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Trejbal J.: Optimalizace procesu GRX, tiprava technologie, 2014. Realizace: Huntsman

Textile Effects, Atotonilquillo, Jalisco, Mexiko.



Projekt: Optimalizace procesu GRX, tuprava technologie

Autor: Trejbal J.

Rok: 2014

Realizace: Huntsman Textile Effects, Atotonilquillo, Jalisco, Mexiko.
Kapacita: 400 tun/rok

Popis:

GRX je obchodni ozna¢eni modrého textilniho barviva, které se ziskava reakci anilinu
s dihydroxy-dinitro-antrachinonem. Reakce probiha v prostiedi toluenu a vysledkem je smés
dvou isomeru dihydroxy-nitro-anilin-antrachinoni (asi 70 %) a dale jsou ptitomny dihydroxy-
nitro-dianilin-antrachinony a dalsi latky. Vysledny produkt se nasledné srazi methanolem.
Cilem projektu bylo optimalizovat syntézu s ohledem na zvyseni vytézku a kvality produktu,
ktera je definovana piedevsim pfitomnosti karcinogenniho amino-azo-benzenu. Pro syntézu
bylo navrzeno nové rozpoustédlo a jiny postup a fizeni procesu. Déle byla navrzena kontinualni

linka pro zpracovani matecného roztoku a regeneraci rozpoustédel.
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Priloha II.

Trejbal J.: Nova stripovaci kolona, uprava technologie, 2010. Realizace: Huntsman Textile

Effects, Quingdao, Cina.



Projekt: Nova stripovaci kolona, aprava technologie
Autor: Trejbal J.

Rok: 2010

Realizace: Huntsman Textile Effects, Quingdao, Cina.
Kapacita: 300 I/h

Popis:

Odpadni voda z proplachu pevného produktu na filtru s obsahem 6 % methanolu a 5 %
pyridinu se vedla na stripovaci kolonu, kde se ziskal destilat s obsahem 50 % vody, ktery se bez
dalsiho zpracovani posilal na spaleni. Nasledn¢ byla navrzena a postavena nova rektifikacni
kolona, ktera umoziuje na hlavé ziskavat bezvody methanol a zaroven je bo¢nim odtahem
Vv parach ziskavana 50 % vodny roztok pyridinu, ktery se nasledné pomoci NaOH snadno
odvodiiuje. Zaroveil nova kolona vyfesila i ekologicky problém, kdy na starém zatizeni méla

odchézejici odpadni voda jest¢ 100 ppm pyridinu, zatimco nové pod 1 ppm.

Spodek nové stripovaci kolony s vyménikem, firma Huntsman, Quingdao, Cina (fotoarchiv

autora).
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Dec 20th, 2010

Confirmation letter for Dr Jiri Trejbal

Dear Sir/Madam,

We would like to confirmation of Dr Jiri Trejbal's work had good contribution for
the industry.

Design of the new stripping column for separation of methanol and pyridine from
the waste water. Dr Jiri Trejbal form ICT Prague was the main author of the
column design.

The investment cost of the realization was in range 250,000.- to 500,000.- USD.
The new column was successfully startup in 2010.

The new column helps us to decrease energy consumption, losses of solvents

and improve ecology in the facility.

Yours faithfully,

Yongchang Yang

Huntsman Textile Effects (Qingdac) Co., Itd
FLGIA R (HR) TRAT
86 Xing Long Road Qingdao P.R. China 266031 "1 [ % 1% %% 86 2 #i4k 266031
Tel: +86 532 83758899 Fax: +86 532 83758866 www.huntsman.com



Priloha III.

Trejbal J.: Linka pro regeneraci rozpoustédel, Ovéiena technologie, 2019. Realizace:

Huntsman Textile Effects, Atotonilquillo, Jalisco, Mexiko



Projekt:
Autor:

Rok:

Realizace:

Kapacita:

Popis:

Linka pro regeneraci rozpoustédel
Trejbal J.
2019
Huntsman Textile Effects, Atotonilquillo, Jalisco, Mexiko..

300 I/h

Projekt byl zaméfen na zpracovani mate¢ného roztoku z vyroby barviv. Roztok

obsahoval 85 % methanolu, 10 % xylenu a 5 % vody a byl dal§iho zpracovani odvaZen na

spaleni. Pro zpracovani tohoto roztoku byla ndsledné navrZzena soustava extrakéni a rektifikacni

kolony, ktera umoznuje ziskat Cisty xylen a bezvody methanol s obsahem asi 1 % Xxylenu.

Odpadem je pouze voda s obsahem organiky pod 1 ppm.

Extrakcni a rektifikaci kolona, firma Huntsman, Atoto, Mexiko (fotoarchiv autora).



HUNTSMAN

Enriching lives through innovation-

July 21th, 2020

Confirmation Letter for Dr. Jiri Trejbal

Dear: Sir/Madam,

Huntsman Textile Effects Atoto facility confirms that ICT Prague were co-authors
of the Methanol Solvent Recovery project. This project consists of the design of
one pot simple distillation, one liquid-liquid extraction column and one distillation -
column. All together conforms a solvent recovery plant with a capacity 7 T/d of
waste solvents from the dyes production. The new plant allows to recover
methanol from waste streams and improves ecology in the facility. Dr. Jiri Trejbal
from ICT Prague was the main author of the plant design. The investment cost of
the realization was in range of 1,000,000 USD. The new methanol recovery plant
was successfully started in 2019.

8 Ing. Néstor Ramire%Goniélez
0‘0 ‘\‘\ 3 Atoto Site Director
7o s
< &S
N
BN

HUNTSMAN INTERNATIONAL
Huntsman International de México S. de R. L. de C. V.
Km 43.5 Carretera Guadalajara-Ocotlan, 45930 Atotonilguillo, Jal., México
Tel: 376 73706 50 Fax: 376 7371160 www.huntsman.com

RFC: HIM 940912-5M0



Piiloha IV.

Trejbal J.: Navrh nové linky pro zpracovani acetonu, Ovéfena technologie, 2015. Realizace:

VUAB Roztoky, CR.



Projekt: Navrh nové linky pro zpracovani acetonu
Autor: Trejbal J.

Rok: 2015

Realizace: ~ VUAB Pharma, Roztoky u Prahy.
Kapacita: 50 1I/h

Popis:

Spole¢nost VUAB Pharma zadala k feseni problém regenerace acetonu z proplachu
filtra¢niho kolace pii vyrobé Nystatinu. Proplach obsahoval 55 % acetonu, 25 % methanolu, 2
% butanolu a zbytek vody, pfi¢emz tento proud tvofil odpad ke spaleni v mnozstvi 250 tun
ro¢né. Byla provedena dilkladna analyza proplachi a dale pak také modelové vsadkové
rektifikace, aby bylo mozné pozorovat piipadnou tvorbu pevnych tsad nebo pénéni smési. Se
znalostmi  z experimentalnich testi a sohledem na chovani latek, kdy aceton tvofi
s methanolem azeotrop s minimem bodu varu, byla navrzena rektifika¢ni kolona pro extraktivni
destilaci pomoci vody. Nové zafizeni umoziuje regenaraci acetonu, ktery obsahuje maximalné

1 % methanolu a vody, pfi¢emz patni proud obsahuje pod 10 ppm acetonu.



Regenarace acetonu

[

E1 é Odplyn
2m2 -t

Chladici voda
2 m3/h

Aceton 30 L/h

Voda 20 L/h

— Nastfik 50 L/h

4 m M452.Y

Cc1
DN150

("]
Para 50 kg/h

T H-01-41-C

Yy

< - —

Nastiik na MeOH kolonu ¢




VUAB Prermma a.s, iiveka 53, 252 63 Roetoky

tel.: +420 220 394 504, fax: +420 220 911 036, Coska republika
VUAB harma email dffice@aah.cz, www vuab.cz
P 563078180, DIC 253078180, OR Zapsand U Mestského sourdu

v Fraze oddl Buladka &, 3036, CXCB as. - pobocka Frahg, &1 117315663/ 0300
Inspected by FDA, Gartified by Sate Indtitute for Drug Contrd, EDCM oartificate hader

Potvrzeni o spolupraci

Rekonstrukce kolony pro regeneraci acetonu

Vazeni,

timto dopisem potvrzujeme, Ze Ing. Jifi Trejbal, Ph.D., pracovnik Vysoké $koly chemicko-technologické
v Praze, je autorem finalniho navrhu na rekonstrukci kolony pro regeneraci acetonu, ktera je realizovana ve
VUAB Pharma a.s. Navrzeny koncept vedl k realizaci regenerace pouzitého acetonu.

S pozdravem

\ \ \ /
\x ) ™\ ’\‘l//\'\ /

\ \\J \, J \\‘ A
\

Ing. Jan Mengler, CSC.
Predseda pfedstaverf‘s_.tva

VUAB Pharma a.s.

RS SAFICHEM roupi



Piiloha V.

Trejbal J.: Navrh poloprovozni jednotky pro katalytickou mokrou oxidaci, Ovéfena

technologie, 2020. Realizace: Synthomer Sokolov, CR



Projekt: Navrh poloprovozni jednotky pro katalytickou mokrou oxidaci
Autor: Trejbal J.

Rok: 2020

Realizace: Synthomer Sokolov.

Kapacita:  101/h

Popis:

Mokra oxidace je metoda likvidace odpadnich vod, které z divodu velkého zatizeni
(vysoké CHSK), nebo z diivodu toxicity nemohou byt zpracovany na €istirné. Obé podminky
spliiuje odpadni voda z vyroby akrylati spolecnosti Synthomer v Sokolové. Mokra oxidace
probihé pfi teploté nad 220 °C a tlaku 5 MPa v prostiedi Cistého kysliku. Nejprve byl po
diikladné rozvaze proveden experimentalni vyzkum v laboratofi, ktery zahrnoval vyvoj nového
katalyzatoru. Stabilita katalyzatoru byla nasledné ovéfena na kontinudlni pilotni jednotce s
kapacitou 10 1/h, kterd byla za timto ucelem navrZena. Testovanim na provoznich vodach

probihalo po dobu nékolika tisic hodin.

Poloprovozni jednotka mokré oxidace (fotoarchiv autora)



PENTO, spol. s r.o.

w PENTO Ry

VSCHT Praha

Ustav organické technologie
Ing. Jifi Trejbal, PhD.
Technicka 5

166 28 Praha 6 — Dejvice

V Praze, 15. 12. 2020 Vyfizuje: Ing. Milan Jake$ Znacka: 22200271
Véc: Potvrzeni o spolupraci
Vazeni,

timto dopisem potvrzujeme, Ze Ing. Jifi Trejbal, PhD. z Vysoké $koly chemicko technologické v Praze je
autor navrhu pilotni katalytické jednotky mokré oxidace. Pilotni jednotka byla realizovana v ramci Dotace
programu TRIO s ev. & FV40430. Uvedeny spolupracoval dale na projektovani, zprovoznéni a testovani
pilotni jednotky. U&elem jednotky je ziskani dat od konkrétniho zakaznika pro navrh pramyslové jednotky.

S pozdravem

Ing. Milan Jake$
jednatel

w PENTO

U Pridhonu 22/466, 170 00 Praha 7

Registrace: Obchodni rejstfik u Méstského soudu v Praze, oddil C, viozka 13237

IC: 47121017 Telefon: +420 220 360
DIC:  CZ47121017 E-mail:  pento@pento.cz
Bankovni spojeni: KB Praha 7 www.pento.cz

Cislo Gétu: 934645101/0100
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Trejbal J., Pasek J., Petrisko M., MarSolek P.: Zpusob vyroby 1,4-diazabicyklo[2.2.2]oktanu z
ethylendiaminu, CZ 300798, (2005).
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Zpusob vyroby 1,4-diazabicyklo[2,2,2Joktanu
z ethylendiaminu

(57) Anotace:
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—

cthylendiaminu, spogivujici v deaminaci a cyklizuci
cthylenaminu v plynné fazi v pfitemnosti heterogenniho
seolilového katalyzdtoru krvstalické struktun Z8M-5 s
molirmim pomérem Si‘Al od 12 do 400, pfidemz heterogenni
reolitovy kataly zitor krystalické struktury Z5M-5 ma velikost
krystalu mendi nez 0.5 um. kdy zplisob se provadi pi teploté
300 uz 400 °C. tlaku od 0,03 MPa do 0.5 MPa v pitomnosti
vody. kde vyslednd reakéni smés zbavend amoniaku se dale
rektifikaei na [rakel vodnou. fraket piperazinovou, frakei

methylpiperasin a 1-ethy Ipiperazin se vraci zpét do reakéni
20my.,




Zpusob vyroby 1,4-diazabicyklo[2,2,2]oktanu z cthylendiaminu

Oblast techniky

Vynalez se tykd zpilisobu vyroby 1,4-diazabicyklo[2,2,2]oktanu, znAmého na trhu pod
obchodnim nézvem DABCO ®, jinak nazyvaného triethylendiamin (TEDA) z ethylendiaminu
(EDA}. 1,4-Dhazabicyklo[2,2,2]oktan se pouZiva jako bazicky katalyzétor pro reakce
diizokyanati s polyoly na polyurethany.

Dosavadni stav techniky

Ve stavu techniky, zejména v patentové literatufe je popisovéana piiprava 1,4-
diazabicyklo[2,2,2]oktanu katalytickou deaminaci, resp. dehydrataci riiznych vychozich latek
za pritomnosti kyselych heterogennich katalyzatord v plynné fazi pii teploté 250 az 450 °C.

Jako vhodné vychozi latky jsou popisovany:

N-(2-aminoethyl)piperazin {AEPIP)
N-(2-hydroxyethyl)piperazin (HEPIP)
N,N’-bis(2-hydroxyethyl)piperazin (BHEPIP)
Ethylendiamin (EDA)
Diethylentriamin (DETA)
Ethanolamin (EA)
Piperazin (PIP)

Je-li vychozi nejjednodussi slouceninou z vy$e uvedenych ethylendiamin, vznikne 1,4-
diazabicyklo[2,2,2]oktan sledem &tyf reakei dle schéma 1:

Schéma 1
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Viechny ¢tyfi reakee maji stejny mechanismus a mohou byt katalyzovany kyselymi

katalyzatory. Kazdy z vySe uvedenych meziprodukti mizZe oviem reagovat jinym



mechanismem na nezadouci produkty, a proto je selektivita procesu zavisla na vlastnostech
pouzitého katalyzatoru.

V patentu US 3 285 920 je chranén postup, ve kterém se ethanolamin nebo
ethylendiamin konvertuji nejprve reduktivni aminaci na niklovém katalyzatoru na smés
obsahujici PIP a AEPIP, ktera se pak rektifikaci rozdgli a izolovany koncentrat AEPIP, vrouci
v rozmezi teplot 180 aZ 250 °C, je pak konvertovan na kysclém katalyzatoru na 1,4-
diazabicyklo[2,2,2]oktan. Podle tohoto patentu se reduktivni aminace provadi phi relativné
nizké teploté kolem 200 °C a poskytuje tak PIP a AEPIP ve vat§im vytéZzku nez
vysokoteplotni proces (pfi teplotach 300 az 400 °C) na kyselych katalyzatorech. Jako kyselé
katalyzatory jsou pouZity fosforetnany nebo alumosilikaty a s dosazenym vytézkem 25 %
1,4-diazabicyklo[2,2,2]oktanu a 12 % PIP.

Je bézné ze stavu techniky znamé, Ze vychazi-li se z jakékoliv suroviny, obsahuje
reakéni smés kromé 1,4-diazabicyklo[2,2,2]oktanu i meziprodukty, které Ize izolovat
rektifikaci a vhodné frakee, které obsahuji latky konvertovatelné na 1,4-
diazabicyklo[2,2,2]oktan jako je EDA, PIP, AEPIP aj., lze vracet zpét do procesu, &imz se
zvysi vytézek 1,4-diazabicyklo[2,2,2]oktanu na pivodni surovinu, jak uvadi napf. patent US 2
937 176.

Velkd pozomost byla vénovana selcktivité kyselych katalyzatorti a vétSina dokumenti
stavu techmky se zabyva pravé touto otazkou. V 50. a 60. letech minulého stoleti byly
patentovany ALO; a amorfni alumosilikity, aviak tyto katalyzatory poskytuji velmi nizkou
selektivitu na 1,4-diazabicyklo[2,2,2]oktan, napiiklad pi1 pouziti AEPIP jako vychozi latky 10
az 40 %. Dokumenty EP 0 069 322 a EP 0 111 928 jsou zamé&feny na katalyzatory na bézi
hydrogenfosforecnanti a difosfore¢nant kovd, jejichz sclektivita je ve srovnani
s alumosilikaty podstatné vétsi. V ptikladu provedeni dokumentu EP 0 111 928 je popisovana
dehydratace HEPIP na katalyzatoru hydrogenfosfore¢nanu strontnatém (STHPQ,) se
sclektivitou na 1,4-diazabicyklo[2,2,2]oktan az 80 %. Po objeveni zeolitd pentasilové
struktury se dal$i pozomost vénovala pfevazné jim.

