butan-2-one (B), which is an inter-
mediate of the completely hydrogenated molecule
4-(2-tetrahydrofuryl)-butan-2-ol (E). The former affords
4-(2-furyl)-butan-2-ol (C) that can undergo many different side
reactions in addition to its transformation into E. The yield
of this intermediate furan alcohol (C) is very low (negligible)
when acid catalysts are used (Pt/Beta, Pt/Al-SBA-15 and Pt/
WO3–ZrO2), most likely as a result of its immediate consump-
tion yielding D, H and M. Specifically, the initial hydrogena-
tion of the furanic ring of C produces a reactive intermedi-
ate, 4-(2-dihydrofuryl)-butan-2-ol (D), which may undergo
cyclization due to the interaction between the –OH group and
the partially hydrogenated ring yielding 2-methyl-1,6-
dioxaspiroĳ4,4]nonane (F).34 In addition, D may undergo
hydrogenation of the remaining double bond in the furanic
ring, thus yielding E, or dehydration reactions forming
2-butyl-dihydrofuran (I). A similar step may occur directly
from C, yielding 2-butyl-furan (H), which can be further
hydrogenated to I. Alternatively, the furan C–O bond present
in C may be hydrogenolysed resulting in the opening of the
furanic ring. This option yields linear unsaturated
octanediols, which are rapidly hydrogenated to saturated
octanediols (M). Otherwise, the formation of M can also
occur via the ring opening of E or 5-methyl-2-
tetrahydrofuranpropanol (G), affording saturated octanediols
directly. The latter was derived from the ring opening steps
of F, via hydrogenolysis of one of the C–O bonds. In this
respect, C–C bond scission is generally unfavourable upon
ring opening via C–O bond cleavage.36,37

The formation of H and I is a consequence of the dehydra-
tion of the primary intermediates. This reaction implies the
formation of water through the loss of the –OH group from C
or D intermediates. However, in the case of Pt/Al2O3 and
Pt/TiO2, the presence of H is a bit controversial, since
although it is clearly observed at short reaction times, as
the reaction progresses the GC retention time of the peak
decreases gradually (i.e. H is co-eluting with a product of

consecutive reactions and is itself consumed in the course of
the reaction). According to the GC-MS pattern, the co-eluting
compound is 2-propyl-tetrahydropyran (J) and it seems to be
formed at the expense of H, likely via a fast formation of I.38

The reason for the significant yield of J over TiO2 and Al2O3

supported Pt is not yet fully understood. Nonetheless, the for-
mation of J has been reported in similar processes by other
authors, who have suggested its formation via isomerization
and hydrogenation of H.13,39 From the point of view of our
results, the production of J seems to be linked to the pres-
ence of 2-butyl-dihydrofuran (I), since both products are
obtained in the same experiments, suggesting that their for-
mation by hydrogenation of H is closely related. On the other
hand, the absence of J with the more acidic materials
(Pt/Beta, Pt/Al-SBA-15 and Pt/WO3–ZrO2) indicates that with
these catalysts the ring opening of H to form octanols (N) is
more favoured by the presence of Brønsted acid sites. In any
case, the formation of J constitutes an undesired side reaction
since it reduces the selectivity to octane by forming a stable
compound. Despite the fact that some oxygen removal steps
(deoxygenation) took place, the dehydration of octanediols
and octanols towards octane was very restricted since the
presence of the hydrocarbon was not detected by GC-MS anal-
yses. Therefore, it is also likely that the formation of N take
places mostly through H rather than by dehydration of M.

In addition to the hydrogenation route of F–Ac, the sig-
nificant formation of heavier products (O) catalyzed by Pt/
SiO2, Pt/Beta, Pt/Al-SBA-15 and Pt/WO3–ZrO2 was observed.
These compounds are products of aldol condensation of ace-
tone either with F–Ac, or with other intermediate ketone
compounds such as A and B. Thus, this route leads to the
formation of longer carbon chain intermediates which, once
deoxygenated, would ultimately yield larger alkenes (C11+),
i.e. the overall hydrocarbon yield would not be affected in
the case of total hydrodeoxygenation. However, it should be
considered that these reactions may lead to the production
of a heavy fraction that can be involved in the formation of
carbon deposits. Therefore, this aspect must be taken into
consideration for the performance of longer experiments as
a possible cause of catalyst deactivation. Likewise, the

Table 3 4-(2-Furyl)-3-buten-2-one (F–Ac) hydrodeoxygenation products after 480 min at 200 °C and 50 bara

Catalysts

Yield (Yi%)

F–Ac A B C D E F G H I J M N O

Pt/ SiO2 29.2 36.7 0.5 0.4 0.7 — — — — — — — — 12.7
Pt/Al2O3 0 59.7 13.8 14.0 3.5 0.8 1.6 1.4 — 0.2 2.7 1.9 0.4 —
Pt/TiO2 0 46.4 7.9 19.6 5.0 3.2 4.0 3.4 — 0.6 6.3 2.9 0.8 0.0
Pt/HTC 0.2 74.0 9.9 4.1 7.4 0.5 1.4 — 0.6 — — 1.6 0.2 0.0
Pt/Beta 0.8 22.0 6.5 0.2 7.9 0.3 2.9 — 3.4 — — 4.3 1.8 32.9
Pt/Al-SBA-15 0.6 14.2 5.8 0.3 6.4 0.6 2.0 1.2 4.8 — — 4.0 1.3 39.7
Pt/WO3–ZrO2 0.2 28.3 4.7 0.7 14.7 1.1 3.3 2.2 4.6 0.3 — 3.9 1.5 34.6

a 4-(2-Furyl)-butan-2-one (A), 4-(2-tetrahydrofuryl)-butan-2-one (B), 4-(2-furyl)-butan-2-ol (C), 4-(2-dihydrofuryl)-butan-2-ol (D), 4-(2-tetrahydrofuryl)-
butan-2-ol (E), 2-methyl-1,6-dioxaspiroĳ4,4]nonane (F), 5-methyl-2-tetrahydrofuranpropanol (G), 2-butyl-furan (H), 2-butyl-dihydrofuran (I),
2-propyl-tetrahydropyran (J), 2-butyl-tetrahydrofuran (K), 2-methyl-5-propyl-tetrahydrofuran (L), octanediols (M), octanols (N) and heavier
condensation products (O).
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successive hydrogenation steps of O indicate the possibility
of performing simultaneously aldol-condensation and hydro-
genation reactions, although this process is technically very
demanding since the optimal conditions for both reactions
are different.40 Particularly, in the case of acid catalysts, the
yields of these heavier products were very significant (32.9–
39.7%), thus reducing considerably the maximum attainable
selectivity to octane. One possibility to prevent these side
reactions is the use of solvents other than acetone (e.g. alco-
hols), which can be expected to limit the extent of aldol con-
densation reactions. It is also worth noting that despite
almost one third of F–Ac undergoes further condensation,
Pt/Beta, Pt/Al-SBA-15 and Pt/WO3–ZrO2 afford the highest
yields of octanols (1.3–1.8%) among the studied catalysts.
This indicates superior ring opening and deoxygenation
activity of platinum supported on acid supports in com-
parison with platinum supported on non-acidic or basic
supports.

The abovementioned results suggest that employing acid
catalysts, such as Pt/Beta, Pt/Al-SBA-15 and Pt/WO3–ZrO2, with
hydrogenated intermediate products (i.e. products less prone
to condensation), may improve the final yield of linear alco-
hols and octane. Hence, an additional longer experiment
(16 h) was carried out consisting of two stages. Firstly, an
8 hour reaction was performed using Pt/TiO2 and the original
feedstock (Table 1). Secondly, Pt/Al-SBA-15 was added to the
obtained product from the first stage and the experiment was
continued for another 8 hours. In this way the good hydroge-
nation activity of Pt/TiO2 was combined with the good deoxy-
genation activity of Pt/Al-SBA-15. At the same time, it was
expected that the decrease in the concentration of F–Ac and
intermediates A and B during the first stage would limit the
extent of acetone condensation reactions and favour a higher
yield of C8 intermediates. The yields of products are shown
in Fig. 6 as a function of reaction time.

In line with the previous results, A and C are the main
products obtained as a result of the hydrogenation of F–Ac
on Pt/TiO2. Both of the products are rapidly consumed when
Pt/Al-SBA-15 is used as a catalyst. In the case of C, which is
completely absent at the end of the reaction (960 h), it is
mostly due to the high promotion of ring opening and dehy-
dration steps in the presence of Brønsted acid sites, yielding
M (19.7%) and H, respectively. The latter is also quickly
converted to J (23%) and K (10.8%), via hydrogenation and
isomerization reactions. The increasing amount of these
products, together with G, indicates a significant limitation
for opening saturated rings. Similarly, despite the high
increase in M, the yield of E does not show any decrease,
confirming the lower reactivity of this compound. Thus, in
order to optimize the production of octane, the formation of
fully hydrogenated species, such as E, should be avoided due
to the more demanding conditions required to open their tet-
rahydrofuran ring in comparison with furan and dihydro-
furan rings.