Dokument DE 2 434 913 popisuje uZiti zeolitd pro syntézu 1,4-
diazabicyklo(2,2,2]oktanu z riiznych surovin jako je AEPIP, PIP ncbo EDA. Jako
katalyzatory jsou uvedeny zcolity A, X a Y, které mohou mit jako kation H*, NH;", alkalick¢
kovy nebo kovy alkalickych zemin.

Dokument EP 0 158 319 uvadi pfipravu 1-azabicyklo[2,2,2]oktanu a 1,4-
diazabicyklo[2,2,2]oktant z necyklickych a heterocyklickych amind v pFitomnosti vysoko-

silikatov¢ho zeolitového katalyzatoru.




V dokumentu EP 0 290 862 je uveden postup pfipravy 1,4-diazabicyklo[2,2,2]oktanu
a alkyll,4-diazabicyklo[2,2,2]oktanu z aminoethyl a hydroxyethy! derivata piperazinu.
Katalyzatorem je zeolit pfipraveny v ptitomnosti hexamethylendiaminu, diaminopropanu
nebo triethylentetraaminu, pfi¢emz pro syntézu zeolitu nebyla pouzita alkalie.

Dokumenty EP 0 313 753 a EP (¢ 312 734 popisuji proces piipravy smési PIP a 1,4-
diazabicyklo[2,2,2]oktanu reakci ethanolaminu a/nebo ethylendiaminu v pfitomnosti
zeolitového katalyzétoru pentasilového typu. Reakce probiha v plynné fazi pfi teploté 280 az
380 °C a LHSV (liquid houtly space velocity) od 0,1 do 10 h"' a absolutnim tlaku 0,01 az 1
MPa. Dale je uvedeno, Ze vstupni latku 1ze fedit rozpoustédlem, napfiklad vodou. Je
dosahovano vytézku maximalng 46 %.

Podle dokumentu EP 0 382 055 je sm&s EDA a PIP, kde PIP je obsaZen od 0 do 200
mol. %, konvertovana na 1,4-diazabicyklo[2,2,2]oktan pouzZitim aluminosilikatu, borosilikatu
a galliumsilikdtu v kapalné ncbo plynné fazi. Reakéni podminky pro kapalnou fazi jsou 100
az 300 °C, tlak 0,1 MPa az 0,5 MPa a WHSYV (weight hourly space velocity) | a 10 b,

V piipadé plynné faze jsou teploty od 200 do 400 °C, tlak 0,05 MPa a% 0,5 MPa a WHSV ]
az 10h" Doporuuje se pouZiti vody jako fedidla. Takto je mozno dosdhnout vytezku 1,4-
diazabicyklo|2,2,2]oktanu az 70 %. Po tvarlovzini katalyzatoru je doporuéeno jeho opracovani
vodnym roztokem kyseliny chlorovodikové a nasledna kalcinace pfi teploté 400 az 500 °C.

Dokument EP 0 423 526 chréni pripravu 1,4-diazabicyklo[2,2,2]oktanu a PIP z EDA
na zeolitu pentasilové struktury s redukovanou aciditou. Toho je dosahovano iontovou
vyménou nejméné 50 % vSech vyménitelnych mist alkalickym kovem, nebo vyménou hliniku
ve struktufe zeolitu Zelezem. Reakce probiha pri teploté 300 az 400 °C, WHSV 0,03 az 2 h!
za pouZiti smési s pomérem EDA/voda od 2 do 25 mol. Vytézek 1,4-
diazabicyklo[2,2,2]oktanu je uvadén kolem 65 %.

Patent US 4 966 969 popisuje postup vyroby 1,4-diazabicyklo[2,2,2]oktanu z
vhodnych surovin jako je ethanolamin, EDA, PIP a jeho derivity na zeolitech pentasilového
typu které majf pomér SiO»/AL O3 vEtsi nez 12 a jsou kalcinovany pii teploté 400 a2 600 °C.
Reakéni teplota je 100 a2 500 °C a tlak 0,3 MPa.

Patent US 5 041 548, uvédi vyrobu 1,4-diazabicyklo[2,2,2]oktanu z vhodnych surovin
Jako je ethanolamin, EDA, PIP a jeho derivaty na zeolitech pentasilového typu, které byly
pfipraveny v ptitomnosti organického templitu jako jsou tetraalkylammoniové slougeniny. P¥i
reakeni teploté 400 °C bylo pii pouZiti smési EDA/voda dosazeno vytézku 1.4-
diazabicyklio[2,2,2]oktanu 45 %. Pokud byly pouZity zeolity, které byly piipraveny bez
templdtu, vytézky byly niZ3i.



Dalsi dokument RU 2 071 475 doporutuje pro zvyseni vytézku 1 4-
diazabicyklo[2,2,2]Joktanu, ktery je syntetizovan z ethanolaminu, opracovat zeolit
pentasilového typu komplexotvornym €inidlem, €im dochazi k &asteénému odstranéni hliniku
a upravé kyselosti.

Dokument EP 0 831 096 popisuje pfipravu zeolitového katalyzatoru ZSM-5
(5102/A1,04 = 160) opracovanim silnou zasadou a néslednou iontovou vyménou NH;NQ; na
aktivni formu (SiO»/Al;05 = 153). Bylo zji%téno, Ze takto upraveny zeolit poskytuje vytézek
1,4-diazabicyklo[2,2,2]oktanu 56 % oproti neupravenému zeolitu, kde je vytézek 23 %.
Katalyzator byl stabilni a nebyla pozorovana vyznamna dezaktivace. Autofi uvadsji, 7e
zlepieni viastnosti katalyzatoru je zpisobeno odstranénim aktivnich center na povrchu
krystali.

Dokument EP 0 842 936 chrani pfipravu 1,4-diazabicyklo[2,2,2]oktanu na zeolitu
ZSM-5, ktery byl opracovan dealuminaénim &inidlem, jako je napfiklad kyselina &avelova,
coz ma za nasledek pasivaci vngjsiho povrehu. Takto Ize dosahnout zvyseni vytézku na 1,4-
diazabicyklo[2,2,2]oktan aZ o 30 % oproti neopracovanému zeolitu.

Podle dokumentu EP 0 952 152 lze zvy3it vytézek 1,4-diazabicyklo[2,2,2]oktanu
opracovanim zeolitu ZSM-5 latkami obsahujicimi kfemik. V piikiadu je uvedeno opracovani
zeolitu (H-ZSM-5, SiOy/AL O3 = 90} ethanolovym roztokem tetraethylsilanu a naslednou
kalcinaci, Dle tohoto dokumentu se vytdZek 1,4-diazabicyklo[2,2,2]oktanu a PIP ze smési
EDA/voda reagujici pfi teploté 340 °C zvysil na 89 % oproti 81 % pfi pouziti pivodniho
zeolitu.

Dokument EP 0 842 935 popisuje dvoustuphiovy proces, kdy v prvnim kroku vzaika
z vychozich surovin na katalyzatoru smés 1,4-diazabicyklo[2,2,2]oktanu a PIP a v dal$im se
piida vhodna [itka, napfiklad EDA a tato smés se vede na dal3i katalyzator, kde se konvertuje
prednostné PIP. Takto lze minimalizovat mnoZstvi PIP, které je nutné recyklovat.

Patent EP 1 041 073 popisuje piipravu 1,4-diazabicyklo[2,2,2]oktanu a PIP z latek
obsahujicich aminoethyl skupinu na krystalickém alumosilikitu s molirnim pomérem
Si0y/AL O3 védim nez 12. Katalyzator je kalcinovan pii teplotd 500 a? 950 °C a nasledng
opracovan roztokem anorganické kyseliny pfi teploté 50 az 80 °C po dobu 3 a7 50 hodin.

Dokument RU 2 114 849 (1998) chréni piipravu 1,4-diazabicyklo[2,2,2]oktanu na
zeolitu pentasilove struktury s pornérem SiO»/Al, 05 40 aZ 300. Katalyzator je opracovan
komplexotvornym ginidlem jako je kyselina $t'avelova nebo sulfosalicylova kyselina. Jako

vhodna surovina je uvadéna smés ethanolaminu, EDA a PIP.
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Patent CZ 287 431 chrani pfipravu 1,4-diazabicyklo[2,2,2]oktanu na zeolitu ZSM-5,
pfidemZ jsou pouZity dvé reakéni zény, kdy v prvni reaguje v kapalné fazi EDA a vratna
piperazinové frakce s cthylenoxidem a takto vznikla smés je vedena na katalyzator, kde
dochazi k tvorbé 1,4-diazabicyklo[2,2,2]oktanu. Reakdni smés se d&li rektifikaci na frakei
vodnou, frakci surového 1,4-diazabicyklo[2,2,2]oktanu a vratnou piperazinovou frakci, ktera
se vraci do procesu ethoxylace. Vytézek 1,4-diazabicyklo[2,2,2]oktanu je 46 %.

Zvefejnéna mezinarodni piihlaska WO 01/02404 popisuje pfipravu 1,4-
diazabicyklo[2,2,2]oktanu na katalyzatoru ZSM-5, ktery ma molarni pomér Si/Al od 100 do
700, pii¢em? nejméné East zeolitu obsahuje H' nebo NH," kationty. Surovinu tvoi smés,
ktera obsahuje 5 az 80 % EDA a 2 az 60 % vody a reakce probiha pi teploté 290 az 400 °C.

Dokument EP 1 192 993 chrani pfipravu 1,4-diazabicyklo[2,2,2]oktanu na
katalyzatoru ZSM-5, ktery ma molarni pomér Si0y/Al,O; vetd nez 12, kdy je jako pojivo
pouZit silikagel s vhodnou velikosti ¢astic, pFicemZ obsah zeolitu ve vysledném katalyzatoru
je od 30 do 95 % hmotn. _

Dokument EP 1 215 211 chrani pfipravu 1,4-diazabicyklo[2,2,2]oktanu na zeolitovém
katalyzatoru, ktery obsahuje kovy v oxidagénim stupni 11, Il a IV Jako kovy Jsou jmenovany
pfedevsim AL, Ti, B, Fe a Co. V pfikladu je uveden experiment na katalyzatoru TS-1
(S102/Ti0, = 40), ktery byl pfed extrudaci proplachnut SM HCL. Z vychozi smési (35 % LEDA,
I5 % PIP, 50 % voda) bylo dosazeno pfi teploté 345 °C selektivity na 1,4-
diazabicyklo[2,2,2]oktan 95 %, po¢itano na'ethylenovou jednotku vstupniho EDA a PIP.

Dokument EP 1 406 904 popisuje pipravu 1,4-diazabicyklo[2,2,2]oktanu
z piperazinu, ktery je kontaktovan pii teploté 330 az 400 °C se zeolitovym katalyzatorem
ZSM-5, ktery obsahuje bivalentni, trivalentni ncbo tetravalentni kovy, pficemz molarni pomér
Si/kov je vEtsi nez 100. Na tomto katalyzatoru je mensi tvorba neZadouciho 2-
ethylpiperazinu.

Cinsky dokument CN 1 354 174:(2002) chrani pfipravu 1,4-diazabicyklo[2,2,2]oktanu
a PIP z vodného roztoku EDA o konceﬁtraci 20 az 90 % na katalyzitoru ZSM-5, ktery
obsahuje K, Fe, Ni a/nebo Sn pii teploté 280 aZ 380 °C. Jako pojivo pro katalyzator je pouZit
ALO; a pfed pouzitim je katalyzator kalcinovan pii teploté 450 °C po dobu 4 hodin.

Dokument EP 1 468 735 uvadi pfipravu katalyzatoru pro vyrobu 1,4-
diazabicyklo[2,2,2Joktanu, pfidem? je pouZit zeolit majici pomeér Si0,/ALO; vétsi néz 12
ktery je smichan se silikagelem s obsahem Si0; 5 az 70 %, ktery ma &stice velikosti 6 a7 60

nm a obsah zeolitu ve vysledném katalyzitoru je 30 aZ 95 % hmotn. V prikladu je uvedeno Ze
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pfi 100% konverzi AEPIP bylo dosazeno vyt&zku 1,4-diazabicyklo[2,2,2]oktanu 54,5 % a PIP
18 %.

Dosavadni stav techniky lze shrmout nasledovné:

Pro syntézu 1,4-diazabicyklo[2,2,2]oktanu se jako vhodné suroviny nejvice pouzivaji
cthylendiamin (EDA), piperazin (PIP) a N-(2-aminoethyl)piperazin (AEPIP), které oviem
poskytuji riizny vytézek 1,4-diazabicyklo[2,2,2]oktanu. Jako katalyzatory jsou nejcasté)i uzity
zeolity pentasilové struktury s molarnim pomérem Si/Al od 12 do 400, které viak pro zvyseni
vytézku na |,4-diazabicyklo[2,2,2]oktan musi byt podrobeny naro&nym modifikaénim

postuplim.

Podstata vynilezu

Uvedene  nevyhody zvelké ¢asti  odstrafiujc  zpiisob  vyroby  14-
diazabicyklo[2,2,2]oktanu z ethylendiaminu, ktery spotivd v tom, Ze se ethylendiamin
deaminuje a cyklizuje v plynné fizi na heterogennim zeolitovém katalyzatoru krystalické
struktury ZSM-5 s molarnim pomérem SI/Al od 12 do 400, pfi¢emz s¢ vyznaduje tim, e
heterogenni zeolitovy katalyzator krystalické struktury ZSM-5 m4 velikost krystalii mens{ nez
0,5 pm, pticemz zpiisob se provadi pfi teploté 300 az 400 °C, tlaku od 0,05 MPa do 0,5 MPa
a v pritomnosti vody, kde vysledna reakéni smés zbavena amoniaku se déle d&li rektifikaci na
frakci vodnou, frakci piperazinovou, frakci surového 1,4-diazabicyklo[2,2,2]oktanu, kdy
piperazinova frakce obsahujici ethylendiamin, piperazin, 1,4-diazabicyklo[2,2,2 Joktan,
morfolin, 1-methylpiperazin, 2-methylpiperazin a 1-ethylpiperazin se vraci zpét do reakéni
zony.

Ve stavu techniky a 2§jména v patentové literature je kladen diraz na velikost modulu
Si/Al a preferuje se zeolit ZSM-5 s modulem nad 100. Podrobnym testovanim riznych vzorkd
zeolith ZSM-5 podle vynalezu bylo s pfekvapenim zjidténo, Ze velikost krystalti zeolitu ma
Vvet3i vliv na selektivitu vzniku 1,4-diazabicyklof2,2,2]oktanu z ethylendiaminu nez modu!
SVAL Napf. dva vzorky zeolitd se stejnym modulem Si/Al = 240 davaji vytézek 1,4-
drazabicyklo(2,2,2]oktanu + piperazin prvni 92 %, druhy 75 %, pficemz prvni ma velikost
krystatl 0,2 pm a druhy 4 pm.

Zv1a3te vhodny zeolit ZSM-5 podle vynilezu méd velikost krystalt 0,1 az 0,5 pm.
Vyhodné)i md zeolitovy katalyzator ZSM-5 velikost krystali mensi nez 0,2 um. Zeolit ZSM-
5 s malymi krystaly je téZ aktivngjsi, pro primyslovou vyrobu je viak dilezitéj3i nez aktivita

seleklivita procesu. Pfi syntéze 1,4-diazabicyklo[2,2,2]oktanu vznika 2 ethylendiaminu



eliminatnimi reakcemi pravdépodobné pfes ethylidenimin nékolik skupin vedlejiich
produktii.

Prvni skupinou jsou pyrazin a jeho derivaty jako 2-methylpyrazin, 2-ethylpyrazin, 2,3-
dimethylpyrazin a vySemolekuldmni pyraziny. Pyrazin a jeho methyl- a ethylderivit se daji
z reakeni smési odstranit rektifikaci s vodou, ktera se do vychozi smési obvykle pridava a
kterd s pyraziny tvofi azeotropy s minimem teploty varu, Vy3si pyraziny se¢ mohou dostat i do
finélntho produktu, kterému davaji nepi{jemny zapach a vysokovrouci pyraziny jsou soucasti
destilaéniho zbytku.

Jinym produktem climina¢nich reakei jsou N- a C-alkylpiperaziny. C-alkyl-piperaziny
dale poskytuji alkyl-1,4-diazabicyklo[2,2,2]oktan. Methyl-1,4-diazabicyklo[2,2,2]oktan a 2,3-
dimethylpiperazin nebo i 2-ethylpiperazin se pfi rektifikaci dostavaji do frakce 1,4-
diazabicyklo[2,2,2]oktan a oddéluji se pak krystalizaci. Mohou oviem znedistovat finalni
produkt. |

Dali skupinou vedlejsich produkti jsou neidentifikované vyevrouci latky, které tvoii
pti rektifikaci reakéni smési destilacni zbytek.

Elimina¢nimi reakcemi vznikaji v malé mite i plynné produkty jako ethylen, ethan a
methan.

Podle tohoto vynalezu bylo zjisténo, Ze se snizujicim se primérem krystala ZSM-5 se
méni pomér 1,4-diazabicyklo[2,2,2]oktan/piperazin ve prospéch 1,4-
diazabicyklo[2,2,2]oktanu. T kdyZ se piperazin jako meziprodukt vraci do katalytického
procesu, je pro zpracovani rcak&ni smési vyhodny vy33i obsah 1,4-diazabicyklo[2,2,2]oktanu.

AniZ bychom chtéli vynélez omezit uréitou teorii, vliv velikosti krystald zeolitu ZSM-
5 na selektivitu pfemény ethylendiaminu na 1,4-diazabicyklo[2,2,2]oktan pravdépodobné
souvisi s délkou difizni drahy motckul v kandlcich zeolitu a také s riiznym kinetickym fadem
kondenza¢nich a eliminaénich reakei.

Podle vyndlezu pouZitim zcolitu ZSM-5 s velikosti krystalti pod 0,5 um se dosahuje
vytézek 1,4-diazabicyklo[2,2,2Joktanu + piperazin i nad 90 %, poéitano na vychozi
ethylendiamin. SniZi se tak ve srovnani se zeolity s vét8imi krystaly mérna spotfeba surovin a
ziednodust se Cisténi produktu. Rektifikaci reakéni smési se ziska surovy 1,4-
diazabicyklo[2,2,2]oktan s &istotou minimalng 93 %. Krystalizaci takové frakce 14-
diazabicyklo[2,2,2]oktanu se ziska finalni produkt o &istoté nejménd 99,9 %, ktery vibec
nezapicha po pyrazinech.

Jak je ze stavu techniky znamé, zeolity ZSM-5 se pfipravuji hydrotermalnim procesem

7 vodniho skla a hiinité soli za pFitomnosti organického templétu, Velikost krystali zeolitu 1ze
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ovlivmt podminkami pfipravy, pfedeviim koncentraci reaktantt. Cim koncentrovanéjsi je

vychozi roztok, tim mensi jsou krystaly zeolitu. Ze stavu techniky je také znam vliv postupu
pripravy zeolitu na jeho strukturu a texturu, ktery je popsan v monografiich napi. J.
Weitkamp, L. Puppe: ,,Catalysis and Zeolites, Fundamentals and Applications®, Springer-
Verlag, Berlin Heidelgerg, 1999 a ve specializovanych ¢lancich napt. G. Reding, T. Miurer,
B. Kraushaar-Czarnetzki: ,,Comparing synthesis routes to nano-crystalline zeolite ZSM-5*,
Microporous and Mczoporous Materials 57 (2003) 83-92.

Mnoho dokumenti ze stavu techniky popisuje piipravu 1,4-diazabicyklo[2,2,2]oktanu
ze smési ethylendiaminu a piperazinu, coZ predpokldda izolaci piperazinu z reakéni smési a
Jeho pfidavani do néstfiku do katalytického reaktoru. Jestlize se piperazin izoluje z reakéni
smési rektifikaci, pak tato frakce zahrnuje i nezreagovany ethylendiamin a dale N-
ethylpiperazin a morfolin. Podle vynalezu bylo zjiténo, Ze i N-ethylpiperazin, ktery je hlavni
nefistotou v piperazinové  frakci, konvertuje na zeolitu ZSM-5 na 14-
diazabicyklo[2,2,2]oktan, i kdyz s relativné nizkou rychlosti a s malym vytézkem. Je proto
uZitetné tuto kli¢ovou nedistotu v piperazinové frakei ponechat. Jeji teplota varu 157 °C lei
mezi teplotou varu piperazinu 146 °C a teplotou varu 1,4-diazabicyklo[2,2,2]oktanu 173 °C.

I pii pouziti zeolitu ZSM-5 svelikosti krystali pod 0,5 pm pro konverzi
cthylendiaminu na 1,4-diazabicyklo[2,2,2]oktan je vyhodné piidavat k vychozimu
cthylendiaminu a recyklované piperazinové frakci vodu nebo vodu s amoniakem. Tyto
pfimési ponékud zvysuji selektivitu proces.u a dale snizwji adiabaticky ohfev reakéni smési.
Preména cthylendiaminu na 1,4-diazabicyklo[2,2,2]oktan je mimné exotermni a bez uvedenych
ptimesi by byl adiabaticky vzrist teploty v reaktoru az 100 °C. Vhodny pomér je 0 aZ 20 mol
amoniaku a 1 az 10 mol vody na 1 mol aminu. Zv1a$t vyhodny je pomér 2 a% 5 mol NH; a 2
az 5 mol vody na 1 mol aminu, '

Cast iontd H' (resp. NH*") miize byt v zeolitu zaménéna tonty alkalickych kova.
V nékterych piipadech se tak pongkud zvysi selektivita procesu. Nicméné zeolit ZSM-5
s velikosti krystalli pod 0,5 pm je natolik selektivni, Ze tato Gprava je spise vyjimkou.

Zeolit ZSM-5 se vidy tvaruje (extruduje) s piimési pojiva, v&tinou aluminy nebo silikagelu.
Alumina je katalyticky aktivni, av8ak neselektivni, a proto se jako pojivo nchodi.

Vyhodné podle vynalezu je extrudovat zeolit ZSM-5 s velikosti krystald pod 0,5 pm
s inertnim silikagelem.

Podle dalSiho vyhodného provedeni je hmotnostni obsah silikagelu v extrudatu 5 az 50

% hmotn., zvIaite¢ vhodny je obsah silikagelu 20 a2 30 % hmotn.




Priklady provedeni vynalezu

Priklad 1

Z komer€nich zdrojit byla ziskana fada vzorkdi zeolitu ZSM-5 (K1 az K7) s
molarnim pomérem Si/Al rovno priblizné 40 s riiznou velikosti krystali. Vzorky byly dodany
v Na-form¢ a pfevedeny na aktivni H-formu iontovou vyménou 0,5 M NH,NO;. Po iontové
vymené byly katalyzatory bez pojiva tabletovany, tablety byly rozdrceny, prositovany a pro
experimenty byla pouZita frakce 1,2 az 1,6 mm. Experimenty byly provadény v trubkovém
reaktoru, pritemz reakéni teplota podél vrstvy katalyzatoru byla udrfovana na 360 °C
s presnosti 2 °C. Nastfik tvofil 50% roztok ethylendiaminu ve vodé a souproudng byl zavadén
amoniak v molimim poméru amoniak/ethylendiamin = 1. Vysledky experimenti shrnuje
tabulka 1. S rostouci velikosti krystali zeolitu ZSM-5 klesala aktivita katalyzatoru. S klesajici
velikosti krystald pak stoupal teoreticky vytéZek na 1,4-diazabicyklo[2,2,2}oktan a piperazin,
pfiemZ se zarovent ménil pomér 1,4-diazabicyklo[2,2,2]oktan/piperazin ve prospéch 1,4-
diazabicyklo[2,2,2 |oktanu.

Tabulka |

Souhrn vysledki experimentii na katalyzétorech ZSM-5 s riiznou velikosti krystald, teoretické
vytézky na zreagovany EDA jsou udény v hmotnostnich procentech.

WHSV | Konverze | Vytézek| Vytézek Vytezek Pomér

Katalyzitor  |(/g.h)|EDA (%)| PIP | DABCO | DABCO+PIP |DABCO/MPIP
415 | 69 | 568 22,5 793 0,40
g} ﬁ_ﬁg‘) 308 | 73 53 24,7 71,7 0,47
‘ 1,8 84,6 | 397 23 62,7 0,58
488 | 66,7 | 539 224 76,3 0,42
SOOI 33 | M6 | 443 | 236 67.9 0,53
’ 5 613 | 509 244 75,3 0,48
388 | 758 | 35 224 774 0,41
g; ﬁ;i;‘gﬂ 228 | 826 | 47 22,6 69,6 0,48
’ 259 | 728 | 529 233 76,2 0,44
625 | 755 | 554 283 83,7 0,51
IS?/‘ ;39285 K95 | 688 | 573 274 84,7 0,48
’ 475 | 803 | 49,1 29,1 78,2 0,59
6,13 | 779 | 528 31,2 84 0,59
g‘ﬁ ;11:;85 B35 | oo | 428 353 78,1 0,82
P 513 | 813 | 493 33,7 83 0,68
6,25 | 849 | 466 442 90,8 0,95
I;? ;?_i(} 7“'“) 75 | 804 | 478 32 91 0,90
o 503 | 899 | 432 47,6 90,8 1,10
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Tabulka 1 - pokragovani

93,4 38

56,2 94,2 1,48
I;J Pf?;igm) 825 | 908 | 394 53 92,4 1,35
54 | 976 | 324 56,8 89,2 1,75
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Priumyslova vyuZitelnost

Vynalez je vyuZitelny zejména pro zplsob vyroby 1.4-diazabicyklo[2,2,2]oktanu

z cthylendiaminu s dalsim pouzitim produktu jako katalyzatoru pfi vyrobé polyurethang.
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PATENTOVE NAROKY

l. Zpusob vyroby 14-diazabicyklo{2,2,2]oktanu 7 ethylendiaminu, spoéivajici v
deaminaci a cyklizaci ethylenaminu v plynné fazi v pfitomnosti heterogenniho zeolitového
katalyzatoru krystalické struktury ZSM-5 s moladmim pomérem Si/Al od 12 do 400,

vyznaceny tim,Zeheterogenni zeolitovy katalyzator krystalické struktury ZSM-5
ma velikost krystaldi mensi nez 0,5 pm, pficem? zplsob se provadi pii teploté 300 az 400 °C,
tlaku od 0,05 MPa do 0,5 MPa a v piitomnosti vody, kde vysledna reakéni smés zbavend
amoniaku se dale déli rektifikaci na frakci vodnou, frakei piperazinovou, frakei surového 1,4-
diazabicyklo(2,2,2]oktanu, kdy piperazinové frakce obsahujici ethylendiamin, piperazin, 1,4-
diazabicyklo[2,2,2]oktan, morfolin, l-methylpiperazin, 2-methylpiperazin a 1-ethylpiperazin

se vraci zpét do reakéni zony.

2. 7pusob podle ndroku 1, vy zna ¢ eny ti m,zZe deaminace a cyklizace se

provadi za pfitomnosti vody a amoniaku.

3. Zptsob podle naroku 1 nebo 2, vy zna € e ny tim, 7 smés, vstupujici do

reakini zony, obsahuje az 20 moli amoniaku a 1 az 10 molf vody na 1 mo!l amind.

4, Zplsob podle kteréhokoliv zndroki 1 aZ 3, vy zna¢eny tim,Ze zeolitovy

katalyzator ZSM-5 ma velikost krystalti mengi nez 0,2 pm.

5. Zpusob podle kteréhokoliv z ndrokéi 1 az4,vyznaden y tim,Ze zeolitovy

katalyzitor ZSM-5 ma ¢aste¢né vyménéné ionty H' za ionty alkalickych kovi,

6. Zpusob podle kteréhokoliv z ndrokit 1 aZS,vy zna ¢ eny t1im,Zezeolitovy

katalyzator ZSM-5 je extrudovany se silikagelem.

7. Zpusob podle naroku 6,vyznaceny tim,Zeobsah silikagelu v katalyzatoru

je 5 az 50 % hmotn., vyhodngji 20 az 30 % hmotn.



Priloha VII.

Trejbal J.: Navrh linky pro solidifikaci odpadnich vod. Ovéfena technologie, 2011 Realizace:
Huntsman Textile Effects, Atotonilquillo, Jalisco, Mexiko.



Projekt: Navrh linky pro solidifikaci odpadnich vod

Autor: Trejbal J.

Rok: 2011

Realizace: Huntsman Textile Effects, Atotonilquillo, Jalisco, Mexiko.
Kapacita: 3 m%h

Popis:

Ve spolupraci s firmou Huntsman byl vyvijen proces pro solidifikaci odpadnich vod
Z vyroby textilnich barviv. Odpadni voda obsahovala asi 10 % soli, pfevazné chloridii a 1 %
neté¢kavé organiky. Na zdkladné koroznich testi bylo zjisténo, Ze bézné slitiny jsou
nevyhovujici a vhodnym konstrukénim materiadlem je titan pti teplotach do 80 °C. To mélo vliv
na celkovou koncepci, kdy proces byl navrzen jako kaskada vakuovych odparek, kde teplota
vlivem sniZeni tlaku nepfekrocuje 70 °C. Dale s ohledem na zvoleny material a jeho vyssi cenu,
byly pouzity deskové vymeéniky tepla. Zbytek zatizeni (potrubi, nddoby, atd.) byl proveden

v plastu.

NL N N N N7 TR

Jednotka na solidifikaci odpadni vody v zavodé Huntsman, Atoto, Mexiko (fotoarchiv autora)



HUNTSMAN

Enriching lives through innovation”

March 26th, 2012.

Confirmation Letter for Dr. Jiri Trejbal

Dear: Sir/Madam,

Huntsman Textile Effects Atoto facility confirms that ICT Prague were co-authors of the
waste water evaporation project. This project consists of the design of the new waste
water evaporation plant with a capacity 100 T/d of waste water from the dyes production.
The new plant allows solidification of waste streams and improves ecology in the facility.
Dr. Jiri Trejbal from ICT Prague was the main author of the plant design. The investment
cost of the realization was in range of 1,000,000 USD. The new waste water evaporation

plant was successfully started in 2011.

C[/(/ s {f[(

Dr ‘Meinh rd Grommelt Saelz

Gi ral Manager
HUNTS MANITEXT LE EFFECTS

MEXICO, S. DE R.L, DE oV
PLANTA ATOTONILQUILLG,

HUNTSMAN INTERNATIONAL
Huntsman International de México S. de R. L. de C. V.
Km 43.5 Carretera Guadalajara-Ocotlan, 45930 Atotonilquillo, Jal., México



Priloha VIII.

Trejbal J.: Navrh nové linky pro zpracovani sulfidovych louhti metodou mokré oxidace,

Ovéiena technologie, 2021. Realizace: Unipetrol Litvinov, CR.



Projekt: Navrh nové linky pro zpracovani sulfidovych louhti metodou mokré oxidace
Autor: Trejbal J.

Rok: 2021

Realizace:  Unipetrol Litvinov.

Kapacita: 550 I/h

Popis:

Mokra oxidace (MO) je hydro termicky proces, vhodny pro oxidaci organicky i
anorganickych latek obsaZenych ve vodnych roztocich. Proces probiha za zvySené teploty a
tlaku, aby mohla reakce probihat v kapalném stavu. Metoda MO byla na VSCHT dlouhodobé
rozvijena, nasledné i ve spolupraci s firmami Pento Spol. s r.0. a Messer Technogas S.r.0..
Vysledkem spoluprace je jednotka MO sulfidovych louhti ve spolecnosti Unipetrol s kapacitou
550 I/h, ktera byla uvedena do provozu v roce 2021. Systém uspiadéani reaktorového uzlu je

chranénym duSevnim vlastnictvim VSCHT, kter¢ bylo Gspésné pro tento cel licencovano.

Ridici systéem mokré oxidace (fotoarchiv autora)



AN
I Unipetrol

VSCHT Praha

Ustav organické chemie
Ing. Jifi Trejbal, PhD
Technicka 5

Praha 6 - Dejvice

V Litvinové dne 05.10.2021
Potvrzeni o spolupraci

Vazeni,

Potvrzuji timto, ze Ing. Jifi Trejbal, PhD je autorem navrhu technologické linky na likvidaci sulfidovych
louhtl ve spole¢nosti ORLEN Unipetrol, RPA se sidlem v Litvinové — Zaluzi 1.

Na zakladé tohoto navrhu byl nasledné realizovan projekt pod nazvem ,Reseni sulfidovych louhd —
mokra oxidace* a technologie byla ¢ervenci 2021 uspé&sné uvedena do provozu.

Ing. Jifi Trejbal, PhD spolupracoval na projektovani, realizaci a zprovoznéni technologie, ktera
zasadnim zpusobem zvySuje efektivitu ¢isténi odpadnich vod nasi spole¢nosti a pfinasi i moznosti
dalSiho postupu sniZzovani emisi do vnéjsiho recipientu.