Fig. 6 also reveals the intermediate character of compound
B and D showing a decreasing trend when the concentration
of their respective precursors (A and C) is too low. The forma-
tion of heavier products with Pt/Al-SBA-15 is not completely
inhibited (O = 6%), due to the extent of condensation reac-
tions between acetone and the remaining intermediate
ketones, i.e. A and B after hydrogenation over Pt/TiO2. How-
ever, the yield of these compounds is considerably reduced
in comparison with the experiment over Pt/Al-SBA-15 when
F–Ac was used as feedstock, i.e. when F–Ac was in contact
with the acid sites of the Al-SBA-15 support. Consequently,
the selectivity to C8 intermediates that can be hydro-
deoxygenated is enhanced, which together with the higher
ring opening and dehydration activity of Pt/Al-SBA-15 lead to
an increase in the formation of octanediols (19.7%) and
octanols (3.5%).

Fig. 6 Evolution of the yield (Yi%) of F–Ac hydrogenated products (T = 200 °C; P = 50 bar) in a two stage experiment: Pt/TiO2 (8 h) and Pt/Al-SBA-
15 (8 h).

Catalysis Science & Technology Paper

Pu
bl

is
he

d 
on

 2
3 

O
ct

ob
er

 2
01

5.
 D

ow
nl

oa
de

d 
by

 C
en

tr
um

 in
fo

rm
ac

ni
ch

 s
lu

ze
b,

 V
SC

H
T

 P
ra

ha
 o

n 
25

/0
5/

20
16

 0
8:

20
:1

2.
 

View Article Online

ART - 37 11/13

http://dx.doi.org/10.1039/c5cy01422k
http://dx.doi.org/10.1039/c5cy01422k


1840 | Catal. Sci. Technol., 2016, 6, 1829–1841 This journal is © The Royal Society of Chemistry 2016

The significantly higher concentration of octanediols (M)
over octanols (N) suggests that the dehydration of linear alco-
hols is more restricted than furanic ring molecules. However,
the higher hydrodeoxygenation rate achieved in the two stage
experiment also afforded a low yield of octane (1.5%), formed
presumably by the dehydration of N. The formation of green
octane completes the proposed reaction scheme (Fig. 5), set-
ting the groundwork for future development of catalysts capa-
ble of efficiently deoxygenating furfural condensation prod-
ucts into green hydrocarbons.

Conclusions

The hydrodeoxygenation of furfural–acetone condensation
products has been studied using different supported Pt cata-
lysts. The studied materials show a wide range of textural
and acid properties which significantly affect the activity and
selectivity of the process. The multicomponent nature of the
initial feedstock (derived from furfural–acetone aldol conden-
sation experiments) led to a complex mixture of products,
formed mainly by different extent of hydrogenation, ring
opening and dehydration/hydrogenolysis reactions. Based on
the study of the conversion rates and the kinetic behaviours
shown by the main reactants and intermediates, a reaction
scheme for the conversion of 4-(2-furyl)-3-buten-2-one (F–Ac)
into octane has been proposed. The performed experiments
indicated that the conversion pathways and product distribu-
tion may be significantly modified by the catalytic properties
of the studied supports.

Except for Pt/SiO2, all catalysts showed high conversion of
the reactants, mostly due to the complete hydrogenation of
the aliphatic CC bonds. However, the extent of the conver-
sion of furanic CC and ketonic CO bonds was more lim-
ited, particularly when HTC and Al2O3 were used as supports.
The use of Pt/TiO2 further promoted the hydrogenation,
although the selectivity to linear alcohols seemed to be lim-
ited by the slow rate of dehydration and ring-opening steps.
In all cases, ring-opening reactions occurred preferentially
through non-saturated rings, indicating the possible conve-
nience of a selective hydrogenation to aliphatic CC and
ketonic CO bonds in the early steps. Likewise, in the case
of Pt supported on Beta, Al-SBA-15, WO3–ZrO2, aldol conden-
sation reactions took place between carbonyl-containing
intermediates and acetone, yielding longer carbon chain
compounds. Although the formation of these molecules
reduced the concentration of C8 molecules, a remarkable
selectivity to linear alcohols was observed due to the higher
extent of ring-opening and dehydration reactions in the pres-
ence of Brønsted acid sites.

The production of octanols and octanediols having poten-
tial as valuable petrochemical feedstocks was improved by
performing a two stage experiment, using Pt/TiO2 (8 h) and
Pt/Al-SBA-15 (8 h). The further hydrogenation of the primary
reactants using Pt/TiO2, along with the higher promotion of
ring-opening and dehydration reactions with Pt/Al-SBA-15,

enhanced the hydrodeoxygenation rate of C8 intermediates,
achieving final production of an octane fraction.
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b Technopark Kralupy, University of Chemistry and Technology Prague, Žižkova 7, 27801 Kralupy nad Vltavou, Czechia
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a  b  s  t  r  a  c  t

The  solvent  effects  on  hydrodeoxygenation  (HDO)  of  4-(2-furyl)-3-buten-2-one  (F-Ac)  over Pt/TiO2 cat-
alyst  were  investigated  at T = 200 ◦C and  P(H2) =  50 bar.  The  initial  reactant  is the  main  product  of aldo
condensation  between  furfural  and acetone,  which  constitutes  a promising  route  for  the  production  o
bio-based  chemicals  and  fuels.  A  sequence  of  experiments  was  performed  using  a  selection  of  polar  sol-
vents  with  different  chemical  natures:  protic  (methanol,  ethanol,  1-propanol,  2-propanol,  1-pentanol
and  aprotic  (acetone,  tetrahydrofuran  (THF),  n,n-dimethylformamide  (DMF)).  In  case  of  protic  solvents,  a
good  correlation  was found  between  the polarity  parameters  and  conversion.  Consequently,  the  highes
hydrogenation  rate  was  observed  when  2-propanol  was  used  as  a solvent.  In contrast,  the  hydrogenation
activity  in  presence  of  aprotic  solvents  was  related  rather  to solvent-catalyst  interactions.  Thus,  the  ini-
tial  hydrogenation  rate  declined  in  order  Acetone  > THF  >  DMF,  i.e.  in accordance  with  the increase  in the
nucleophilic  donor  number  and  solvent  desorption  energy.  Regarding  the product  distribution,  a  complex
mixture  of  intermediates  was  obtained,  owing  to the  successive  hydrogenation  (aliphatic  C C,  furanic
C  C and  ketonic  C  O  bonds),  ring  opening  (via  C O  hydrogenolysis)  and  deoxygenation  reactions.  Based
on  the  proposed  reaction  scheme  for  the conversion  of  F-Ac  into  octane,  the  influence  of the  studied
solvents  over  the  cascade  catalytic  conversion  is discussed.  A significant  formation  of cyclic  saturated
compounds  such  as 2-propyl-tetrahydropyran  and  2-methyl-1,6-dioxaspiro[4,4]nonane  took  place  via
undesirable  side reactions  of  cyclization  and  isomerization.  The  best  catalytic  performance  was  found

when  using  acetone  and  2-propanol  as solvents,  achieving  significant  yields  of  4-(2-tetrahydrofuryl)-
butan-2-ol  (28.5–40.4%)  and  linear  alcohols  (6.3–10.4%).  The  better  performance  of  these  solvents  may
be  associated  with  a lower  activation  energy  barrier  for  key intermediate  products,  due  to  their  mod-
erate  interaction  with  the reactant  and  the catalyst.  In  case  of  methanol  and DMF,  undesired  reactions
between  the  reactant  and  the  solvent  took  place,  leading  to a lower  selectivity  towards  the  targeted
hydrodeoxygenated  products.

.

-

-

.

1. Introduction

Biomass is a key renewable resource with the potential to sat
isfy at least partially the growing energy demand and to provide
alternative technologies to petroleum-based ones. Hemicellulose
is one of the major components (25–35 wt%) of non-food lignocel

lulose biomass, which can be transformed into C5 and C6 sugars
monomers via acid-catalyzed hydrolysis [1,2]. This sugar fraction
can be further processed to furanic compounds (via acid-catalyzed
dehydration), leading to the production of lignocellulosic platform

∗ Corresponding author. Present address: Department of Chemistry, University of
Liverpool, Crown Street, Liverpool, L69 7ZD, UK.
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molecules (e.g. furfural and 5-hydroxymethylfurfural) that could
play the role of basic building blocks in future biorefineries [3,4]
Therefore, in order to produce valuable green chemicals and fuels
from sustainable sources, the catalytic transformation of furan
derivatives is regaining the attention of different research groups
in recent years [5,6].