S pozdravem

ORLEN Unipetrol a.s.
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Description
Technical field

[0001] The invention relates to a method of isolation
of polyhydroxyalkanoates (PHAs) from biomass ferment-
ed by microorganisms producing polyhydroxyalkanoates
and/or from biomass containing at least one crop-plant
producing polyhydroxyalkanoates in which polyhydroxy-
alkanoates are separated by extraction from biomass
with an extraction agent based on chlorinated hydrocar-
bon, whereupon an extract is separated from the extrac-
tion solution thus obtained and, subsequently, polyhy-
droxyalkanoates precipitate from the extract.

Background art

[0002] Polyhydroxyalkanoates (PHAs) are becoming
more and more important, offering a promising alterna-
tive to conventional plastics, since they have favourable
mechanical properties and, unlike other biopolymers, be-
have as thermoplastics. Furthermore, they can be recov-
ered from renewable resources, such as biomass -
namely either from biomass fermented by microorgan-
isms producing PHAs during their life cycle as their food
and energy reserves, or from biomass produced from or
containing at least one crop-plant producing PHAs, such
as genetically modified maize. Moreover, in the first case
by selecting a strain of microorganisms and/or a carbon
source for cultivation (saccharides/lipids), it is possible
to obtain different compositions of PHAs, and as a result
of providing suitable growth conditions for the employed
microorganisms, the content of PHAs in their cells can
reach up to 90%. In addition, when using the bacteria of
the strain Cupriavidus necator H16 during the fermenta-
tion itis possible to consume waste edible oils from ther-
mal preparation of food as a carbon source, whose ad-
vantage is their low price and commercial availability.
The best-known type of PHAs is polyhydroxybutyrate
(PHB) and its copolymers containing 3-hydroxyvalerate
and 3-hydroxyhexanoate.

[0003] Nowadays, there are known several methods
of separating PHAs from biomass containing PHAs in
which various solvents are used, such as partially halo-
genated hydrocarbons (see e.g. EP 0015123 and US
4324907), carbonates (see e.g. US 4101533 and US
4140741), higher alcohols and their esters (see e.g. US
2007/0161096, WO 97107229 and WO 2009/114464)
and other substances, such as esters of dicarboxylic and
tricarboxylic acids and gamma-butyrolactone (see e.g.
US 4968611), etc., which extract PHAs from biomass
and from which PHAs are subsequently separated in a
suitable method. The disadvantage of these processes
is the fact that due to the character of the solvents em-
ployed they take place at higher temperatures which at
the same time cause thermal degradation of the isolated
PHA.

[0004] From this pointof view, the most advantageous

15

20

25

30

35

40

45

50

55

solution is using extraction agents based on chlorinated
hydrocarbons, since that enables to separate PHA from
them at low temeperatures (generally ranging approxi-
mately from 100to 120 °C), at which thermal degradation
of PHA does not occur yet (see e.g. US 4310684, EP
0014490, US 4562245, US 4705604 and US 5213976).
However, during testing these methods it was found out
that extraction agents based on chlorinated hydrocar-
bons extract apart from PHAs also other components
from the biomass, which during subsequent separation
precipitate in water together with PHAs, thus substantial-
ly decreasing their final purity. Consequently, the purity
reaches approximately 90 % at the most (see e.g. the
comparative example 1 hereinafter). In addition, in the
method according to US 5213976 insufficient water tur-
bulence during precipitation leads to the formation of
large particles of PHA, which have to be additionally dis-
integrated.

[0005] An alternative method in which the contamina-
tion of PHAs with undesired components of the biomass
is eliminated is precipitation of PHAs with an organic sol-
vent. However, costs of further disposal of this organic
solvent (which is used in considerable excess) are high,
and PHAs precipitate in the form of gel having a high
moisture content, and so they have to be further dried.
[0006] The aim of the invention is to propose a method
of isolation of polyhydroxyalkanoates from biomass fer-
mented by microorganisms producing polyhydroxyal-
kanoates and/or from biomass containing at least one
crop-plant producing polyhydroxyalkanoates, which
would lead to their isolation with high purity and, as the
case may be, also in the form of smallest possible parti-
cles.

Principle of the invention

[0007] The goal ofthe invention is achieved by a meth-
od of isolation of polyhydroxyalkanoates from biomass
fermented by microorganisms producing polyhydroxyal-
kanoates and/or from biomass containing at least one
crop-plant producing polyhydroxyalkanoates according
to the invention in which polyhydroxyalkanoates are ex-
tracted with an extraction agent based on chlorinated hy-
drocarbon from the biomass which is - if fermented - first
inspissated by isolation from a fermentation medium to
a dry matter content of at least 20%, whereupon from
this extraction solution thus obtained an extract is sepa-
rated from which the extraction agent is removed and
polyhydroxyalkanoates precipitate, whose principle con-
sists in that before the extraction of polyhydroxyal-
kanoates from biomass by means of an extraction agent
based on alkyl alcohol having 2 to 4 carbon atoms in the
chain, which is added to the biomass in a weight ratio
from 1:0,5 to 1:5, preferably from 1:2 to 1.3, components
of the biomass other than polyhydroxyalkanoates are ex-
tracted, whereby this extraction is carried out for 5 to 90
minutes, preferably for 20 to 40 minutes, at a temperature
in the range of 20 to 120 °C. After that the extract con-
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taining these components of the biomass is separated
from the extraction solution thus obtained by filtration
and/or decantation and/or centrifugation and the remain-
der of the extraction agent is removed from the solid
phase by distillation from an aqueous solution or by strip-
ping with water vapour or by drying solid content. From
the solid phase thus pre-cleaned, polyhydroxyal-
kanoates are extracted by means of an extraction agent
based on chlorinated hydrocarbon, which is added to it
in a weight ratio between 1:5 and 1:20, whereby this ex-
traction operation is carried out for 5 to 90 minutes, pref-
erably for 20 to 40 minutes, atatemperature in the range
of 20 to 120 °C, whereupon the extract containing poly-
hydroxyalkanoates is separated from the extraction so-
lution thus obtained by means of filtration and/or decan-
tation and/or centrifugation. This extract is subsequently
fed or is being continuously fed to a circulation loop filled
with water having a temperature from 20 to 120 °C, or,
as the case may be, by a mixture made from water and
from up to 20 % by weight of extraction agent based on
chlorinated hydrocarbon used for the extraction of poly-
hydroxyalkanoates, by which means the extraction agent
is removed from this extract and polyhydroxyalkanoates
precipitate. The purity of the polyhydroxyalkanoates re-
covered in this manner exceeds 99 %, achieving a yield
of 97% and more. The particle size of the polyhydroxy-
alkanoates obtained is then approximately 1 mm.
[0008] In order to obtain PHA with a higher degree of
purity, the extraction process by means of an extraction
agent based on alkyl alcohol having 2 to 4 carbon atoms
in the chain may run in more stages, each of which is
carried out for 5 to 90 minutes, at a temperature in the
range between 20 and 120 °C, and before each succeed-
ing stage the solid phase from the preceding stage is
concentrated by decantation and/or filtration and/or cen-
trifugation.

[0009] Suitable alkyl alcohol extraction agents include
ethanol, propanol, isopropyl alcohol, butanol, isobutyl al-
cohol, tert-butyl alcohol, or a mixture of at least two there-
of.

[0010] So as to achieve a higher yield of polyhydroxy-
alkanoates, the extraction process by means of an ex-
traction agent based on chlorinated hydrocarbon canrun
in more stages, each of which is carried out for 5 to 90
minutes, at a temperature from 20 to 120 °C, and before
each succeeding stage the solid phase from the preced-
ing stage is concentrated by decantation and/or filtration
and/or centrifugation.

[0011] Suitable extraction agents based on chlorinated
hydrocarbon are dichlormethan, chloroform, tetrachlo-
rmethan, dichlorethan, or a mixture of at least two thereof.
[0012] From the point of view of reducing the amount
of the extraction agent used (both extraction agents
based on alkyl alcohol having 2 to 4 carbon atoms in the
chain and extraction agents based on the chlorinated hy-
drocarbons), it is advantageous if the individual stages
of the extraction are performed in mutually countercur-
rent operati on, when the extract from each succeeding
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stage is returned to the preceding stage, the "pure" ex-
traction agent being fed only to the last stage.

[0013] If the remainder of the exiraction agent based
on alkyl alcohol having 2 to 4 carbon atoms is removed
from the solid phase by distillation, it is advantageous if
the solid phase is first diluted with water in a weight ratio
between 1:2 and 1:10, and the process of distillation then
takes place in a rectification column at a pressure of 0.1
to 6 bar.

[0014] If the remainder of the exiraction agent based
on alkyl alcohol having 2 to 4 carbon atoms is removed
from the solid phase by stripping with water vapour, this
process of stripping is carried out in a rectification column
at a pressure of 0.1 to 6 bar.

[0015] In order to accomplish more intense precipita-
tion of PHA, it is advantageous if the extract containing
PHA is before being fed to the circulation loop concen-
trated by evaporating off the extraction agent to obtain a
concentration of polyhydroxyalkanoatesof 5t0 10 %. The
condensation heat obtained during this process can be
subsequently used for evaporating off the extraction
agentbased on chlorinated hydrocarbonin the circulation
loop.

Specific description

[0016] In the method of isclation of polyhydroxyal-
kanoates (PHAs) from biomass fermented by microor-
ganisms which during their life cycle produce PHAs as
their food and energy reserves (e.g. by the bacteria of
the strain Cupriavidus necator H16, etc.) and/or from bi-
omass containing at least one crop-plant producing
PHAs (e.g. genetically modified maize, etc.) according
to the invention, before the extraction of PHAs from the
biomass, its components that could contaminate PHAs
are removed and only after that PHAs are extracted from
the biomass thus pre-cleaned into the extraction agent
based on chlorinated hydrocarbon The extract containing
PHA is afterwards fed, or is being continuously fed to a
circulation loop, where the extraction agent is removed
and PHAs precipitate.

[0017] So as to remove the undesired components of
the biomass, an extraction agent based on alkyl alcohol
with 2 to 4 carbon atoms in the chain is used, such as
ethanol, propanol, isopropyl alcohol, butanol, isobutyl al-
cohol, tert-butyl alcohol, or a mixture of at least two there-
of, which is added to the biomass in a weightratio of 1:0.5
to 1:5, preferably in a weight ratio of 1:2 - 1:3. The ex-
traction operation is carried out for 5 to 90 minutes, pref-
erably for 20 to 40 minutes, at a temperature of 20 az
120 °C, preferably at a temperature by 5 °C lower than
the boiling point of the particular extraction solution - the
higher the temperature, the higher the proportion of the
extracted components of the biomass and therefore also
the resultant purity of PHAs. During this extraction the
undesired components which would otherwise be ex-
tracted during the extraction of PHAs are extracted into
the extraction agent based on alkyl alcohol from the bi-
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omass, without PHAs being extracted at the same time
and without decreasing its concentration in the biomass.
After the extraction is completed, the extract containing
the undesired components of the biomass is separated
from the extraction solution thus prepared by filtration
and/or decantation and/or by centrifugation, and fromthe
solid phase the remainder of the extraction agent em-
ployed, constituting a substantial portion of its maisture,
is removed. This can be carried out, for example, by di-
luting the solid phase with water followed by boiling off
the extraction agentin a rectification column ata pressure
of 0.1 to 6 bar (i.e. by distillation from an aqueous solu-
tion), whereby the dilution of the solid phase must be
sufficient, i.e. in the range of about 1:2 to 1:10 by weight
in order to prevent blocking the rectification column. Sur-
prisingly, it was revealed during the experiments thatthis
procedure has also a positive impact on the speed of the
subsequent extraction of PHAs into the extraction agent
based on chlorinated hydrocarbon.

[0018] Another applicable method of removal of the
remainder of the extraction agent from the solid phase
is stripping with water vapour in the rectification column
at a pressure of 0.1 to 6 bar, or its drying.

[0019] The extract separated from the extraction solu-
tion constitutes the waste of the method of isolation of
PHAs according to the invention. It is advantageous if
the extraction agent contained in it is recycled from it, for
example, by means of distillation from an agueous solu-
tion. At the same time, with the decrease in the concen-
tration of this extraction agent the extracted components
of the biomass precipitate. These can be subsequently
separated, for example, by filtration and/or decantation
and/or centrifugation.

[0020] Forthe purpose of obtaining PHAs with a higher
degree of purity, the extraction using an extraction agent
based on alkyl alcohol having 2 to 4 carbon atoms can
run in more stages (preferably e.g. in two to five stages,
or, in case of need, even more), each of which is carried
out for the above-mentioned period of time and at the
above-mentioned temperature, whereby before each
succeeding stage, the solid phase from the preceding
stage is concentrated by filtration and/or decantation
and/or centrifugation. The conditions of the individual
stages of extraction may be the same, or at least one
stage may differ from the others by the temperature
and/or duration of the extraction. Preferably, the individ-
ual stages are carried out in countercurrent operation,
i.e. the extract from each next succeeding stage is fed
to the preceding stage, whereby the "pure” extraction
agent without the extracted substances is fed only to the
last stage. Thus it is possible to achieve the same effect
as with individual stages being carried out in a co-current
arrangement, but the amount of the extraction agent is
considerably reduced.

[0021] For the extraction of PHAs from the solid phase
thus obtained and pre-cleaned, or from the biomass, ex-
traction agent based on chlorinated hydrocarbonis used,
added toitin a weight ratio between 1:5 and 1:20. Owing
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to the fact that the content of PHAs in the extraction so-
lution has an essential influence on the viscosity of the
solution and on the subsequent separation of the extract
fromthe solid phase, it is advantageous to select the ratio
of the extraction agenttothe solid phase in suchamanner
that the resultant extraction solution has PHA concentra-
tion of 1to 10 %, preferably from 3 to 5 %. Also, an im-
portant parameter is a contentof water in the solid phase,
which has influence on the speed of extraction - with a
low content of water in the biomass it is difficult to extract
PHAs into the extraction agent; on the other hand, a high-
er content of water in the biomass facilitates the process
of extraction of PHAs, and so it is not advisable to distill
the water. A favourable content of water is in the range
between 40 and 70 %. The extraction of PHAs is then
carried out for 5 to 90 minutes, preferably for 20 to 40
minutes, at a temperature of 20 to 120 °C, preferably,
however, by 5 °C lower than is the boiling point of the
particular extraction solution.

[0022] An extract containing PHA is separated from
the extraction solution thus prepared by filtration and/or
decantation and/or centrifugation. This extract is fed, or
is being continuously fed, to a circulation loop filled with
water having a temperature of 20 to 120 °C, into which
from this extraction phase the extraction agent is isolated
and PHAs precipitate. Thus, with time passing, the water
in the circulation loop turns into a mixture of water and
the extraction agent having a concentration of this ex-
traction agent of up to 20 % (whereby it does not yet
prevent the precipitation of PHA). The circulation loop is
composed of a U-shaped pipeline whose rising passage
is led to the side of a liquid separator, and their falling
passage is led from the bottom of this separator. The
circulation of the liquid in the circulation loop is achieved
by the siphon effect caused by partial evaporation of the
extraction agent during the contact of the extract with the
liquid in the loop. Spray application is taken to the lower
portion of the rising passage of the circulation loop. This
procedure enables to achieve high turbulence in the cir-
culation loop, whereby the speed of the liquid in its rising
passage is from 5 to 10 m/s, which causes the precipi-
tation of PHA in the form of small particles which do not
have to be subsequently disintegrated.

[0023] Before feedingthe extract containing PHAs into
the circulation loop it is advantageous if this extract is
concentrated to reach the PHA concentration of 5to 10
%. This is achieved, for example, by evaporating off the
extraction agent, preferably at an increased pressure (1
to 6 bar, preferably 2 to 4 bar), whereby the condensation
heat of the vapour can be further used (see below).
[0024] The solid phase separated from the extraction
solution constitutes the waste of the method of isolation
of PHAs according to the invention. It is advantageous if
the remainder of the extraction agent is removed from it,
for example, by dilution with water and subsequent boil-
ing off (i.e. by distillation). Preferably, this process can
be performed in the rectification column, whereby the
dilution of the solid phase with water has to be sufficient,
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i. e. in a range of 1:2 to 1:10, in order to prevent this
columnfrom being blocked. Itis thus possible todecrease
the content of chlorinated substances in this solid phase
to less than 1 ppm. The solid residues that have been
boiled off can be then separated by filtration and/or de-
cantation and/or centrifugation.