Among  the different conversion strategies, aldol condensation
allows increasing carbon chain length of furanic compounds by
forming larger bio-based molecules, more appropriate for upgrad-
ing to gasoline and diesel fuels. Aldol condensation is a well-known

organic synthesis, which generally takes place between carbonyl
groups at low temperatures (25–70 ◦C) and atmospheric pres-
sure. This route has been successfully used for the condensation
of furfural (C5) with acetone in presence of solid basic catalysts,
yielding mostly 4-(2-furyl)-3-buten-2-one (F-Ac) and 1,5-difuryl-
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-pentadien-3-one (F-Ac-F) [7,8]. However, compared with most
trochemical products, furfural-acetone condensation products

 multifunctionalized oxygenated compounds which require
allenging chemical transformations i.e. hydrogenation (C C
phatic, C O ketone and C C furanic ring bonds), ring open-

 (C O hydrogenolysis) and deoxygenation (via dehydration or
OH hydrogenolysis) in order to yield liquid transportation fuels.
nce, the overall conversion of these adducts into alkanes may  be
rformed by hydrodeoxygenation (HDO), generally at mild tem-
ratures (150–300 ◦C) and high hydrogen pressures (20–100 bar)
10].
The presence of heterogeneous catalysts in the HDO processing

furfural-acetone condensation products favours the conversion
es (thermodynamic and kinetic considerations) and allows tai-
ing the product distribution through the selection of the catalyst
tures. In a previous work, we have investigated the influence
different supported Pt catalysts on the HDO of furfural-acetone
densation products [11]. Similarly, different studies from the
rature have reported the performance of metal-based catalysts

 this process, exploring the effects of different parameters such
 nature of the metal phase [10], catalyst morphology [12–14],
ction system [13,15,16] and operation conditions [9,17,18].
st of these studies have been carried out in the liquid phase,
ng different kinds of solvents to dissolve the solid reactants
d to dissipate the heat generated from exothermic reactions.
us, Dumesic and co-workers investigated the hydrogenation
furfural-acetone adducts employing Pd/MgO-ZrO2 as catalyst
aqueous environment [15,18]. From the same research group,
other work investigated the activity of Pt/SiO2-Al2O3 in dehy-
tion of these compounds using tetrahydrofuran (THF) as solvent
]. In the same way, Lu et al. [14,17,19] carried out a series

experiments combining different solvents such as isopropanol,
anol, THF and cyclohexane. Similarly, Gordon et al. [9] compared

 results obtained using acetic acid and methanol as solvents in
oxygenation reactions under mild operating conditions. Addi-
nally, HDO of furfural-acetone condensation products has been
ried out in hexane [10,12] and, also using ionic liquids [20].
vertheless, due to the lack of systematic experimental data, the
uence of the reaction media (solvents) on the activity and selec-

ity in the HDO of furfural-acetone condensation products has
en scarcely discussed.
According  to preceding works [21–24], it is expected that sol-

nt effects have a strong influence on hydrogenation reactions,
ich constitute an essential initial step in the HDO process-
. A general reaction scheme for F-Ac hydrogenation is shown
Fig. 1. The primary C C aliphatic hydrogenation (4-(2-furyl)-
tan-2-one; A) is followed by further hydrogenation steps of
C furanic ring bonds (4-(2-tetrahydrofuryl)-butan-2-one; B) or
O ketone bond (4-(2-furyl)-butan-2-ol; C). On the pathway to

 completely hydrogenated compound (4-(2-tetrahydrofuryl)-
tan-2-ol; E), the partial hydrogenation of the latter yields a
ctive intermediate (4-(2-dihydrofuryl)-butan-2-ol; D), which
y  undergo different reactions [11].
In spite of the progress in understanding solvent effects on

drogenation reactions, much work remains to be done to unravel
 influence of solvents in multi-step catalytic transformations,
h as the HDO of F-Ac towards valuable alkanes, which fur-
r comprises: ring opening reactions (on metal and possibly acid

es), dehydration/hydrogenolysis (most likely on Brønsted acid
es), as well as different side reactions. Likewise, the regular use
bifunctional catalysts in such processes may  increase the com-

xity of solvent effects owing to the likely interactions between

 metal phases and the solvent [25].
In the present contribution, we aim to investigate the solvent

ects on the HDO of 4-(2-furyl)-3-buten-2-one (F-Ac) in terms
conversion rates and product distribution. Pt/TiO2 was  selected

wi
seq
He
ing
of 
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a reference catalyst due to the well-known hydrodeoxygenation
ivity of this metal phase and the enhanced accessibility provided

 the titania support. A sequence of experiments was performed
ing a selection of polar solvents with different chemical nature:

tic (methanol, ethanol, 1-propanol, 2-propanol, 1-pentanol) and
rotic (acetone, tetrahydrofuran, n,n-dimethylformamide). The
tial hydrogenation rate and further transformations through
an ring opening and deoxygenation steps, are discussed con-
ering the solvent-reactant and the solvent-catalyst interactions.

 our knowledge, such systematic investigation of solvent effects
 HDO of furfural-acetone condensation products has not been
scribed previously. Therefore, this work may  provide a better
derstanding of the role of a solvent in this catalytic conversion,
ntributing to a rational solvent selection that would improve the
erall process efficiency.

Experimental

. Chemicals

Methanol (Sigma Aldrich, >99.9%), Ethanol (Sigma
rich, >99.8%), 1-propanol (Sigma Aldrich, >99.5%), 2-propanol
ch-Ner, >99.7%), 1-pentanol (Sigma Aldrich, >99%), acetone
gma Aldrich, >99.5%), tetrahydrofuran (Sigma Aldrich, >99.9%)
d n,n-dimethylformamide (Sigma Aldrich, >99.8%) were
ed without further treatment. The TiO2 support and
raammine-platinum(II) nitrate were purchased from Euro-
pport Manufacturing Czechia and Sigma Aldrich, respectively,
d used as received. Hydrogen was  supplied from an external
ervoir (Linde, >99%).

. Catalyst preparation

The  catalyst, Pt/TiO2, was  prepared by incipient wet-
ss impregnation using tetraammine-platinum(II) nitrate
(NH3)4(NO3)2) to obtain a nominal metal loading of 2 wt%
ferred to mass catalyst). The deposition of Pt was  carried out

 adding dropwise an aqueous solution of the precursor to the
pport at ambient temperature. After metal incorporation, the
alyst was dried at 120 ◦C overnight and calcined at 500 ◦C in air

 6 h (heating rate 1 ◦C min−1).

.  Catalyst characterization

The  properties of Pt/TiO2 were analyzed by different physico-
emical characterization methods. The amount of incorporated Pt
s determined by X-ray Fluorescence Spectroscopy (XRF) using
hilips PW 1404 UniQuant apparatus. Textural properties were

termined from N2 physisorption isotherms at 77 K obtained by
ing a Quantachrome AUTOSORB unit. Prior to the analyses, the

ple was  outgassed at 250 ◦C for 3 h flowing N2. BET equation
d BJH method were used to calculate the specific surface area
d the average pore size, respectively.
Acid and base sites were evaluated by temperature programmed

sorption (TPD) of ammonia and carbon dioxide, respectively,
ploying a Micromeritics Autochem 2950 equipment. Prior to

 TPD analyses, the sample (0.1 g) was reduced in situ under
 vol% H2/Ar (25 cm3 min−1) at 350 ◦C for 60 min. Then, the cata-
t was  outgassed in flowing helium (25 cm3 min−1) with a heating

p of 10 ◦C min−1 up–500 ◦C. The NH3 TPD measurement was
rted by cooling the sample down to 180 ◦C and saturating it

3 −1
th ammonia (25 cm min of 10 vol% NH3/He) for 30 min. Sub-
uently, the physically adsorbed NH3 was  removed by flowing

 (25 cm3 min−1) for 60 min. Finally, TPD was performed heat-
 the Pt/TiO2 catalyst in flowing He (25 cm3 min−1) with a rate

15 ◦C min−1 up to 500 ◦C, and maintaining this temperature for

2/10
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Table 1
Physicochemical properties of Pt/TiO2 catalyst.

Pt content (wt%) 1.8
BET surface (m2 g−1) 95
Pore size (nm) 30.4
Amount of acid sites (meq NH3 g−1) 0.134
NH3 desorption maximum (◦C) 234
Amount of base sites (meq CO2 g−1) 0.416

.

.

Fig. 1. Reaction scheme for the hydrogenation of 4-(2-furyl)-3-buten-2-one over b
(C)  4-(2-furyl)-butan-2-ol, (D) 4-(2-dihydrofuryl)-butan-2-ol, (E) 4-(2-tetrahydrof

30 min. The CO2 TPD experiment was initiated by cooling the sam-
ple to 50 ◦C followed by saturating it with a flow of 10 vol% CO2/He
(50 cm3 min−1) at 50 ◦C for 30 min. Afterward, the physisorbed car-
bon dioxide was removed by flowing He (25 cm3 min−1) at 50 ◦C for
60 min. Finally, the chemically adsorbed CO2 was desorbed by heat-
ing up the sample to 900 ◦C (heating rate of 15 ◦C min−1) in flowing
He (25 cm3 min−1) and maintaining this temperature for 30 min.