[0025] So as to obtain higher yield of PHAs, the ex-
traction using an extraction agent based on chlorinated
hydrocarbon can run in more stages (preferably, for ex-
ample, from two to five stages, or, in case of need, even
more), each of which is carried out for the above-men-
tioned period of time and at the above-mentioned tem-
perature, whereby before each succeeding stage the sol-
id phase is separated from the extraction solution by fil-
tration and/or decantation and/or centrifugation. The con-
ditions of the individual stages of the extraction can be
the same, or at least one stage can differ from the others
by the temperature and/or duration of the extraction. Pref-
erably, the individual stages are carried out in a counter-
current operation, i.e. the extract from each succeeding
stage is fed to the preceding stage, whereby the "pure"
extraction agent without the extracted substances is fed
only to the last stage. Thus it is possible to achieve the
same effect as if the individual stages were carried out
in a cocurrent operation, but the amount of the extraction
agent is considerably reduced. Subsequently, the ex-
tracts separated in the individual stages of the extraction
are mixed together and are fed to the circulation loop.
[0026] The benefit of this process is the fact that for
evaporating off the extraction agent based on chlorinated
hydrocarbon from the extract, it is possible to employ the
condensation heat of the vapour of this extraction agent
obtained during the concentration of the extract contain-
ing PHAs. The heat is fed to the circulation loop through
a heat exchanger arranged in its rising passage, which
considerably reduces the overall operational costs of the
isolation of PHAs. Another variation of a heat source is,
for example, a vapour condensate.

[0027] PHAs are fed from the circulation loop in the
form of suspension, preferably through a centrifugalfilter,
on which it is possible to achieve a low moisture content
of the product - in the range between approximately 10
and 20 %. After that, in case of need, the productis further
dried.

[0028] Before startingthe process of isolation of PHAs
according to the invention, itis favourable to concentrate
the biomass or the fermentation solution obtained by its
fermentation to obtain a concentrate having a dry matter
content of 20 to 80 %, preferably between 40 and 60 %.
As an advisable method of concentration e.g. decanta-
tion is recommended, since it also enables to remove
from the biomass waste edible oil which has been used
as a source of carbon during the fermentation of the bi-
omass and has not been consumed. Beside that, it is
also possible to use filtration and/or centrifugation.
[0029] Described hereinafter are two concrete exam-
ples of employing the method of isolation of PHAs from
biomass fermented by microorganisms producing PHAs
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according to the invention. However, it is clear from the
gist of the matter that if other substances are used (es-
pecially extraction agents), or if there are other parame-
ters of individual extractions or stages of extractions or,
as the case may be, other techniques used in individual
steps mentioned above as well as in the patent claims,
the result of the isolation of PHAs will be the same or
substantially the same.

Example 1

[0030] 40 kg of 80% aqueous solution of isopropyl al-
coholwere added to 20 kg of biomass (weight ratio 1:1.6)
obtained by centrifugation of afermentation solution hav-
ing a dry matter concentration of 45 % and PHAs content
in the dry matter of 75 %, by which means an extraction
solution was obtained. The extraction of components of
the biomass other than PHAs was then conducted under
constant stirring for 30 minutes at a temperature of 75
°C. After that this extraction solution was concentrated
by centrifugation and another 40 kg of 80% aqueous so-
lution of isopropyl alcohol were added to 19.1 kg of iso-
lated solid phase (weightratio 1:1.68). The second stage
of extraction then took place under the same conditions
as the first one, and after its completion the extraction
solution was concentrated by centrifugation.

[0031] 150 kg of water were subsequently addedto 18
kg of the solid phase obtained (weight ratio 1:8.3) and
the mixture thus prepared was thoroughly stirred. There-
after the mixture thus obtained was sprayed into the head
of a rectification column with structured packing with 10
theoretical plates, to which simultaneously vapour was
supplied from the bottom. 16 kg of the solid phase with
a dry matter content of 49.5 % and the PHAs content in
the dry matter of 85.1% were obtained by centrifugation
of the column bottom stream from the rectification col-
umn, the content of isopropyl alcohol in it being less than
1 ppm.

[0032] Subsequently, 120 kg of chloroformwere added
to 10 kg of the solid phase thus obtained (weight ratio
1:12), by which means an extraction solution was ob-
tained. The extraction of PHAs with chloroform was then
carried out under constant stirring for a period of 30 min-
utes at a temperature of 50 °C. After its completion the
extraction solution was centrifuged and another 120 kg
of chloroform were added to 8.1 kg of the solid phase
(weight ratio 1:14.8). The second stage of the extraction
of PHAs then took place under the same conditions as
the first one. After it had ended, 6.8 kg of the solid phase
were obtained by centrifugation of the extraction solution
and 0.78 kg of insoluble residues with the PHAs content
of 10.8 % was further obtained by drying the solid phase
at a temperature of 80 °C.

[0033] The extracts containing PHAs obtained in the
individual stages of the extraction were admixed and con-
centrated to PHAs concentration of 5 %. The extract thus
obtained was afterwards continuously fed to the lower
portion of the circulation loop filled with water pre-heated
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to 70 °C, in the rising passage of which was arranged a
vertical heat exchanger malleablized by water having a
temperature of 85 °C . The speed of the liquidinthe falling
passage of the circulation loop was 2.5 m/s and in the
rising passage of the circulation loop 8 m/s. The mean
size of the particles of PHAs precipitated from this liquid
in the extract was approximately 1 mm. Subsequently,
the resultant suspension was filtered through a nutch fil-
ter and the filtered particles of PHAs were dried at a tem-
perature of 80 °C, by which means 4.15 kg PHAs with
99.2 % purity were obtained (which represents 98 %
yield).

Example 2

[0034] 25 kg of 90% aqueous solution of ethanol were
added to 16 kg of biomass (weight ratio 1:1.4) obtained
by centrifugation of a fermentation solution having a dry
matter concentration of 47 % and PHAs content in the
dry matter of 76 % by which means an extraction solution
was obtained. The extraction of the components of the
biomass other than PHAs was then carried out under
constant stirring for 30 minutes at a temperature of 65
°C. After that this extraction solution was concentrated
by centrifugation and another 25 kg of 90% aqueous so-
lution of ethanol were added to 15.3 kg of the isolated
solid phase (weight ratio 1:1.47). The second stage of
extraction was performed under the same conditions as
the first one and after its completion the extraction solu-
tion was concentrated by centrifugation.

[0035] Subsequently, 150 kg of water were added to
15 kg of the solid phase obtained (weight ratio 1;10) and
the mixture thus prepared was thoroughly stirred up. Af-
terwards this stirred mixture was sprayed to the head of
the rectification column with an criented filling having 10
theoretical floor levels to which simultanecusly vapour
was supplied from the bottom. 13 kg of the solid phase
with a dry matter content of 49.5 % and PHAs contentin
the dry matter of 87.2 % were obtained by centrifugation
of the residual flow from the rectification column, the con-
tent of ethanol in it being less than 1 ppm.

[0036] 50 kg of tetrachlormethane were then added to
5 kg of the solid phase thus prepared (weight ratio 1:10),
by which means an extraction solution was obtained. The
extraction of PHA with tetrachlormethane was then car-
ried out under constant stirring for a period of 30 minutes
at a temperature of 60 °C. After its completion, the ex-
traction solution was centrifuged and another 50 kg of
tetrachlormethane were added to 4 kg of the solid phase
(weight ratio 1:12.5). The second stage of extraction of
PHAs then took place under the same conditions as the
first one. After its completion, 3.1 kg of the solid phase
were obtained by centrifugation of the extraction solution.
Then the solid phase was dried at a temperature of 80
°C and 0.33 kg of insoluble residues were further ob-
tained with PHAs content of 19.9 %.

[0037] The extracts containing PHAs obtained in the
individual stages of extraction were admixed and by
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evaporating off the tetrachlormethane were concentrated
to achieve PHA concentration of 5 %. The extract thus
obtained was then continuously fed to the lower portion
of the circulation loop filled with water pre-heated to 70
°C, which had in its rising passage a vertical heat ex-
changer malleablized by water having a temperature of
85 °C. The speed of the liquid in the falling passage of
the circulation loop was 2.5 m/s, whereas in the rising
passage of the circulation loop it was 8 m/s. The mean
size of the particles of PHAs precipitated in this liquid
from the extract was approximately 1 mm. The resultant
suspense was subsequently filtered through a nutch filter
and the filtered particles of PHA were dried at 80 °C, by
which means 2.14 kg of PHA with the purity of 99.4 %
were obtained (which represents yield of 97 %).

Comparative example 1 - a method according to US
5213976

[0038] During the process of testing and verifying the
method of isolation of PHAs from biomass according to
the US patent 5213976 it was revealed that extraction
agents based on chlorinated hydrocarbon are capable
of extracting from biomass, apart from PHAs, also other
its components which during subsequent precipitation in-
to water precipitate together with PHAs, thus contami-
nating the PHAs. The purity of PHAs in this case reaches
about 92 % at the most.

[0039] 40 kg of chloroform were added to 3.5 kg of the
biomass (weight ratio 1:11.4) obtained by centrifugation
of a fermentation solution with a dry matter concentration
of 47 % and with PHAs content in dry matter of 76 %, by
which means an extraction solution was formed. The ex-
traction of PHAs with chloroform was then carried out
under constant stirring for 30 minutes at a temperature
of 50 °C. Afterwards this extraction solution was concen-
trated by centrifugation, by which means 1.9 kg of aque-
ous phase, 4.5 kg of the phase of insoluble residues and
37 kg of extract containing PHAs were obtained. By dry-
ing the phase of insoluble residues at 80 °C, 0.42 kg of
insoluble residues with PHAs content of 32.1 % were
obtained.

[0040] The extract containing PHAs was sprayed
through a nozzle to a stirred vessel having a capacity of
200 | with water heated to 80 °C, in which PHA precipi-
tated in the form of flakes of the mean size of about 7
mm. The resultant suspension was subsequently filtered
through a nutch filter and the filtered particles were dried
at a temperature of 80 °C, by which means 1.15 kg of
PHAs was obtained with the purity of 90.6 % (which rep-
resents 88 % yield).

[0041] As the foregoing examples show, the method
of isolation of PHAs from biomass according to the in-
vention results in a significantly higher degree of purity
of PHAs (approximately by 8 to 9 %), with considerably
higher yields (approximately by 10 %), and at the same
time leads to the formation of substantially smaller par-
ticles of PHA, which do not need to be further disintegrat-
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ed (having a diameter seven times smaller).

Claims

A method of isolation of polyhydroxyalkanoates from
biomass fermented by microorganisms producing
polyhydroxyalkanoates and/or from biomass con-
taining at least one crop-plant producing polyhy-
droxyalkanoates in which from the biomass which -
if fermented - is first inspissated by isolation from a
fermentation medium to a dry matter content of at
least20%, polyhydroxyalkanoates are extracted into
an extraction agent based on chlorinated hydrocar-
bon, whereupon an extract is separated from the ex-
traction solution thus obtained and after removing
the extraction agent from this extract polyhydroxyal-
kanoates precipitate, characterized in that before
the extraction of the polyhydroxyalkanoates from the
biomass by means of an extraction agent based on
alkyl alcohol having 2 to 4 carbon atoms in the chain,
which is added to the biomass in a weight ratio bio-
mass.extraction agentfrom 1:0.5to 1:5, components
of the biomass other than polyhydroxyalkanoates
are extracted, whereby this extraction is carried out
for 5 to 90 minutes at a temperature in the range of
20t0 120 °C, whereupon the extract containing these
components of the biomass is separated from the
extraction solution thus obtained by filtration and/or
decantation and/or centrifugation and the remainder
of the extraction agent is removed from the solid
phase by distillation from an aqueous solution or by
stripping with water vapour or by drying, and poly-
hydroxyalkanoates are extracted from the solid
phase thus pre-cleaned by an extraction agent
based on chlorinated hydrocarbon, which is added
to it in a weight ratio biomass:extraction agent from
1:5 to 1:20, whereby this extraction operation is car-
ried out for 5 to 90 minutes, at a temperature in the
range of 20 to 120 °C, whereupon the extract con-
taining the polyhydroxyalkanoates is separated by
filtration and/or decantation and/or centrifugation
from the extraction solution thus prepared, and this
extract is subsequently fed or is continuously fed to
a circulation loop filled with water having a temper-
ature from 20 to 120 °C, or, as the case may be, with
a mixture made from water and from up to 20 % by
weight of the extraction agent based on chlorinated
hydrocarbon used for the extraction of polyhydroxy-
alkanoates, by which means the extraction agent is
removed from this extract and polyhydroxyal-
kanoates precipitate.

The method of isolation of polyhydroxyalkanoates
from biomass according to the Claim 1, character-
ized in that the extraction using an extraction agent
based on alkyl alcohol having 2 to 4 carbon atoms
inthe chainruns in at least two stages, each of which
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10.

is carried out for 5 to 90 minutes, at a temperature
of 20 to 120 °C, whereby before each succeeding
stage the solid phase from the preceding stage is
concentrated by decantation and/or filtration and/or
centrifugation.

The method of isolation of polyhydroxyalkanoates
from biomass according to the Claim 2, character-
ized in that the individual stages of the extraction
are carried out in a mutually countercurrent opera-
tion.

The method of isolation of polyhydroxyalkanoates
from biomass according to any of the preceding
Claims, characterized in that the extraction agent
based on alkyl alcohol having 2 to 4 carbon atoms
in the chain is added to the biomass in a weight ratio
from 1:2 to 1:3.

The method of isolation of polyhydroxyalkanoates
from biomass according to any of the preceding
Claims, characterized in that extraction using an
extraction agent based on alkyl alcohol having 2 to
4 carbon atoms in the chain is carried out for 20 to
40 minutes.

The method of isolation of polyhydroxyalkanoates
from biomass according to any of the preceding
Claims, characterized in that the extraction agent
based on alkyl alcchol is an extraction agent from
the group of ethanol, propanol, isopropy! alcohol, bu-
tanol, isobutyl alcohol, tert-butyl alcohol and mix-
tures of at least two thereof.

The method of isolation of polyhydroxyalkanoates
from biomass according to any of the preceding
Claims, characterized in that extraction by means
of an extraction agent based on chlorinated hydro-
carbon runs in at least two stages, each of which is
carried out for 5 to 90 minutes, at a temperature of
20 to 120 °C, whereby after each stage insoluble
residues are separated from the extraction solution
by decantation and/or filtration and/or centrifugation.

The method of isolation of polyhydroxyalkanoates
from biomass according to the Claim 7, character-
ized in that the individual stages of the extraction
are carried out in a mutually countercurrent opera-
tion.

The method of isolation of polyhydroxyalkanoates
from biomass according to any of the preceding
Claims, characterized in that extraction by means
of an extraction agent based on chlorinated hydro-
carbon is carried out for 20 to 40 minutes.

The method of isolation of polyhydroxyalkanoates
from biomass according to any of the preceding
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Claims, characterized in that the extraction agent
based on chlorinated hydrocarbon is an extraction
agent from the group of dichlormethan, chloroform,
tetrachlormethan, dichlorethan, or a mixture of at
least two thereof.

The method of isolation of polyhydroxyalkanoates
from biomass according to any of the preceding
Claims, characterized in that the solid phase is di-
luted with water before the distillation of the extrac-
tion agentin aratio of 1:2 to 1:10 and distillation from
this aqueous solution is performed in a rectification
column at a pressure of 0.1 to 6 bar.

The method of isolation of polyhydroxyalkanoates
from biomass according to any of the Claims 1 to 10,
characterized in that stripping with water vapour is
carried out in a rectification column at a pressure 0.1
to 6 bar.

The method of isolation of polyhydroxyalkanoates
from biomass according to any of the preceding
Claims, characterized in that the extract containing
polyhydroxyalkanoates is prior to being fed into the
circulation loop concentrated by evaporating off the
extraction agent to reach a concentration of polyhy-
droxyalkanoates 5 to 10 %.

The method of isolation of polyhydroxyalkanoates
from biomass according to the Claim 13, character-
ized in that for evaporating off the extraction agent
based on chlorinated hydrocarbon in the circulation
loop, the condensation heat of the vapour of the ex-
traction agent obtained during the concentration of
the extract containing polyhydroxyalkanoates is uti-
lized.

Patentanspriiche

1.

Verfahren zur Isolation von Polyhydroxyalkanoaten
aus der durch Mikroorganismen fermentierten Bio-
masse, die die Polyhydroxyalkanoate produzieren,
und/oder aus der Biomasse, die mindestens eine
Frucht enthalt, die die Polyhydroxyalkanoate produ-
ziert, bei dem aus der Biomasse, die, wenn diese
fermentiert ist, zuerst durch die Isolation aus dem
Fermentationsmedium auf den Trockengehalt von
mindestens 20% verdichtet wird, die Polyhydroxyal-
kanoate in ein Extraktionsmittel auf Basis des chlo-
rierten Kohlenwasserstoffes extrahiert werden, wo-
nach aus dieser so gebildeten Extraktionslésung der
Extrakt abgetrennt wird, aus dem das Extraktions-
mittel entfernt wird und die Polyhydroxalkanoate
ausgefallt werden, dadurch gekennzeichnet, dass
vor der Extraktion der Polyhydroxyalkanoate aus der
Biomasse durch das Extraktionsmittel auf Alkylalko-
holbasis mit 2 bis 4 Kohlenstoffatomen in der Kette,
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die der Biomasse in einem Gewichtsverhaltnis Bio-
masse:Extraktionsmittel 1:0,5 bis 1:5 zugegeben
werden, andere Biomassenkomponenten als Poly-
hydroxyalkanoate extrahiert werden, wobei diese
Extraktion von 5 bis 90 Minuten bei der Temperatur
20 bis 120 °C verlauft, wonach aus der so gebildeten
Extraktionslésung durch Filtration und/oder Dekan-
tation und/oder Schleudern der Extrakt abgetrennt
wird, der diese Biomassenkomponenten enthalt und
aus der festen Phase durch Destillation aus der
wassrigen Losung oder durch Strippen durch Was-
serdampf oder durch Trocknen der festen Phase die
Rickstande des Extraktionsmittels entfernt werden,
und aus der so vorgereinigten festen Phase durch
das Extraktionsmittel auf Basis des chlorierten Koh-
lenwasserstoffes, das dazu in einem Gewichtsver-
haltnis Biomasse:Extraktionsmittel 1:5 bis 1:20 zu-
gegeben wird, die Polyhydroxyalkanoate extrahiert
werden, wobei diese Extraktion von 5 bis 90 Minuten
bei der Temperatur 20 bis 120 °C verlauft, wonach
aus der so gebildeten Extraktionslésung durch die
Filtration und/oder Dekantation und/oder Schleu-
dern der Extrakt abgetrennt wird, der Polyhydroxy-
alkanoate enthalt, der in eine Zirkulationsschleife
eingefihrt wird, die mit Wasser mit der Temperatur
von 20 bis 120 °C, bzw. Wassermischung und bis
zu 20 Gewichts-% des Extraktionsmittels auf Basis
des chlorierten zur Extraktion von Polyhydroxyalka-
noaten verwendeten Kohlenwasserstoffes ausge-
flllt ist, wodurch das Extraktionsmittel aus diesem
Extrakt entfernt wird und die Polyhydroxyalkanoate
ausgefallt werden.

Verfahren zur Isolation von Polyhydroxyalkanoaten
aus der Biomasse nach dem Anspruch 1, dadurch
gekennzeichnet, dass die Extraktion durch das Ex-
traktionsmittel auf Alkylalkoholbasis mit 2 bis 4 Koh-
lenstoffatomen in mindestens zwei Stufen verlauft,
von denen jede 5 bis 90 Minuten bei der Temperatur
von 20 bis 120 °C verlauft, wobei vor jeder folgenden
Stufe der Extrakt aus der vorherigen Stufe durch De-
kantation und/oder Filtration und/oder Schleudern
konzentriert wird.

Verfahren zur Isolation von Polyhydroxyalkanoaten
aus der Biomasse nach dem Anspruch 2, dadurch
gekennzeichnet, dass einzelne Extraktionsstufen
in einer gegenseitigen Gegenstromanordnung be-
trieben werden.

Verfahren zur Isolation von Polyhydroxyalkanoaten
aus der Biomasse nach einem der vorhergehenden
Anspriche, dadurch gekennzeichnet, dass das
Extraktionsmittel auf Alkylalkoholbasis mit 2 bis 4
Kohlestoffatomen in der Kette, das der Biomasse in
einem Gewichtsverhaltnis Biomasse:Extraktions-
mittel 1:2 bis 1:3 zugegeben wird.
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Verfahren zur Isolation von Polyhydroxyalkanoaten
aus der Biomasse nach einem der vorhergehenden
Anspriche, dadurch gekennzeichnet, dass die
Extraktion durch das Extraktionsmittel auf Alkylalko-
holbasis mit 2 bis 4 Kohlenstoffatomen in der Kette
20 bis 40 Minuten verlauft.

Verfahren zur Isolation von Polyhydroxyalkanoaten
aus der Biomasse nach einem der vorhergehenden
Anspriche, dadurch gekennzeichnet, dass das
Extraktionsmittel auf Alkylalkoholbasis durch ein Ex-
traktionsmittel aus der Gruppe Ethanol, Propanol,
Isopropylalkohol, Butanol, Isobutylalkohol, terz. Bu-
tylalkohol, Gemisch von mindestens zwei von ihnen
gebildet wird.

Verfahren zur Isolation von Polyhydroxyalkanoaten
aus der Biomasse nach einem der vorhergehenden
Anspriche, dadurch gekennzeichnet, dass die
Extraktion durch das Extraktionsmittel auf Basis des
chlorierten Kohlenwasserstoffes in mindestens zwei
Stufen verlauft, von denen jede 5 bis 90 Minuten bei
der Temperatur von 20 bis 120 °C verlauft, wobei
nach jeder Stufe aus der Extraktionsldsung durch
Dekantation und/oder Filtration und/oder Schleu-
dern die unidslichen Rickstdnde abgetrennt wer-
den.

Verfahren zur Isolation von Polyhydroxyalkanoaten
aus der Biomasse nach dem Anspruch 7, dadurch
gekennzeichnet, dass die einzelnen Extraktions-
stufen in einer gegenseitigen Gegenstromanord-
nung betrieben werden.

Verfahren zur Isolation von Polyhydroxyalkanoaten
aus der Biomasse nach einem der vorhergehenden
Anspriche, dadurch gekennzeichnet, dass die
Extraktion durch das Extraktionsmittel auf Basis des
chlorierten Kohlenwasserstoffes 20 bis 40 Minuten
verlauft.

Verfahren zur Isolation von Polyhydroxyalkanoaten
aus der Biomasse nach einem der vorhergehenden
Anspriche, dadurch gekennzeichnet, dass das
Extraktionsmittel auf Basis des chlorierten Kohlen-
wasserstoffes durch ein Extraktionsmittel aus der
Gruppe Dichlormethan, Chloroform, Tetrachlorme-
than, Dichlorethan, Gemisch von mindestens zwei
von ihnen gebildet wird.

Verfahren zur Isolation von Polyhydroxyalkanoaten
aus der Biomasse nach einem der vorhergehenden
Anspriiche, dadurch gekennzeichnet, dass die
feste Phase vor der Destillation des Extraktionsmit-
tels mit Wasser im Verhéltnis Biomasse/Wasser 1:2
bis 1:10 verdiinnt wird und die Destillation aus dieser
wassrigen Lésung in einer Rektifizierkolonne bei ei-
nem Druck von 0,1 bis 6 bar durchgefuhrt wird.
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12.

13.

14.

Verfahren zur Isolation von Polyhydroxyalkanoaten
aus der Biomasse nach einem der Anspriiche 1 bis
10, dadurch gekennzeichnet, dass das Strippen
durch Wasserdampf in einer Rektifizierkolonne bei
einem Druck von 0,1 bis 6 bar durchgefiihrt wird.

Verfahren zur Isolation von Polyhydroxyalkanoaten
aus der Biomasse nach einem der vorhergehenden
Anspriche, dadurch gekennzeichnet, dass der die
Polyhydroxyalkanoate enthaltende Extrakt vor der
Einleitung in die Zirkulationsschleife durch das Ver-
dampfen des Extraktionsmittels auf die Polyhydrox-
yalkanoat-Konzentration von 5 bis 10 % konzentriert
wird.

Verfahren zur Isolation von Polyhydroxyalkanoaten
aus der Biomasse nach dem Anspruch 13, dadurch
gekennzeichnet, dass zum Verdampfen des Ex-
traktionsmittels auf Basis des chlorierten Kohlen-
wasserstoffes in der Zirkulationsschleife die Kon-
densationswarme der Dampfe des Extraktionsmit-
tels genutzt wird, die bei der Konzentrierung des die
Polyhydroxyalkanoate enthaltenden Extraktes ge-
wonnen wird.

Revendications

Procédé d’isolement de polyhydroxyalcanoates a
partir de la biomasse fermentée par des microorga-
nismes qui sont producteurs de polyhydroxyalca-
noates et/ ou a partir de la biomasse comprenante
au moins une culture productrice de polyhydroxyal-
canoate, dans lequel a partir de la biomasse qui, une
fois fermentée, estd’abord concentrée par I'isolation
a partir du moyen de la fermentation jusqu'a d’ une
teneur d’au moins 20% en matiére séche, les poly-
hydroxyalcanoates sont extraits dans lagent d'ex-
traction sur la base des hydrocarbures chlorés,
aprés ca on sépare de la solution ainsi formée I'ex-
trait a partir duquel 'agent d’extraction est éliminé
et les polyhydroxyalcanes sont précipités, caracté-
risé en ce qu’avant 'extraction des polyhydroxyal-
canoates de la biomasse a I'aide de 'agent d’extrac-
tion sur la base d’un alcool alkylique avec de 2 & 4
atomes dans la chaine qui est ajouté a la biomasse
dans un rapport biomasse: agent d’extraction de
1:0,5 a 1:5 on extrait les composants autres que les
polyhydroxyalcanes, tandis que cette extraction s’ef-
fectue pendant de 5 a2 90 minutes a une température
de 20 a 120 ° C, puis de la solution d’extraction ainsi
formée on sépare par |a filtration et/ ou décantation
et / ou centrifugation 'extrait contenant ces compo-
sants de la biomasse etde la phase solide on élimine
par la distillation de la solution aqueuse ou par le
strippage a la vapeur d’eau ou par le séchage de la
phase solide les résidus de 'agent d’extraction et a
partir de la phase solide pré-purifiée de cette manié-
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re al'aide d’'un agent d’extraction surla base de 'hy-
drocarbure chloré qui y est ajouté dans un rapport
pondéral biomasse: agent d’extractionde 1:5a 1:20
onextrait les polyhydroxyalcanoates, tandis que cet-
te extraction a lieu pendant une durée de 5 a 90
minutes a une température de 20 a 120 ° C puis on
sépare de la solution d’extraction ainsi formée par
filtration et/ ou décantation et/ ou centrifugation l'ex-
trait contenant des polyhydroxyalcénoates, qui est
introduit/ sera introduit dans une boucle circulaire
remplie d’eau a une température de 20 a 120 ° C,
éventuellement avec un mélange d'eau et jusqu’a
20% en poids de lagent d’extraction sur labase d’hy-
drocarbures chlorés utilisé pour I'extraction des po-
lyhydroxyalcanoates, ce qui permetd’éliminer de cet
extrait 'agent d’extraction et de précipiter les poly-
hydroxyalcanoates.

Procédé de I'isolement des polyhydroxyalcanoates
a partir de la biomasse selon la revendication 1, ca-
ractérisé en ce que 'extraction avec un agentd’ex-
traction sur la base de I'alcool alkyliqgue avecde 2 a
4 atomes du carbone se déroule en au moins deux
étapes, dont chacune a lieu pendant de 5 a 90 mi-
nutes dans la température de 20 a 120 ° C, tandis
gu'avant chaque étape suivante I'extrait de 'étape
précédente est concentré par décantation et/ou fil-
tration et/ou centrifugation.

Procédé de l'isolement des polyhydroxyalcanoates
a partir de la biomasse selon larevendication 2, ca-
ractérisé en ce que les étapes d’extraction indivi-
duelles sont mises en oeuvre dans un arrangement
a contre-courant.

Procédé d’isclement de polyhydroxyalcanoates a
partir de la biomasse selon 'une quelconque des
revendications précédentes, caractérisé en ce que
I'agent d’extraction sur la base de I'alcool alkylique
avec de 2 a4 atomes du carbone dans la chalne qui
est ajouté a la biomasse dans un rapport biomas-
se:agent d’extraction de 1:2 3 1:3.

Procédé d’isclement de polyhydroxyalcanoates a
partir de la biomasse selon 'une quelconque des
revendications précédentes, caractérisé en ce que
I'extraction avec un agent d’extraction sur la base
d’alcool alkylique avec de 2 a 4 atomes du carbone
dans la chaine a lieu pendant de 20 a 40 minutes.

Procédé d’isclement de polyhydroxyalcanoates a
partir de la biomasse selon 'une quelconque des
revendications précédentes, caractérisé en ce que
I'agentd’extraction sur la base d’alcool est formé par
unagentd’extraction du groupe d’éthanol, de propa-
nol, d’isopropancl, de butanol, d’alcool isobutylique,
d‘alcool tert-butylique, de mélange d'au moins deux
d’entre eux.
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12.

13.

14.

Procédé d’isolement de polyhydroxyalcanoates a
partir de la biomasse selon 'une quelconque des
revendications précédentes, caractérisé en ce que
I'extraction avec I'agent d’extraction sur la base de
I'hydrocarbure chloré se déroule en au moins deux
étapes, chacune a lieu pendant de 5 a 20 minutes
dans la température de 20 a 120 ° C, tandis que
aprés chaque étape les résidus insolubles sont sé-
parés de la solution d’extraction par décantation
et/ou par filtration et/ou par centrifugation.

Procédé d’isolement de polyhydroxyalcanoates a
partir de la biomasse selon la revendication 7, ca-
ractérisé en ce que les étapes d’extraction indivi-
duelles sont mises en oeuvre dans un arrangement
a contre-courant.

Procédé d’isolement de polyhydroxyalcanoates a
partir de la biomasse selon 'une quelconque des
revendications précédentes, caractérisé en ce que
I'extraction avec I'agent d’extraction sur la base de
I'hydrocarbure chloré a lieu pendant de 20 a 40 mi-
nutes.

Procédé d’isolement de polyhydroxyalcanoates a
partir de la biomasse selon 'une quelconque des
revendications précédentes, caractérisé en ce que
'agent d’extraction sur la base de I'hydrocarbure
chloré est constitué d'un agent d’extraction choisi
dans le groupe constitué par le dichlorométhane, le
chloroforme, le tétrachlorure de carbone, le dichlo-
roéthane, le mélange d’au moins deux d'entre eux.

Procédé d’isolement de polyhydroxyalcanoates de
la biomasse selon I'une quelconque des revendica-
tions précédentes, caractérisé en ce que la phase
solide est diluée avec de I'eau dans le rapport bio-
masse: eau 1:2 a 1:10 avant distillation de 'agent
d’extraction et |la distillation de cette solution aqueu-
se est réalisée dans la colonne de rectification sous
pression de 0,1 a 6 bars.

Procédé d’isolement de polyhydroxyalcanoates a
partir de la biomasse selon 'une quelconque des
revendications 1a 10, caractériséen ce que le strip-
page alavapeurd’eau esteffectué dans une colonne
de rectification sous pression de 0,1 & 6 bars.

Procédé d’isolement de polyhydroxyalcanoates a
partir de la biomasse selon 'une quelconque des
revendications précédentes, caractérisé en ce que
I'extrait contenant des polyhydroxyalcanoates avant
son introduction dans la boucle circulante.est con-
centré par évaporation de 'agent d’extraction a une
concentration de polyhydroxyalcanocates de 5 a
10%.

Procédé d’isolement de polyhydroxyalcanoates a



19 EP 3 152 246 B1

partir de la biomasse selon la revendication 13, ca-
ractérisé en ce que pour 'évaporation de 'agent
d'extraction sur la base de 'hydrocarbures chlorés
dans la boucle circulante on utilise la chaleur de con-
densation de la vapeur de I'agent d’extraction obte-
nue par concentration de l'extrait contenant les po-
lyhydroxyalcanoates.
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ABSTRACT: Cyclohexanol is an important intermediate in
production of adipic acid and é&-caprolactam. On the industrial
scale, cyclohexanol is produced by several methods that suffer from )
considerable drawbacks, such as a low conversion of the initial ™
substance, low selectivity of the process, or explosion risks in the ) / .
oxidation unit. To design a new process of indirect hydration of =\
cyclohexene in the presence of formic acid, it is necessary to know

cHoL cHoL
\ /N + exp.data

~NRTL

+ UNIQUAC

WATER ~ CHF  WATER CHF

the given system properties. In this paper, the data of liquid—liquid

equilibrium (LLE) are presented for the system of cyclohexanol + water + cyclohexyl formate under atmospheric pressure and
within a temperature range from 298.2 to 338.2 K. The experiments were conducted in a temperature-controlled glass cell and
the received data were correlated with the nonrandom two-liquid (NRTL) and universal quasichemical equations in order to
obtain binary interaction parameters describing LLE of the given system. The measured data accuracy was specified by the
Bachman and Othmer—Tobias equations. The data fitting accuracy was evaluated by the use of the calculated average absolute
deviation and the root-mean-square-error values. The NRTL model obtained in this work was compared to a previous
published model. The model obtained in this work significantly improves the prediction of ternary data at elevated

temperatures.