The  metal dispersion of Pt in the Pt/TiO2 catalyst was deter-
mined by CO pulse chemisorption using a Micromeritics Autochem
2950 equipment. After the reduction treatment, the sample was
degassed under He flow at 500 ◦C for 1 h and then cooled down
to 50 ◦C. Subsequently, a sequence of 5 vol% CO/He pulses (500 �l)
was introduced in a flow of He (50 cm3 min−1) and passed through
the sample until the areas of the successive peaks remained con-
stant. The relation between the areas of the different chemisorbed
CO pulses allowed evaluating the metal dispersion as a function o
metal loading and defined adsorption stoichiometry factor (1 CO/Pt
atom).

Solvent interactions with Pt/TiO2 catalyst were investigated by
temperature programmed desorption (TPD) of the pre-adsorbed
solvent. A sample of reduced Pt/TiO2 catalysts was saturated at
50 ◦C by pulse dosing of a gaseous stream of He (20 cm3 min−1) bub-
bled through the solvent. Then, the adsorbed solvent was  removed
under a flow of He (25 cm3 min−1) by increasing the temperature
from 50 to 500 ◦C. Different heating rates (10, 15 and 20 ◦C min−1)
were used during the TPD resulting in a variation in the temper-
ature of the desorption peak maximum. The desorption enthalpy
(Ed) was then calculated from the slope of the linear relationship
between the heating rate and the temperature of the desorption
peak maximum, according to the method reported by Cvetanovic
and Amenomiya [26].

2.4.  Catalytic experiments

The  catalytic conversion of 4-(2-furyl)-3-buten-2-one (Alfa
Caesar, 98%) was studied in a steel 300 ml  batch reactor (Parr
Instrument Co.). Temperature, pressure and stirring speed were
monitored and logged through a Parr 4848 B acquisition interface
Prior to the experiments, the catalyst (0.2 g) was reduced in situ by
H2 flow (80 cm3 min−1) at 350 ◦C for 90 min. After cooling down
a prepared solution of 1 g of 4-(2-furyl)-3-buten-2-one (F-Ac) and
150 ml  of the solvent was loaded into the reactor. Then, the system
was heated up to 200 ◦C and pressurized with H2 to 50 bar, under a
slow stirring speed (100 rpm). The initial reaction time was  taken
when the reactor reached the desired temperature and the stirring
speed was increased to 1000 rpm. The hydrogen consumed during
the reaction (480 min) was replenished from an external source to

maintain a constant reaction pressure. Samples of products were
collected at different reaction times in order to study the progress
of the reaction. The identification of the resulting compounds was
done by means of GC–MS analyses using a Thermo Scientific ITQ
1100 apparatus. The quantification of the product mixtures were

ART - 38
CO2 desorption maximum (◦C) 105/194
Pt dispersion (%) 15.6
Average Pt particle size (nm) 7.2

analyzed by an Agilent 7890A GC unit (FID detectors) equipped with
a HP-5 capillary column (30 m,  0.32 ID, 0.25 �m).  To this end, stan-
dard reference compound like 4-(2-furyl)-3-buten-2-one (Sigma
Aldrich, >95%) was  used for calibration measurements, assuming
the same GC sensitivity for the rest of C8 furan/tetrahydrofuran
derived  compounds.

F-Ac  conversion at time t (Xt) was calculated using Eq. (1):

Xt = [CF-Ac]t=0 − [CF−Ac]t
[CF-Ac]t=0

× 100 (1)

where  [CF-Ac]t=0 and [CF-Ac]t are the initial molar concentration and
the molar concentration at time t of F-Ac in solution, respectively
The yield of the specie i at time t ([Yi]t) was  given by Eq. (2):

[Yi]t = [Ci]t − [Ci]t=0
[CF−Ac]t=0

× 100 (2)

where  [Ci]t = 0 and [Ci]t are the initial molar concentration and the
molar concentration at time t of the specie i, respectively.

3. Results and discussion

3.1.  Catalyst characterization

The  main physicochemical properties of Pt/TiO2, character-
ized by the instrumental techniques described in Section 2.3, are
reported in Table 1.

The  final Pt content in the catalysts was determined by XRF at
to be 1.8 wt%, indicating an almost complete incorporation of the
metal phase on the support by the used impregnation method
The nitrogen adsorption-desorption isotherm of Pt/TiO2 (Fig. S1
in the Supporting information) exhibited a profile characteristic of
mesoporous materials, with a noticeable adsorption at high relative
pressures (P/P0 > 0.8). Based on the experimental data provided by
this isotherm, BET surface area (95 m2 g−1) and average pore size
(30.4 nm)  were determined. The obtained textural properties pro-
vide an appropriate specific surface area for the dispersion of the

metal phase, as well as an extensive pore size, capable of accom-
modating the F-Ac molecules into the mesopore system without
steric limitations.

Fig.  2 illustrates the temperature programmed desorption
curves obtained for the desorption of NH3 (Fig. 2a) and CO2 (Fig. 2b).

3/10
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Table 2
Solvent polarity parameters of the studied solvents (Dipole moment (�), dielectric
constant (�r)) and initial hydrogenation rates of HDO conversion of F-Ac over Pt/TiO2.

Solvent � �r r0 × 10−4

Debye (at 25 ◦C) (mmol gcat
−1 min−1)

Methanol 1.70 32.7 0.80
Ethanol 1.69 24.3 4.31
1-propanol 1.68 20.1 7.77
2-propanol 1.66 18.3 8.08
1-pentanol 1.70 13.9 2.44
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Fig. 2. TPD curves of Pt/TiO2 catalyst; (a) a

e integration of the NH3 TPD curve revealed presence of acidic
es (0.134 meq  NH3 g−1) of weak strength (maximum desorption
234 ◦C). On the contrary, the total amount of basic sites, calcu-
ed from the CO2 TPD curve, was considerably higher (0.416 meq
2 g−1). This value was estimated without considering the CO2
sorbed above 500 ◦C, since, according to some authors [27,28]
d, also in agreement to the performed blank test, the TPD signal
tained at those temperatures is associated with residual car-
nates not removed during the calcination or outgassing steps
0 ◦C). Thus, only the chemisorbed CO2 in form of bicarbonate

ions of weak basic strength (90–110 ◦C) and bidentate species
0–220 ◦C) of medium strength, were taken into account for the

antification of the catalyst basic properties.
Finally, Pt dispersion (15.6%) and average Pt particle size

2 nm)  were estimated by CO pulse chemisorption measurements
g. S2). These features may  be crucial for catalyst performance,
ce the activation of the intermediate compounds over metal cen-
s is strongly influenced by the dispersion degree and particle size
the metal phase [29,30].

.  Conversion and initial hydrogenation rate

Following the experimental procedure defined in the Section
, the effects arising from the use of different solvents in the HDO
F-Ac were evaluated in terms of the reactant conversion and

 initial hydrogenation rate. Control experiments without cata-
ts and with non-impregnated TiO2 were performed in acetone,
wing a negligible conversion (<5%) and suggesting that it is the
sence of Pt0 particles which allows for H2 uptake on the surface

d catalyses F-Ac hydrogenation. Likewise, catalyst particle size
0 �m)  and vigorous stirring (1000 rpm) were chosen to avoid
ss transfer limitations and internal diffusion resistance. The first

drogenation step usually corresponds to the fast hydrogenation
the aliphatic C C bond, which is favoured by thermodynamic
ditions and the absence of steric limitations (unlike the case of

 furanic ring bonds) [12,15,16]. An overview of the conversion
ults obtained from the performed experiments is represented in
. 3, where the studied polar solvents were grouped according to
ir chemical nature into (a) protic and (b) aprotic.
Fig. 3a shows a clear difference between the conversion rates

experiments carried out in methanol and 1-pentanol, and in the

t of the studied alcohols (ethanol, 1-propanol and 2-propanol).
e latter group of solvents showed higher hydrogenation rates,
ieving a full conversion of F-Ac already after 180 min  of reaction.

wever, the hydrogenation rates of F-Ac when using 1-pentanol
d methanol were substantially lower, leading to an incom-

fro
30

co
ity
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HF 1.63 7.6 1.72
cetone 2.88 20.5 8.70
MF 3.86 36.7 0.35

te conversion even after 480 min  of reaction (97 and 92.5%,
pectively). Similar behaviour was  observed in Fig. 3b for aprotic

lvents, where in acetone and tetrahydrofuran (THF) a complete
nversion was  reached at 240 min, whereas, due to a consider-
ly lower hydrogenation rate, the final conversion (480 min) in
-dimethylformamide (DMF) was around 93%.
The factors responsible for these variations may  in principle
ginate from different phenomena, such as: interaction of the

lvent with the reactant, competitive adsorption on the catalyst
rface, or reactant and hydrogen solubilities. The effects related to

 solubility of the reactant can be considered negligible due to the
h reaction temperature (200 ◦C) and the excess of solvent used

g of F-Ac per 150 ml  solvent), ensuring a complete solvation of the
ctant in all performed experiments. On the other hand, although
some cases solvent effects have been attributed to different
drogen solubility measurements [31], most of the authors agree
t a clear correlation cannot be established between hydrogena-

n activity and hydrogen solubility [22,24,32,33]. In this respect,
s worth to note that accurate data of hydrogen solubility under

 operating conditions are difficult to obtain, and a limited infor-
tion is available in the literature to correlate the obtained results

 the whole set of studied solvents.
Concerning the influence of the solvent-reactant interactions,

ble 2 summarizes polarity parameters of each solvent and the ini-
l hydrogenation rates exhibited in them. The dipole moment (�)
ovides information about the structure of the molecule, whereas
lectric constant (�r) is a useful macroscopic measurement of the

lvent polarity. The initial hydrogenation rates were determined

m the change in the molar concentration of F-Ac during the first

 min.
The  experimental results presented in Table 2 do not show any

rrelation between the initial hydrogenation rates and the polar-
 parameters when the complete series of the tested solvents is
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increased (Fig. 5a and b). These facts suggest that DMF interacts
Fig. 4. Initial hydrogenation rates as a function of solvent dielectric constants o
polar protic solvents.

considered. For instance, the highest hydrogenation activity was
observed in acetone and 2-propanol in spite of the significant dif-
ferences in their dipole moment (1.66 and 2.88 D, respectively). In
contrast, a satisfactory correlation was found between the solvent
polarity and the initial hydrogenation rate when considering only
protic solvents. In general, the initial hydrogenation rate of F-Ac
decreased as the polarity of the alcohol solvents increased. Thus
the variation in the dielectric constant values (�r) fitted reason-
ably well with the estimated initial hydrogenation rates. A linear
correlation was found (Fig. 4) with the exception of 1-pentanol
which despite having a relatively low value of �r (13.9), presented
a low initial hydrogenation rate (2.44 × 10−4 mmol  gcat

−1 min−1)
The trend showed by most of the studied alcohols may  be explained
considering the hydrogen bond donors nature of protic solvents
This fact may  be responsible for stronger bonding between the
hydroxyl group of the alcohols and the reactant (F-Ac). Thus, as
the polarity increases the solvent-reactant interaction becomes
more important, improving the solvation effects and hindering the
adsorption of F-Ac on the catalytic surface [24,33]. The unusu-
ally lower hydrogenation activity in 1-pentanol corresponds wel
with similar results obtained in hydrogenation of 1-phenyl-1,2-
propanedione [22]. This behaviour may  be related with the higher

bulkiness of 1-pentanol, which can hinder the adsorption of the
molecules, leading to a lower reaction rate [34]. Nevertheless, in
this particular case probably other effects such as hydrogen solu-
bility or adsorption strength may  be involved as well.

ART - 38
Time (min)

one over Pt/TiO2 catalyst; (a) protic and (b) aprotic solvents.

Regarding the polar aprotic solvents, the initial hydrogena-
tion rate pattern followed the trend: Acetone > THF > DMF, differing
from the polarity correlation. Thus, no relationship between the
initial hydrogenation rate and polarity parameters was  found for
the series of polar aprotic solvents. In particular, the highest ini-
tial hydrogenation rate was  observed in acetone, which has an
intermediate value of both � and �r. Therefore, even though polar-
ity parameters may  play a significant role in the liquid phase
hydrogenation of F-Ac, other physicochemical phenomena must be
considered in order to explain the observed behaviour with polar
aprotic solvents. In this respect, solvent adsorption on Pt/TiO2 sur-
face may  have a strong influence on the catalytic activity. Despite
the polar aprotic solvents are unable to act as hydrogen donors
they are good electron pair donor solvents. Thus, in case of work-
ing with bifunctional catalysts, the formation of strong complexes
EPD/EPA (electron pair donor/electron pair acceptor) may  occur
through an electron transfer between the aprotic solvent (n-EPD)
and the metal phase (�-EPA) [35]. Consequently, a competitive
solvent-reactant adsorption may  arise, blocking partially the access
of F-Ac molecules to the active sites and hindering the reaction
progress. Fig. 5a shows the hydrogenation rates as a function of the
nucleophilic donor number (DN), which represents a quantitative
measure of the electron pair donor ability [36].

The initial hydrogenation rates showed a continuous decrease
as DN of the polar aprotic solvents increased. For example, the
best initial hydrogenation rate exhibited in acetone corresponded
with the lowest DN (71 kJ mol−1), whereas the limited hydro-
genation activity showed by DMF  is related to the highest DN
(111.2 kJ mol−1). These results may  also be described as a coordina-
tive Lewis base/acid interaction between the solvent (Lewis base)
and the catalyst. Consequently, considering the accepted Lewis acid
character of the Pt/TiO2 catalyst (Fig. 2a), a series of chemisorption
experiments was  performed in order to confirm the strength of the
solvent-catalyst interactions. Thus, following the method reported
by Amenomiya et. al [26], the desorption enthalpy was  calculated
for each solvent and plotted as a function of the initial hydrogena-
tion rate (Fig. 5b). The maximum desorption enthalpy was found
for DMF, showing a value of 263 kJ mol−1. On the contrary, ace-
tone and THF presented considerably lower desorption enthalpies
of 108 and 150 kJ&903;mol−1, respectively. These results were con-
sistent with DN data for polar aprotic solvents [36], showing a close
correlation, and consequently, a very similar decreasing tendency
of the initial hydrogenation rates (r ) as energy of desorption (E )
much stronger than THF and acetone with Pt/TiO2 surface, pro-
moting a competitive solvent/reactant adsorption on the catalyst
active sites. Similarly, the higher hydrogenation rate observed in
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. 5. Initial hydrogenation rate of F-Ac in aprotic solvents as a function of: (a) nucleo

tone would be related to the weaker adsorption of this solvent
 Pt/TiO2. In summary, we can conclude that solvent adsorption
ength played an essential role in determining the F-Ac initial
drogenation rate when polar aprotic solvents were used. On con-
ry, in the case of polar protic solvents the desorption enthalpies

 not a so useful parameter due to the existence of other larger
eractions like hydrogen bonding [35].
Obviously, it would have been interesting to complete the study
ng some apolar solvents, which are expected to show very
ak interactions with both the reactant and the catalyst. How-

er, from our own experience, 4-(2-furyl)-3-buten-2-one is nearly
miscible in both apolar solvents and in water, limiting the F-

 concentration in the vicinity of the accessible active sites and
ucing mass transfer limitations.

. Hydrodeoxygenation products

The experimental data allowed elucidating that the transfor-
tion of F-Ac on bifunctional catalysts started with the initial

drogenation of aliphatic C C bond followed by further hydro-
nation steps catalyzed by metals and continued by subsequent
g opening and deoxygenation reactions on acid and metal sites,
pectively. According to a previous study [37], the further hydro-

nation of the carbonyl group is more demanding since it is limited
 the presence of the furan ring, which causes significant steric
drances. In this respect, the hydrogenation of the furan ring is

ongly influenced by the reactant adsorption mode on the metal
es, which is closely related to the metal dispersion and metal
rticle size [38]. Regarding the ring-opening and deoxygenation
ctions, they typically require the presence of strong acid sites
t facilitate C O hydrogenolysis and dehydrations steps [39].
. 6 displays an example of the evolution of the yields of the
in products from the HDO of F-Ac when using acetone as a sol-

nt. Based on the information provided by these kinetic curves, a
ction scheme was proposed in a previous work, demonstrating
t a very complex mixture of products related through different
alytic transformations is formed [11].
Fig. 6 clearly shows that the first hydrogenation step of C C
phatic bond, forming 4-(2-furyl)-butan-2-one (A), is followed
 formation of further hydrogenated products such as: 4-(2-
rahydrofuryl)-butan-2-one (B), 4-(2-furyl)-butan-2-ol (C) and
2-dihydrofuryl)-butan-2-ol (D). The presence of a maximum
the yield of those compounds reveals their intermediate char-

tio
TH
va
in 
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E
d
 (kJ/mol)

 donor number [36] and (b) solvent desorption energy (calculated by TPD).