B INTRODUCTION

Cyclic alcohols represent a group of substances widely used in
the chemical industry. In terms of the production capacity, the
most significant representative of this group is cyclohexanol
(CHOL), which is used as a solvent in various chemical
manufactures and, in particular, as an intermediate in
production of adipic acid and e-caprolactam, that is, the
products from which polyamide fibers, such as polyamide 6
and 6,6, are produced.

On the industrial scale, cyclohexanol is produced in three
ways. The oldest one is the process of phenol hydrogenation,
which is admittedly not competitive in financial terms today,
because the process economy is strongly affected by the high
price of the starting feedstock in a comparison with other
processes that directly use benzene as a feed material.
Nowadays, the largest part of CHOL is produced by oxidation
of cyclohexane. However, this process suffers from its low
selectivity, which is caused by the higher reactivity of primary
oxidation products (cyclohexanol and cyclohexanone) to
further oxidation in a comparison with the initial cyclohexane.
In practice this means that it is necessary to proceed at a low
conversion level of cyclohexane (4 to 6%)," and this
unfortunately brings an increased demand for recycling large
quantities of unreacted raw material, which in turn leads to an
increased energy demand. Another drawback of this process
consists of the explosion risk in the oxidation unit, which will
be forever reminded by the accident in Flixborough (England)
in 1974, where the cyclohexane oxidation reactor exploded

-4 ACS Publications  © 2019 American Chemical Society
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resulting in a complete destruction of the production unit and
a toll of casualties. In 1989, Asahi’ developed the process of
direct Cyclohexene hydration in the presence of a zeolite
catalyst.” The process takes place at a low conversion level of
cyclohexene (10 to 12%), which is the result of the
disadvantageous position of the chemical equilibrium in this
system, which leads, just as with the previous cases, to
increased costs connected with the recycling of the unreacted
feed material.

The problems related with operations of the above-
mentioned processes are solved with the newly studied
method of indirect hydration of cyclic alkene. Mihaila® studied
the possibility of using sulfuric acid as a reactive entrainer;
however, the disadvantages of its use is high due to its
corrosiveness and formation of sulfates as byproducts that
must be separated from the system. Steyer et al.”® published
the use of formic acid (FA) as a reactive entrainer. In the first
step (eq 1), formic acid is added on cyclohexene (CHE) and
resulting cyclohexyl formate (CHF) is subsequently hydro-
lyzed with water to CHOL and FA (eq 2), where the latter can
be recycled. For the design of the process based on indirect
hydration of CHE, it is necessary to know the properties of the
given system that are then used in the reactor design and the
separation section design. As the studied system is a two-phase
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O L= O
o—n i (eq. 1)
T — (7 A

O/ " Ny (eq.2)

one, the LLE description is one of important properties. Steyer
et al.”® published the LLE data for the ternary systems of CHE
+ CHOL + water, CHOL + cyclohexane + water, CHOL +
water + CHF, CHE + CHF + FA, and water + CHF + FA
under atmospheric pressure and at the room temperature (295
K) and CHOL + water + FA at 278 K. The authors fitted the
data by the nonrandom two-liquid (NRTL)"® model in order
to obtain the binary interaction parameters (BIPs) of the
systems. Wang et al.” published the LLE of the ternary system
of water + CHE + CHOL at the temperatures of 303.2 to
403.2 K and correlated the obtained data by the NRTL model.
Gong et al.'' measured the LLE of the ternary system of water
+ CHOL + cyclohexanone at the temperatures of 303.2 to
333.2 K and correlated the obtained data by the NRTL and
universal quasichemical (UNIQUAC)"* models.

In the process design of the CHE indirect hydration,
operations are assumed at temperatures higher than those at
which the published data® have been measured. Although the
NRTL model is already published in the literature, it is
necessary to design a more complex model that involves the
data at elevated temperatures to reach a better prediction of
the LLE data. For this reason, this study objective is to
measure the LLE data for the system of CHOL + water + CHF
at elevated temperatures in the range from 298.2 to 338.2 K| to
fit those data with the NRTL and UNIQUAC regression
models, and to compare those models with the existing model
in the literature.

B EXPERIMENTAL SECTION

Materials. For the LLE experiments, cyclohexanol (99%,
Sigma-Aldrich) and demineralized water (UCT Prague) were
used without any further treatment. CHF was prepared by the
reactive distillation of CHOL and FA in the presence of
cyclohexane. The reactive distillation was conducted in the
excess of FA with the aim of obtaining the highest possible
conversion of CHOL. Cyclohexane forms with water a
heterogeneous azeotrope, which distills at the top of the
distillation column. There is a splitter installed, from where the
upper organic phase is returned back to the column, while the
lower aqueous phase is drawn off. The draw-off of the formed
water from the reaction system shifts the equilibrium toward
the esterification products, by which a higher conversion of
CHOL is achieved. The resulting mixture was distilled once
more in order to separate cyclohexane, excessive FA, and

unreacted CHOL. The obtained CHF purity was higher than
99%. The characterization of the used chemicals is listed in
Table 1.

Apparatus and Procedures. For measuring the LLE, a
battery of several duplicated glass cells with the internal
volume of 50 cm® was used. The cell layout is shown in Figure
1. In the cell jacket, water of known temperature circulated,

,5
6 N
4
.3
{ j\
8
—

Figure 1. A glass duplicated cell for measurements of LLE: (1)
magnetic stirrer, (2) heating jacket, (3) glass heated cap, (4) capillary
for sample taking (upper phase), (5) syringes, (6) capillary for sample
taking (lower phase), (7) thermostatic water in, (8) thermostatic
water out.

and it was controlled by the Julabo F 12 ED thermostat with
the accuracy of +0.1 K. During the calibration of the method,
the 0.5 K difference between temperature of circulating water
and requested temperature of the mixture in the cell was
found. Thus, the temperature of circulating water was set up
during experiments to the value 0.5 K higher than a requested
temperature of the mixture in the cell. The total pressure was
measured by Omega electronical barometer PX02K1—28AI-
MB with the accuracy of about 1 kPa. A defined composition
mixture of 30 cm® volume was fed to the cell. The cell was
closed with a glass cap, which was kept at the same
temperature as the cell body. After the sample temperature
in the cell was stabilized, the mixture was intensively agitated
with a magnetic stirrer so as good mixing of the water and
organic phases was achieved. After this, the mixture was
allowed at a standstill as long as needed in order to achieve
complete separation of the phases. Samples from the upper and

Table 1. Purity and Characterization of the Chemicals Used

chemical name source initial mole fraction purity
cyclohexanol Sigma-Aldrich 0.995
water UCT Prague 1
formic acid Penta Chemicals 0.98 p.a.
cyclohexane Sigma-Aldrich 0.995
tetrahydrofuran Penta Chemicals 0.998 p.a.
cyclohexyl formate UCT Prague

“Gas chromatography with a TCD detector.
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purification method final mole fraction purity analysis method
none
none
none
none
none
distillation 0.993 GC”

DOI: 10.1021/acs.jced.8b01104
J. Chem. Eng. Data 2019, 64, 1195—-1201


http://dx.doi.org/10.1021/acs.jced.8b01104

Journal of Chemical & Engineering Data

lower phases were taken by syringes, then diluted with
tetrahydrofuran and analyzed by gas chromatography with the
thermal-conductivity detector (GC-TCD).

Sample Analyses. The samples taken in this procedure
were analyzed by GC-TCD (apparatus: Shimadzu GC-17A).
The 30 m long DB-WAX column (manufacturer: J&W
Scientific) with the inner diameter of 0.32 mm and film
thickness of 0.25 ym was used. The temperature programming
was set to the initial temperature of 70 °C for the time of 4 min
and with a consequent growth in temperatures of 20 °C/min
up to the final temperature of 200 °C. The injector
temperature was set to 250 °C and the detector temperature
to 100 °C. Helium was used as carrier gas. The acquired results
were converted from the area percentages to the molar
percentages by the use of the calculated calibration coefficients
obtained from the analyses of mixtures of known compositions.

Calculations. For the calculation of BIPs, the Aspen Plus
simulation program was used. The LLE can be specified by
various equations that include nonideal behavior of substances
in the liquid phase. The nonideality in the liquid phase is
expressed by the activity coefficient values. In this study, the
activity coefficients were calculated by the use of the
nonrandom two-liquid (NRTL) and universal quasichemical
(UNIQUAC) equations that calculate the activity coefficients
based on the excess Gibbs free energy composed of a
combinational part and a residual part, which is dependent
on the shape and energy of molecules. The NRTL model is
specified in this paper as follows:

Iy = Z]- ijjiGﬁ + ijij . Em mem;‘G'ni
(3)
where
:
y=at o G =ew(-amn)  a=q
The UNIQUAC model is specified as follows:
ln)/izlnﬂ + iqiln—l —q Int/ — ‘1,-/2 }/] +1;
X 2 P; i
’ @
+9q - j Z xl;
i 4)

where
bij
Tijzexpaij+?, z = 10.

Quantitatively, the coherence of the experimental data was
estimated through the Bachman' (eq 5) and Othmer—
Tobias'* (eq 6) equations that are specified as follows:

1
1 Wl

W) = A—r + B,
W, (%)
1 - w! 1 - wh
ln[ I L } = Azln[inz + BZ
Wy w, (6)

where A, B,, A,, and AB, are the parameters of the Bachman
equation and the Othmer—Tobias equation, respectively. W} is
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the mass fraction of cyclohexanol in organic phase, W3 is the
mass fraction of water in aqueous phase.

The accuracy of the data fitting by the used NRTL and
UNIQUAC models was evaluated on the basis of the
calculated average absolute deviation (AAD) and root-mean-
square-error (RMSE) values for the temperature and molar
fractions that are specified by the following equations:

N
1
AAD(T) = 5 DT — 1
i=1

(7)
1« 1
AAD(x) = £ 3 ke - o)
V& (®)
1 N
RMSE(T) = \/— z (TeXP _ Tcal)z
G ©)
1 N
RMSE(xl) = \/— Z (xl_eXP _ xical)z
N3 (10)

where N is number of data points, T is temperature, and x; is
the molar fraction of the i component. The preceding
superscript exp and cal denote the experimental and calculated
values, respectively.

B RESULTS AND DISCUSSION

The LLE data of the system of CHOL (1) + Water (2) + CHF
(3) were measured under the atmospheric pressure (99.8 kPa)
and within the temperature range from 298.2 to 338.2 K. The
results in molar fractions are shown in Table 2. On the basis of
the measured data, the parameter values in the Bachman and
Othmer—Tobias equations have been calculated. The values of
parameters are shown in Table 3, from which it is evident that
the values of the R* correlation coefficient are nearing to the
unity, which indicates a good degree of consistency of the
experimental data. R* is the coefficient of determination that
represents the proportion of the variance in the dependent
variable that is predictable from the independent variables. The
experimental data coherence measured in this paper at the
room temperature is slightly better than the previously
published data by Steyer et al.” The details of the correlations
with Bachman and Othmer—Tobias equations are also plotted
in Figures 2 and 3.

The data acquired in this study at the temperature of 298.2
K are compared with the earlier published data® in Figure 4.
The acquired data are in good agreement, which means that
the experimental methodology used in this study complies with
the earlier published experiments. In the course of these
experiments, the formic acid concentration was monitored, as
this acid may be formed by hydrolysis of CHF. Because of the
presence of FA, the equilibrium of the studied ternary system
might be influenced. However, no presence of FA in the
mixture samples was detected by the GC-TCD method after
the sufficient time for settling of the phases. To verify the
system behavior further, the samples were kept for another 24
h and then sampled at that time and analyzed again. FA in the
reaction mixture was detected, but it fluctuated after 24 h
within the range from 0.1% to 0.5%, depending on the
temperature. For these reasons, it can be therefore claimed that
during the experiment and after sufficient time for complete
settling of the phases, the FA presence in the mixture

DOI: 10.1021/acs.jced.8b01104
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Table 2. Experimental LLE Data (Mole Fraction) For the
Ternary System CHOL (1) + Water (2) + CHF (3) at
298.2—338.2 K and Atmospheric Pressure 99.8 kPa“”

organic phase' aqueous phase'!

T/K x x o 2 o xy
298.2 0.5616 0.4381 0.0003 0.0064 0.9936 0.0000
0.5391 0.3992 0.0617 0.0057 0.9942 0.0001
0.5071 0.3630 0.1299 0.0052 0.9946 0.0002
0.4694 0.3171 0.2135 0.0046 0.9951 0.0003
0.4013 0.2587 0.3399 0.0043 0.9954 0.0003
0.3355 0.2137 0.4508 0.0039 0.9957 0.0004
0.2371 0.140S5 0.6224 0.0031 0.9965 0.0005
0.1677 0.1030 0.7294 0.0025 0.9971 0.0004
0.0903 0.0676 0.8421 0.0016 0.9980 0.0004
0.0051 0.0404 0.9546 0.0001 0.9995 0.0004
308.2 0.5591 0.4406 0.0003 0.0059 0.9941 0.0000
0.5351 0.4036 0.0613 0.0051 0.9948 0.0001
0.5020 0.3694 0.1286 0.0045 0.9953 0.0002
0.4640 0.3250 0.2109 0.0040 0.9958 0.0002
0.3980 0.2660 0.3360 0.0038 0.9960 0.0003
0.3346 0.2194 0.4459 0.0034 0.9962 0.0004
0.2363 0.1492 0.6145 0.0027 0.9969 0.0004
0.1689 0.1111 0.7200 0.0022 0.9974 0.0003
0.0911 0.0763 0.8326 0.0014 0.9983 0.0003
0.0056 0.0473 0.9471 0.0001 0.9995 0.0004
318.2 0.5546 0.4452 0.0003 0.0053 0.9947 0.0000
0.5327 0.4066 0.0607 0.0048 0.9951 0.0001
0.4989 0.3737 0.1274 0.0042 0.9957 0.0002
0.4627 0.3295 0.2078 0.0037 0.9960 0.0002
0.3984 0.2706 0.3310 0.0035 0.9963 0.0003
0.3356 0.2259 0.4385 0.0031 0.9966 0.0004
0.2356 0.1556 0.6088 0.0024 0.9972 0.0004
0.1691 0.1192 0.7117 0.0020 0.9977 0.0003
0.0912 0.0841 0.8246 0.0012 0.9985 0.0003
0.0063 0.0574 0.9363 0.0001 0.9995 0.0004
3282 0.5518 0.4479 0.0003 0.0052 0.9948 0.0000
0.5303 0.4097 0.0600 0.0046 0.9953 0.0001
0.4961 0.3786 0.1253 0.0041 0.9958 0.0001
0.4618 0.3329 0.2053 0.0036 0.9962 0.0002
0.3955 0.2747 0.3297 0.0033 0.9964 0.0003
0.3318 0.2331 0.4351 0.0029 0.9968 0.0003
0.2370 0.1602 0.6029 0.0023 0.9974 0.0003
0.1725 0.1261 0.7015 0.0018 0.9979 0.0003
0.0934 0.0950 0.8116 0.0011 0.9986 0.0003
0.0053 0.0661 0.9286 0.0001 0.9996 0.0004
338.2 0.5471 0.4526 0.0003 0.0051 0.9949 0.0000
0.5284 0.4120 0.0595 0.0045 0.9954 0.0001
0.4961 0.3792 0.1247 0.0040 0.9959 0.0001
0.4579 0.3395 0.2027 0.0036 0.9963 0.0002
0.3943 0.2783 0.3273 0.0033 0.9965 0.0002
0.3327 0.2419 0.4254 0.0027 0.9970 0.0003
0.2396 0.1660 0.5944 0.0021 0.9976 0.0003
0.1645 0.1334 0.7021 0.0016 0.9981 0.0003
0.0866 0.1024 0.8110 0.0009 0.9988 0.0003
0.0058 0.0765 0.9177 0.0002 0.9995 0.0003

“Standard uncertainties, u, were u(T) = 0.1 K, u(P) = 1 kPa, u(x') =
0.003, and u(x") = 0.0002.

influences the equilibrium of the CHOL + Water + CHF
system at a negligible extent. In Figure S, the binodal curve
shape of the organic phase is presented in the temperature
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Table 3. Parameters of the Bachman and Othmer—Tobias
Equations for the CHOL + Water + CHF Ternary System”

Bachman equation Othmer-Tobias equation

T/K A, B, R? A, B, R?