ter on the pathway towards the fully hydrogenated molecule
2-tetrahydrofuryl)-butan-2-ol (E), which shows a continuous
rease as the reaction proceeds. A similar trend is observed in the

se of 2-butyl-dihydrofuran (G) and 2-butyl-tetedrahydrofuran
),  which are formed most probably by dehydration steps and
bsequent ring hydrogenation of the primary products. The con-
uously increasing yield of these compounds (E, G and H)
icates a limitation in the subsequent ring opening steps on the

nversion pathway of F-Ac to linear alcohols over Pt/TiO2 cata-
t. This fact is likely associated with the absence of stronger acid
es (mainly Brønsted), which, in combination with metal sites,

 mostly responsible for ring-opening reactions typically through
O hydrogenolysis. Nevertheless, in case of acetone as a solvent,
ignificant formation of octanediols and octanols (J) took place
10%), suggesting that ring opening takes place though to a limited
tent.
The use of Pt/TiO2 as a catalyst for the study of the solvent effects
ustified by its multi-functional properties (metal sites and weak

idity/basicity) as well as by the absence of stronger basic/acid
es, which usually, under the selected operation conditions, pro-
te side reactions with the solvent [11,40]. This selection was

sed on our previous work [11], in which Pt/TiO2 catalyst showed
 best conversion rate of furfural-acetone adducts and the lowest
mation of solvent-reactants condensates. Thus, the use of weakly
sic/acid support can be a suitable strategy to modify the catalyst
rformance, as long as the basicity/acidity is not strong enough to
talyze undesired reaction steps like aldol condensation, etherifi-
tion or acetalization.
The  above presented differences in F-Ac conversion rates could

 also applied when discussing the concentration of interme-
te compounds derived from the tandem reaction pathway of

 studied HDO conversion [11,12]. Thus, solvent-reactant and
lvent-catalyst interactions may  affect the kinetics of each step,
ding to major changes as the reaction proceeds. Fig. 7a shows

 yields of the main hydrogenated products at the end of the reac-
n time (480 min). Thereby, important differences in the product
tribution may  be appreciated between the tested solvents. For

ample, the yield of A varies from 0% in case of 2-propanol to
.5% for methanol. Similar deviations can be found in the produc-

n of B, C and E showing their maximum yields in ethanol (16%),
F (47.8%) and 2-propanol (40.4%), respectively. However, these
riations may  be considerably reduced if we refer to the results
terms of selectivity. Since the reaction time needed to reach full
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Fig. 7. Yields of the hydrogenated products from HDO of F-Ac at (a) the end of

conversion of the initial reactant (F-Ac) is very different in each
experiment depending on the solvent used, the yields of the hydro-
genated products showed in Fig. 7a could be strongly influenced by
the conversion degree of F-Ac. In this respect, Fig. 7b represents the
product distribution obtained with each solvent when considering
the same conversion degree of F-Ac (i.e. 70%). Thus, for instance
the yield of A varies within a much narrower range (50–61%). Like-
wise, the yield variations of B, C, D and E are substantially reduced
when the conversion of F-Ac is the same for each solvent. Hence, the
results presented in Fig. 7 suggest that the yields of the products
are strongly dependent on the conversion rates showed by each
solvent, having a deeper impact due to the cascade reaction of the
studied HDO conversion.

Table  3 summarizes the final yields (after 480 min) of the prod-
ucts from HDO of F-Ac in experiments using different solvents. As
discussed above, it is important to mention that these results are
primarily affected by the different hydrogenation rates showed by
each solvent. The results derived from the use of DMF  were not
included in this table owing to the totally different product dis-
tribution obtained in this solvent media. This behaviour will be
discussed in detail separately hereafter.
The catalytic performance of Pt/TiO2 varied significantly
depending  on the applied solvent. In case of methanol, the reac-
tion practically seized after the primary hydrogenation (A = 60.5%)
and did not proceed further. As it has been previously reported
[23,41], the smaller and more reactive is the alcohol the stronger

ART - 38
0
EDCBA

action (480 min) and (b) considering the same conversion degree of F-Ac (70%).

is the hydrogen bonding between the carbonyl oxygen of the reac-
tant and the hydroxy group of the solvent. Thus, in case of methanol
the interaction was  the most pronounced among the used solvents
reducing thus the preference towards C O hydrogenation interme-
diate (C), which constitutes the preferred pathway in the following
hydrogenation steps. The hydrogenation of the C C furanic bonds
(yielding B) is relatively limited in F-Ac due to the aromatic nature
of the furan ring and also owing to the presence of the C O bond in
the same adsorption plane [42]. Thus, a selective hydrogenation of
the C O bond (C) took usually preference over the hydrogenation
of furanic C C (B) in most of the performed experiments. On the
other hand, a significant yield (19.3%) of heavier products (molec-
ular mass over 146 g mol−1) were found in case of using methanol
This fact is in agreement with previous works reporting that shorter
chain alcohols favour side reactions like acetalization [33] or ether-
ification [41,43] between the reactant and the solvent. The formed
acetal and ether intermediates may  undergo further conversions
at longer reaction times and/or higher temperatures, producing
equally interesting hydrodeoxygenated by-products [44,45].

Similarly  to methanol, the experiment carried out with 1-
pentanol showed a high selectivity to the primary hydrogenated

product (A = 57%), although in this case a significant hydrogena-
tion of the C O bond (C = 28%) was  also observed. This fact can be
attributed to the less effective hydrogen bonding between the sol-
vent OH group and the reactant, due to the larger molecular size of
1-pentanol. In any case, according to these results, both protic sol-
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Table  3
Yields  of F-Ac hydrodeoxygenation products after 480 min  (T = 200 ◦C; P(H2) = 50 bar).

Solvent Conv. (mol%) Yield (mol%)

A B C D E F G + H I J

Methanol 92.5 60.5 4.5 6.8 1.4 0 0 0 0 0
Ethanol  100 34.8 16 14.8 11.3 7.1 7.2 6.5 0 2
1-Propanol  100 5.2 1.8 23.8 7.2 15.2 19.6 9.7 17.3 0
2-Propanol  100 0 1.6 2.6 9 40.4 8.2 0 31.7 6.3
1-Pentanol  92 57 1.6 28 1.7 1 2.5 0 0 0
THF  100 22.9 3.4 47.8 4.7 4.6 3.1 0 13.3 0
Acetone  100 2 1.7 6.1 4.5 28.5 10.3 15.3 20.9 10.4

+

O

O

N

H

F-Ac DMA

O

N

+O N CO N

H

T

DMF DMA

(a)

(b)

-H2O +H2

amid

ve
str
ne
[34

us
eq
ter
wi
alc
Th
to 

th
eff
ca
is 

(be
gro
th
wi
(F)
ma
int
fur
ina

yie
tet
th
ge
rin
pr
ex
ve
of 

th
lim

be
ca
pr
low
re
a 

us
ac
Fig. 8. Reaction scheme for (a) thermal decomposition of n,n-dimethylform

nts showed a limited HDO activity due to different causes namely
ong reactant-alcohol interaction (methanol) and higher bulki-
ss (1-pentanol) which retarded F-Ac adsorption on the catalyst
,41].
The hydrogenation degree of F-Ac was gradually enhanced when

ing ethanol, 1-propanol and 2-propanol, reaching yields of E
ual to 7.1, 15.2 and 40.4% after 480 min, respectively. The bet-

 performance of 2-propanol over the rest of alcohols agrees well
th the higher hydrogenation activity observed when secondary
ohols are used as solvents instead of primary alcohols [24,46].
is improvement in the hydrogenation ability has been attributed
an additional reduction mechanism involving H2 transfer from

e alcohol hydroxy group on the metal surface [24] or to the more
ective hydrogen donor via inter-hydride transfer on Lewis acid
talysts [47,48]. The noticeable production of B in ethanol (16%)
probably related to the mentioned stronger hydrogen bonding
tween the ketone group of the reactant and the solvent OH
up) as the alcohol molecular size is reduced, preventing thereby

e formation of further hydrodeoxygenated intermediates. Like-
se, an important yield of 2-methyl-1,6-dioxaspiro[4,4]nonane
 was observed, especially with 1-propanol (19.6%). The for-
tion of this compound occurs via cyclization of D due to the
eraction between the OH group and the partially hydrogenated
anic ring [49]. Dehydration also took place resulting in the elim-
tion of hydroxyl groups from C, D and E, and consequently

(J =
als
co
an
ge

ART - 38
e and (b) addition of 4-(2-furyl)-3-buten-2-one and dimethylamine.

lding products such as: 2-butyl-dihydrofuran (G), and 2-butyl-
rahydrofuran (H) and 2-propyl-tetrahydropyran (I). Similarly to

e production of F, the formation of I is associated with fast hydro-
nation and isomerization of the partially hydrogenated furanic
g (G) [50]. The concentration of I was quite significant in 1-

opanol (17.3%) and 2-propanol (31.7%), suggesting a pronounced
tent of isomerization/cyclization steps when using these sol-
nts. Nevertheless, both F and I constitute an important fraction
cyclic saturated products formed by undesirable side reactions
at are difficult to transform into linear hydrocarbons due to the

ited ring opening activity of the Pt/TiO2 catalyst.
In case of aprotic solvents, pronounced differences were found

tween the product distribution showed by acetone and THF. In
se of THF, along with aliphatic bond hydrogenation (A = 23%), a
ominent yield of C was  observed (47.8%). Equally, in spite of the

 production of partially deoxygenated products (G and H), a
markable formation of I was obtained (13.3%). This fact is likely
consequence of fast isomerization/cyclization reactions when
ing THF as a solvent. On the other hand, the HDO of F-Ac in
etone presents the highest production of both linear alcohols
 10.3%) and partially deoxygenated products (G + H + I = 36.2%). It
o needs to be mentioned that a significant extent of acetone self-
ndensation was  observed, yielding mesityl oxide (0.01 g cm−3)
d methyl isobutyl ketone (0.03 g cm−3). Moreover, partial hydro-
nation of acetone took place (<5%) forming 2-propanol in the
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reaction media. Both acetone and 2-propanol showed the highest
yield of products found at the end of the HDO cascade reaction
network (J, G, H, I,), which is in agreement with the higher con-
version rates observed with these solvents. Therefore, the better
performance of these solvents may  be associated with a lower acti-
vation energy barrier for the key intermediate products, leading
to enhanced reactions rates. Nevertheless, unlike in 2-propanol in
which only octanediols were present, the use of acetone favoured
the production of G and H (15.3%) which are the direct precursors
for the formation of octanol. Its concentration in the final product
mixture was 3.2%.

The  product distribution observed when using DMF  differed
completely from the rest of the tested solvents, showing a high
selectivity (>80%) to the formation of two isomers of 4-(2-furyl)-3-
buten-2-dimethylamine. These compounds were likely formed via
thermal decomposition of DMF  into carbon dioxide and dimethy-
lamine (Fig. 8a) [51], followed by the subsequent ketone amine
addition between F-Ac and dimethylamine (Fig. 8b). This reac-
tion involves the formation of the corresponding hemiaminal and
enamine intermediates which are rapidly converted by dehydra-
tion and hydrogenation steps, respectively. Thus, despite the high
conversion of F-Ac achieved with DMF  (93%), the negligible yield o
the targeted hydrodeoxygenated products discourages the use o
this solvent. This fact illustrates the importance of a proper solvent
selection not only with respect to conversion rates but also in terms
of supressing undesirable side reactions.

4. Conclusions

Solvents influence the catalytic hydrodeoxygenation of 4-
(2-furyl)-3-buten-2-one (F-Ac) by altering solvent-reactant and
solvent-catalyst interactions. The use of Pt/TiO2 as a catalyst
allowed an almost complete conversion of F-Ac (>92%) with al
the tested solvents after 480 min  under P(H2) = 50 bar and at
T = 200 ◦C. The solvent polarity of protic solvents correlated wel
with the observed hydrogenation activity, indicating the impor-
tance of solvent-reactant interactions. Specifically, F-Ac conversion
increased with decreasing protic solvent polarity. On the other
hand, a strong interaction between the catalysts and the solvents
could inhibit hydrogenation rate in case of aprotic polar solvents.

The  differences in conversion rates have a strong influence
on the obtained product distribution due to the complex net-
work of reactions involved in the studied transformation. Thus
important differences were observed among the investigated sol-
vents, achieving the best HDO activities when using 2-propano
and acetone. Despite the formation of stable cyclic intermediates
such as 2-methyl-1,6-dioxaspiro[4,4]nonane (F) and 2-propyl-
tetrahydropyran (I), the use of these solvents led to a significant
production of 4-(2-tetrahydrofuryl)-butan-2-ol (28.5–40.4%) and
linear alcohols (6.3–10.4%). The production of the latter demon-
strated that, besides hydrogenation reactions, ring opening took
place when using acetone and 2-propanol as solvents. Likewise
undesirable condensation reactions between the solvent and the
reactant were also observed with methanol (etherification) and
DMF (ketone-amine addition). The results indicate that in addition
to the development and design of the catalysts, the appropriate
selection of the solvent media is essential in order to optimise the
HDO of furan derivatives compounds.
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A B S T R A C T

The production of C8 linear diols from a furfural-acetone condensation product has been achieved for the first
time using a non-noble metal based catalyst. In particular, SBA-15 supported NieCu bimetallic catalyst showed
the best hydrogenating activity reaching an outstanding yield (ca. 63%) of the fully saturated product. The
incorporation of acidity by the preparation of NieCu/Al-SBA-15 resulted in the promotion of ring-opening steps,
which led to a remarkable yield of C8 linear diols (28%). These results establish a competitive catalytic route for
the production of bio-based diols over cost-efficient 3d transition metal-based catalysts.

1. Introduction

Within the context of future biorefineries, furanic compounds, such
as furfural (C5) and 5-hydroxymethylfurfural (C6), are expected to play
an essential role as bio-platform molecules for the production of che-
micals and fuels. These compounds can be obtained by acid-catalysed
hydrolysis and dehydration of C5-C6 carbohydrates, which constitute
the main building blocks of lignocellulosic biomass [1, 2]. To obtain
larger organic molecules, more suitable for the upgrading to biofuels,
furan derivatives can be transformed by aldol condensation with other
carbonyl-containing molecules forming CeC bonds [3–5]. This ap-
proach has been successfully applied for the condensation of furfural
with acetone, yielding as main product: 4-(2-furyl)-3-buten-2-one
(FeAc) [6, 7]. The subsequent hydrogenation and CeO hydrogenolysis
of this over-functionalized adduct leads to the production of versatile C8

linear diols suitable for the synthesis of both biofuels and bio-derived
polyesters (Fig. 1) [8]. This challenging transformation involves several
chemical reactions, which require the use of high temperatures
(170–300 °C), hydrogen pressures (20–80 bar) and the participation of
heterogeneous catalysts capable of reducing the number of separate
catalytic steps by allowing transformation of a wide variety of func-
tionalities; i.e. furan rings, olefins and carbonyl groups [9].

Porous materials with easy accessibility of bulky reactants to surface
acid and supported metal sites have attracted much attention in the
conversion of furfural-acetone adducts. The presence of reduced metal

phase(s) is required to promote the hydrogenation steps, whereas acid
sites have been proved to be necessary for CeO hydrogenolysis reac-
tions. Hence, Pd has shown a significant performance over supports
such as: NbOPO4 [10], cobalt aluminate [11], HZSM-5 [12], MgO-ZrO2

[13] and Beta zeolite [14]. Equally, Pt has been extensively studied
using as carriers: CoAl2O4 and NbOPO4 [15], SiO2-Al2O3, zeolites, MgZr
mixed oxide and activated carbons [16]. Likewise, promising results
were obtained using Ru/C and Ru nanoparticles supported onto an
ionic liquid phase [17].

Opposed to the use of noble-metal-based catalysts, the catalytic
conversion of furfural-acetone adducts with readily available 3d transi-
tion metals has been scarcely studied. Likewise, to the best of our
knowledge, the use of SBA-15 based catalysts has not been reported in
the literature yet. This ordered mesoporous material exhibits excellent
support properties advantageous for the aimed transformation, e.g.; high
(hydro)thermal stability, large specific surface area (>700m2 g−1) and
a well-defined mesoporous system (4–30 nm) [18]. Furthermore, the
variable framework composition allows the incorporation of species such
as Al or Zr [19], which provide the required surface acidity for further
conversion towards the targeted alcohols.

In this work, we address further catalyst development in the con-
version of furfural-acetone adducts using SBA-15 supported Ni and Cu
catalysts. The obtained product distributions were correlated with
physico-chemical properties of the catalysts. This study aims to estab-
lish a rational design of more efficient heterogeneous catalysts for the
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production of C8+ linear alcohols from lignocellulose-derived furanic
compounds.

2. Experimental

2.1. Catalysts synthesis and preparation

Mesoporous all-silica SBA-15 and Al-containing (Si/Al= 30) SBA-
15 materials were synthesised according to the method reported by
Zukal et al. [20]. The incorporation of metal phases was carried out by
incipient wetness impregnation. After impregnation, the samples were
dried at 120 °C overnight and calcined in air at 550 °C for 6 h. Further
details related to the synthesis and preparation methods are given in the
ESI.

2.2. Catalysts characterization

The prepared catalysts were characterized for their chemical com-
position (ICP-OES, FESEM-EDX), BET area and pore size distribution
(N2 physisorption isotherms), surface acidity (NH3-TPD) and mor-
phology (HAADF-STEM), as described in the ESI.

2.3. Catalytic experiments

All reactions were performed in a high-pressure autoclave reactor
system. Prior to the reaction, the catalyst was reduced in a flow of H2.
Afterwards, the reactor was cooled to room temperature and loaded
with a solution of FeAc (1 g) in acetone or 2-propanol (150ml).
Subsequently, the reactor was heated to 200 °C and the reaction started
by pressuring the autoclave to 50 bar of hydrogen. The identification
and quantification of the products were done using standard reference
compounds and chromatographic methods (see ESI).

3. Results and discussion

Table 1 shows the product distributions obtained from the conversion of

FeAc over different SBA-15 supported metal catalysts using acetone as sol-
vent. The reaction conditions (T=200 °C, PH2=50bar and 1000 rpm) were
based on our previous findings regarding the conversion of FeAc with dif-
ferent supported Pt catalysts [9]. In addition to the products listed in Table 1,
other compounds, like 2-methyl-1,6-dioxaspiro[4,4]nonane and 2-propyl-
tetrahydropyran were also identified with yields<3%.

The Cu/SBA-15 sample showed an incomplete conversion of the
FeAc reactant after 8 h (59%) forming 4-(2-furyl)-butan-2-one (A) as
the only product. The hydrogenation of the furan ring and the ketone
group was completely impeded, in accordance with the poor catalytic
performance of similar Cu-containing catalysts in hydrogenation of
furfural [21, 22] and ketone-containing reactants [23, 24]. On the other
hand, the Ni/SBA-15 catalyst exhibited a remarkable hydrogenation of
FeAc, affording a significant yield of the fully hydrogenated 4-(2-tet-
rahydrofuryl)-butan-2-ol (D=25%). These differences can be attrib-
uted to the different in structure and nature preferential adsorption
sites over Cu and Ni. Thus, while Cu metal surfaces have very weak
affinity for the C]C bonds of the furan ring, the stronger adsorption of
these bonds over Ni metal surfaces promotes the hydrogenation of the
furan ring and the C]O group, which is in the same plane [22]. These
results highlight the good performance of the Ni loaded catalyst
showing a higher hydrogenation activity than SBA-15 supported Pt and
Pd catalysts (D= 1–5%). On the other hand, the Ru/SBA-15 catalyst
showed a higher production of D (57%), consistent with the reported
high selectivity of this metal for furan ring hydrogenation [25]. Like-
wise, a noticeable production of 2-butyl-furan and 2-butyl-tetra-
hydrofuran (E= 6–9%) was observed when using supported Ni and Ru
catalysts, indicating that CeOH hydrogenolysis reactions occurred to
some extent on these supported metals.

The NieCu/SBA-15 bimetallic catalyst exhibited a significantly
different catalytic activity compared to Ni and Cu monometallic cata-
lysts. Particularly, the NieCu/SBA-15 sample showed the highest yield
of D (63%) and E (16%) among the tested materials. Similar synergetic
catalytic effects from the combination of Ni and Cu were previously
proven in ethanol steam reforming [26, 27], glycerol hydrogenolysis
[28] and hydrogenation of furfural and aromatics [29, 30]. According

Fig. 1. Reaction pathway for the transformation of FeAc into C8 linear diols.

Table 1
FeAc conversion over SBA-15 supported metal catalystsa.

Yield (%)

Catalyst Metalb (wt%) dMc (nm) Conv. (%) A B C D E C8 diols

Cu/SBA-15 3.4 – 59 59 – – – – –
Ni/SBA-15 10.2 39.4 100 0 3 52 25 9 –
Ni-Cu/SBA-15 10–3.1 41.9 100 – – 8 63 16 –
Ni-Cu/Al-SBA-15 7–2.5 44.7 100 1 4 13 7 10 17
Pt/SBA-15 1 20.7 100 7 1 68 5 2 –
Pd/SBA-15 0.7 10.2 100 5 2 87 1 1 –
Ru/SBA-15 1.3 20.2 100 – – 28 57 6 –

a Reaction conditions: 1 g(FeAc), 150ml acetone, 0.25 gcat, T= 200 °C, P= 50 bar H2, 1000 rpm, t=8 h.
b Metal content calculated from ICP/TEM-EDX measurements.
c Mean metal crystallite size based on TEM images.

R. Ramos et al. Catalysis Communications 114 (2018) 42–45

43

ART - 39 2/4



to these studies, the improved performance was due to an active NieCu
binary phase exhibiting electronic properties different from the mono-
metallic counterparts [31]. Because of the fewer d-band holes in the
NieCu bimetallic phase compared to Ni, the adsorption strength of
active hydrogen is weakened, enhancing its diffusion on the catalyst
surface and facilitating hydrogenation reactions [32]. Hence, the
NieCu bimetallic catalyst enhanced the hydrogenation rate of FeAc,
along with a higher promotion of C-OH hydrogenolysis reactions.

Despite the superior hydrogenation activity shown by the NieCu/
SBA-15 catalyst, no linear compounds were detected in the product
mixture, suggesting the inhibition of ring-opening steps over this ma-
terial. This behaviour can be related to the absence of surface acid sites,
since those are usually required to promote the CeO hydrogenolysis of
furanic rings [9]. Thus, the purely siliceous SBA-15 support was mod-
ified by incorporating Al during the synthesis procedure to introduce
mild surface acidity (Al-SBA-15, Si/Al= 30). The subsequent impreg-
nation with Ni and Cu metal phases resulted in a bifunctional NieCu/
Al-SBA-15 catalyst, which combined surface acid sites and the hydro-
genating metal phase (see characterization of this catalyst by N2 phy-
sisorption, NH3-TPD and electron microscopy in Figs. 1–3 of the ESI).

The obtained product distribution using NieCu/Al-SBA-15 showed
a significant yield of 2,5-octanediol and 1,7-octanediol (C8

diols= 17%), together with a low yield of D (7%). The formation of
further deoxygenated octanols was not observed, suggesting that CeO
hydrogenolysis/dehydration of the produced diols are limited under the
reaction conditions. However, the main fraction of products corre-
sponded to longer carbon chain compounds C8+≈ 44% (not listed in
Table 1). The formation of these heavier by-products is likely due to the
aldol condensation between ketone-containing compounds (mostly A)
and acetone (Fig. 5 of the ESI). This reaction has been reported to
prevail in the presence of acid sites and at moderate temperatures [9,
33]. Accordingly, despite yielding linear compounds through CeO hy-
drogenolysis, the extent of aldol condensation as side reaction over the
NieCu/Al-SBA-15 catalyst reduced the selectivity towards the targeted
C8 diols.

In order to prevent the formation of the heavier by-products, we
tested the performance of the NieCu/Al-SBA-15 catalyst using 2-pro-
panol instead of acetone as a solvent to limit condensation reactions. In
this sense, 2-propanol has been revealed as an excellent solvent in the
conversion of FeAc due to its protic nature, intermediate polarity
(εr = 18.3) and secondary alcohol character [34]. Fig. 2 depicts the
reaction progress profiles over NieCu/Al-SBA-15 in acetone (Fig. 2a)
and 2-propanol (Fig. 2b). In both experiments, A was the first inter-
mediate due to the favoured hydrogenation of the C]C aliphatic bond,
reaching a maximum at short reaction times (30–120min). The fol-
lowing hydrogenation of A formed products like B, C and D. The yield

of the latter was considerably different in acetone (7%) and 2-propanol
(53%) after 480min of reaction. This fact could be related with the
formation of condensate products when using acetone and with the
promotion of catalytic hydrogen transfer reactions (based on the
Meerwein-Ponndorf-Verley reduction) in 2-propanol (Fig. 2a). On the
contrary, aldol condensation reactions did not take place in 2-propanol
(C8+ compounds were not detected), showing a higher selectivity to-
wards the fully hydrogenated product D. Both C8+ condensates (in
Fig. 2a) and D (in Fig. 2b) exhibited a similar yield over time behaviour,
showing a continuous increase in the interval 60–240min and no sig-
nificant change at reaction times> 240min. The latter trend is likely
associated with the total consumption of their main precursors after
240min, i.e. FeAc, A and B. On the other hand, the lack of further
conversion of D suggests that the CeO hydrogenolysis of this compound
is not favoured under the reaction conditions applied. Thus, the no-
ticeable production of C8diols reached in 2-propanol (28%) likely oc-
curs via ring opening of other intermediates like A or C. This observa-
tion agrees with previous studies which report that CeO hydrogenolysis
of furanic compounds preferentially takes place through non-saturated
rings (such as hydrofuranic) due to the higher activation energy re-
quired for tetrahydrofuran intermediates [35–37].

4. Conclusions

A direct catalytic process for the partial defunctionalisation of furfural-
acetone adducts using non-noble metal-based catalysts under mild reaction
conditions has been reported. A bimetallic NieCu phase supported on Al-
SBA-15 has been demonstrated as an effective catalyst to produce C8 linear
diols. The combination of a highly redox-active metal phase and acid sites
promotes the required hydrogenation and CeO hydrogenolysis reactions.
Likewise, the noticeable differences between acetone and 2-propanol reveal
the great impact of the solvent on the obtained product distribution, af-
fecting both activity and selectivity. Nevertheless, more studies of the non-
precious NieCu/Al-SBA-15 catalysts are required for deeper understanding,
mainly of the catalytic chemistry and stability. Equally, the use of alter-
native solvents with lower H2 solubility and slower hydrogenation kinetics
could be explored in order to promote acid-ring opening over furan hy-
drogenation reactions. This work improves the understanding of the con-
version of furfural-acetone adducts, and may enable the design of 3d
transition metals-based catalysts for the transformation of furanic com-
pounds to fuels and commodity chemicals.
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