2982 09660  0.0024 09999  —2.941  —10.832  0.9388
3082 09691  0.0024 09999  —3.077 —11.725  0.9543
3182 09716  0.0022 09999  —3.004 —11.715  0.9544
3282 09722 0.0023 09999  —3.090 —12.200  0.9702
3382 09725  0.0024 09999  —3.119 —12.443  0.9789
295? 09655  0.0031 09999 —3.591  —12.986  0.9369

“R?* is the correlation coefficient. bExperimental
Steyer et al.®

data published by

0.9
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Figure 2. Bachman equation plots of the CHOL + water + CHF
ternary system: green @, green line, 298.2 K; red @, red line, 308.2 K;
blue @, blue line, 318.2 K; yellow @, yellow line, 328.2 K; black @,
black line, 338.2 K; white O, gray line, Steyer et al. at 295 K.
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Figure 3. Othmer—Tobias equation plots of the CHOL + water +
CHF ternary system: green @, green line, 298.2 K; red @, red line,
308.2 K; blue @, blue line, 318.2 K; yellow @, yellow line, 328.2 K;
black @, black line, 338.2 K; white O, gray line, Steyer et al. at 295 K.

dependence. It can be seen that with the growing temperature,
the homogeneous area of the given ternary system also grows.

DOI: 10.1021/acs.jced.8b01104
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CHOL

WATER CHF

Figure 4. Comparison of measured experimental data: green @, 298.2
K, this work; red @, 295 K, Steyer et al®
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Figure S. Dependence of the binodal curve on temperature: green @,
green line, 298.2 K; red @, red line, 308.2 K; blue @, blue line, 318.2
K; yellow @, yellow line, 328.2 K; black @, black line, 338.2 K.
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Figure 6. Comparison of water solubility in CHF at various
temperatures: green @, exp. data this work; red @, exp. data by
Stephenson and Stuart;'® white O, exp. data by Steyer et al.®
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CHOL
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Figure 7. Regression of experimental data at 298.2 K various models:
green @, green solid line, exp. data this work; red @, red solid line,
NRTL this work; black @, black dashed line, UNIQUAC this work,
blue solid line, NRTL by Steyer et al.®

CHOL

WATER CHF

Figure 8. Regression of experimental data at 338.2 K various models:
green @, green solid line, exp. data this work; red @, red solid line,
NRTL this work; black @, black dashed line, UNIQUAC this work,
blue solid line, NRTL by Steyer et al.®

Moreover, the solubility of water in CHF was also compared
with the already published results.”'® As can be seen from
Figure 6, the data performed by Stephenson and Stuart™ are
significantly different in a comparison with the data from this
work and Steyer et al.® This observation could be explained by
a 95% purity of used CHF in Stephenson and Stuart'® work.
Thus, the mutual solubility of water and CHF might be
influenced by the impurities in CHF that are not specified.

The acquired data of molar fractions were fitted in a
simulation program with the use of the NRTL and UNIQUAC
regression models. Figures 7 and 8 show the ternary diagrams
with the data measured at various temperatures together with
the relevant tie-lines and the binodal curves.

In Table 4, the acquired values of the BIPs for the models
describing the activity coeflicients are shown. The fitting
accuracy of experimental data was evaluated according to the
calculated AAD and RMSE values for the temperature and the
molar fractions. The resulting values of AAD and RMSE are
summarized in Table 5. On the basis of the acquired AAD
data, it is possible to claim that the UNIQUAC model

DOI: 10.1021/acs.jced.8b01104
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Table 4. Optimized NRTL and UNIQUAC Binary Interaction Parameters for the Ternary System CHOL (1) + Water (2) +

CHF (3)
i j a; aji b;/K b;/K <y
NRTL Model
water CHF 7.786 —1.239 —333.768 1201.700 0.3
CHOL water —0.404 6.685 130.30S —550.286 0.3
CHOL CHF —3.118 7.308 909.329 —1808.400 0.695
UNIQUAC Model
water CHF —1.630 2.732 345.258 —1346.560
CHOL water 1.184 —2.461 —354.982 496.161
CHOL CHF 4.542 —3.575 —1518.730 1110.150
Table S. Values of RMSE and AAD Calculated for NRTL and UNIQUAC Models
CHOL water CHF
RMSE AAD RMSE AAD RMSE AAD AAD (T) RMSE (T)
NRTL Model
organic phase 0.0065 0.0047 0.0040 0.0033 0.0045 0.0031 0.0123 0.0210
aqueous phase 0.0004 0.0003 0.0004 0.0003 0.0000 0.0000
UNIQUAC Model
organic phase 0.0047 0.0035 0.0039 0.0031 0.0041 0.0027 0.0136 0.0221
aqueous phase 0.0002 0.0001 0.0002 0.0001 0.0000 0.0000

Table 6. NRTL Binary Interaction Parameters for the
Ternary System CHOL + Water + CHF Performed by
Steyer et al.®

i j by/J mol ™! b;i/J mol ™! ¢
water CHF 15899.1 5877.86 0.287
CHOL water 1336.76 10959.4 0.3597
CHOL CHF 1540.33 337.622 0.3134

Table 7. Experimental Values of Mutual Solubility of the
Binary System CHOL (1) + Water (2) Published in the
Literature at Various Temperature

organic phase' aqueous phase'

11

T/K a x5 x! x5 source

29S8 0.5460 0.4540 0.0063 0.9937  Steyer et al”

298.2 0.0069 0.9931  Bermudez-Salguero
et al.'

303.2 0.5796 0.4204 0.0067 0.9933  Wang et al’

323.2 0.5955 0.4045 0.0057 0.9943  Wang et al’

Table 8. Prediction of Binary Data Solubility of CHOL (1)
+ Water (2) System by Various NRTL Models at 298.2 and
338.2 K

organic phase' aqueous phase'!

T/K model x x xl o

298.2 Steyer et al® 0.5557 0.4443 0.0070 0.9930
this work 0.5625 0.4375 0.0062 0.9938

338.2 Steyer et al® 0.5497 0.4503 0.0140 0.9860
this work 0.5481 0.4519 0.0050 0.9950

describes more accurately the experimental data acquired
within the framework of this study.

For the system CHOL + water + CHF, the NRTL model is
published in the literature.” The calculated BIPs of the system
are listed in Table 6. The parameters b;; and b;; of the model
were recalculated from J mol™" units into temperature units
and the model was tested for the data prediction at elevated
temperatures in Aspen Plus. At first, the data prediction by the
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model was tested for the binary system CHOL + water.
According to the data in this work and from the literature”
(Table 7), the solubility of CHOL in the aqueous phase is
lower at elevated temperature. Nevertheless, the NRTL model
performed by Steyer et al.® predicts a higher concentration of
CHOL in the aqueous phase at elevated temperatures, that is
in contradiction with the NRTL model from this work and the
measured data. The parameters of the NRTL model performed
by Steyer et al.® are calculated based on the measurements at a
single temperature, thus, the conformity of the model and the
data at 298.2 K is sufficient, but it cannot predict the data
reasonably well at elevated temperatures, such as 338.2 K, that
is evident in Table 8. The relative error of the NRTL model
data at 338.2 K prediction by Steyer et al.” is about 174% in a
comparison with the experimental value of CHOL concen-
tration in the aqueous phase. The difference of the predicted
CHOL concentration in the aqueous phase significantly affects
the design of a separation unit.

The difference of data prediction for both models is even
more significant for the ternary system CHOL + water + CHF.
Same as binary system CHOL + water, the conformity of both
NRTL models with the measured data at 298.2 K is sufficient
(Figure 7). Unfortunately, the data prediction of the models
for 3382 K is significantly different. The NRTL model
performed by Steyer et al.* does not fit the measured data at
338.2 K reasonably well (Figure 8). For the design of the
separation section in technology of CHE indirect hydration in
the presence of FA, it is essential to reach a good conformity of
the used model and the data. The NRTL model by Steyer et
al.® does not follow this premise, so the use of this model for
elevated temperatures is conclusively limited.

Bl CONCLUSIONS

A new set of the LLE data is presented in this study for the
system of cyclohexanol + water + cyclohexyl formate under the
atmospheric pressure (99.8 kPa) and within the temperature
range from 298.2 to 338.2 K. The acquired data were fitted by
the NRTL and UNIQUAC models describing the activity
coefficients of individual components in the system. The
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measured data accuracy was obtained based on the Bachman
and Othmer—Tobias equations. By fitting the experimental
data, the binary interaction parameters were calculated for
individual models. On the basis of a comparison of the existing
model in the literature, measured data at elevated temper-
atures, and models performed in this work, a significantly
better prediction of the LLE equilibrium for the mentioned
system is reached by using the models presented in this work,
while the previous model published in the literature is
conclusively limited. The calculated values of BIPs in this
work should be used in the design of the cyclohexene indirect
hydration in the presence of formic acid process.
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ABSTRACT: Data of vapor—liquid equilibria are essential in the 407 !
design of a separation unit in the technology of cyclic alkene
indirect hydration in the presence of formic acid. This work aims at
measuring the vapor—liquid equilibria (VLE) data of the binary
systems cyclohexanol + cyclohexyl formate and cyclopentanol +
cyclopentyl formate under various pressures and to correlate these
data by nonrandom-two liquid and universal quasichemical models
to obtain binary interaction parameters that will be used for the
design of a distillation unit. According to the best of our knowledge,
the VLE of cyclopentanol + cyclopentyl formate binary system has
not been published in the literature. Furthermore, the accuracy of
the experimental data fitting for the system of cyclohexanol +
cyclohexyl formate was compared to a previously published model. Moreover, the model obtained in this work was tested for
data prediction under higher pressures, and good accuracy was achieved. Also, the thermodynamic consistency of the experimental
data was evaluated by Fredenslund test, and the data fitting accuracy was calculated based on average absolute deviation and
root-mean-square-error values.
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B INTRODUCTION universal quasichemical” (UNIQUAC) models in our previous
10 . . .
Cyclic alcohols are important intermediates in chemical paper. " The binary interaction parameters (BIPs) for CHOL +

production. Cyclohexanol (CHOL) is an important intermedi- CHF and CPOL + CPF systems, respectively, obtained by
. . N . the LLE data fitting are preferably used for the design of an
ate in the production of adipic acid and e-caprolactam that is fracti it St ¢ all! call d and
used for the production of polyamide fibers, such as polyamide extraction unit. Steyer et a experimentally measured an
6 or 66. On the industrial scale, CHOL is produced by oxidation subsequently correlated several VLE and LLE data for systems

of cyclohexane, hydrogenation of phenol, and direct hydration containing C6 components using the NRTL model. Unff)rtu—
of cyclohexene in the presence of a zeolite catalyst.” Cyclo- nately, the data for most of the systems are measured at a single

pentanol (CPOL) is an intermediate in the production of temperature of 295 K (LLE measurements) or under atmospheric
chemical specialties, such as pharmaceuticals, fungicides, or pressure (VLFI sze?lsgrefnents) .‘Thus, the prefilctlon of th.e .data
fragrances. Processes of direct cyclopentene hydration®* and by the: models s limited for its use ur}der different conditions,
direct transformation of furfural from biomass™® were studied. esp e}flailly for VL}I?I data due to a strongdmﬂuenfc e of temperature
Because of drawbacks of the processes, such as a bad selectivity, :))Irls:eri :’t; I;:;ft, r;i?izné}?jgx)ﬁfn;t:hseeti;;(ivl_eIrSIfJitteCc:il_gr
1on conversion level, or l'l.SkS.Wlth operations in th.e omdathn NRTL and UNIQUAC models to prove the suitability of the
unit, a new technology of indirect hydration of cyclic alkene in blished model' 2 for d der1 aditi
the presence of formic acid (FA) is studied. FA is added on cyclic Ia):colrsdii ntlco’ ce>ur be(s)tr k;;tgx::lt dere 0\\;Vf]r5p fleastzurs? iﬁea s 1::22;
alkene in the first step in the presence of an acid catalyst to g CPOL and CPF & din the ki A
roduce cyclohexyl formate (CHF) and cyclopentyl formate containing an are not presentec in the fiterature.
I()CPF) 0 ayhigh yxi};l a7 and they are subsequZntl)?hy drolyzed to These data will be useful for the design of the separation unit in
CHOL and CPOL, respectively. The final equilibrium mixture . -
of cyclic alcohol, cyclic formate, water, and formic acid has to be Received: ] uly. 29, 2019 e e—
treated in a separation unit. AccePted‘ Aprfl 15, 2020
Vapor—liquid (VLE) and liquid—liquid (LLE) equilibrium Published: April 28, 2020
data play an essential role in the design of the separation section.
The LLE of the ternary systems of CHOL + CHF + water were
measured and fitted by nonrandom-two liquid® (NRTL) and

© 2020 American Chemical Society https://dx.doi.org/10.1021/acs.jced.9b00746
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Table 1. Chemical Sample Table

chemical name CAS registry number source

initial mole fraction purity purification method final mole fraction purity

analysis method

cyclohexanol 108-93-0 Sigma-Aldrich 0.99 none
cyclopentanol 96-41-3 Sigma-Aldrich 0.99 none
cyclohexyl formate 4351-54-6 distillation 0.997 GC-MS*
cyclopentyl formate 62781-99-1 distillation 0.998 GC-MS*
tetrahydrofuran 109-99-9 Penta Chemicals 0.998 p.a. none
cyclohexane 110-82-7 Sigma-Aldrich 0.995 none
formic acid 64-18-6 Penta Chemicals 0.98 p.a. none

“Gas chromatography—mass spectrometry.

the technology of indirect hydration of cyclic alkene in the
presence of formic acid.

B EXPERIMENTAL SECTION

Materials. For the VLE experiments, CHOL (99%, Sigma-
Aldrich) and CPOL (99%, Sigma-Aldrich) were used without
any further treatment. CHF and CPF were prepared by the
reactive distillation of CHOL and CPOL, respectively, and FA.
The procedure is shown in detail in our previous work.'’ The
characterizations of the chemicals used are listed in Table 1.

Apparatus and Procedures. The experiments of VLE were
conducted in the apparatus shown in Figure 1. The liquid phase

to vacuum pump
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Figure 1. Apparatus for VLE experiments: (1) magnetic stirrer and
heater, (2) three-necked flask, (3) capillary for liquid phase sample
taking, (4, S) PT100 probe, (6) heating jacket, (7) place for condensed
vapor phase sample taking, (8) cooler.

was drawn off the three-necked flask and the vapor phase from a
location under the cooler, where all of the vapors condensed.
The apparatus was enveloped in a heating jacket to avoid the
partial condensation of vapors on the flask walls. The system
vapor pressure was measured by a precalibrated manometer
Vacuubrand DCP 3000 with VSK 3000 with accuracy +0.1 kPa.
The manometer was calibrated based on measurement of
the vapor pressure of pure demineralized water (conductivity
1.6 uS cm™') under atmospheric pressure that was measured by
precalibrated barometer Omega electronic barometer PX02K1-
28AI-MB with accuracy of 0.25% FS. The temperature measure-
ments were performed by ThermoWorks Precision Plus Ther-
mometer (accuracy +0.05 K) with PT100 probe with accuracy
of +0.03 K and resolution of 0.01 K. Samples from the upper
(distilled vapors) and lower (reboiler liquids) phases were taken

2292

by syringes, diluted with tetrahydrofuran, and analyzed by gas
chromatography with a flame ionization detector (GC-FID).
Before the measurements of CHOL + CHF and CPOL + CPF
systems, the methodology was verified on the measurement of
the vapor pressure of pure demineralized water (conductivity
1.6 4S cm™") under lower pressures and the detailed information
are presented in Table S1 in Supporting Information.

Sample Analyses. The samples taken in this procedure
were analyzed by GC-FID (chromatography system: Shimadzu
GC-2010). A 60 m long DB-S column (manufacturer: J&W
Scientific) with the inner diameter of 0.32 mm and film thickness
of 1 um was used. The temperature programming was set to the
temperature of 150 °C for the time of 10 min. The temperatures
of detector and injector were set to 250 °C. Helium was used as a
carrier gas. The acquired results were converted from the area
percentages to the molar percentages by the use of the calculated
calibration coefficients obtained from the analyses of mixtures of
known compositions. The samples for calibration were gravi-
metrically prepared by digital electrical balances (HR-200-EC)
with an accuracy of 0.1 mg.

Calculations. The systems of CHOL + CHF and CPOL +
CPF form a minimum-boiling azeotrope that is the result of
positive deviations from Raoult’s law. The vapor—liquid equi-
librium is described according to the following equation

Vv S s V‘L(p B pzs)
AV/A =XYypy. exp| —————
JY p ivp Y, eXp RT

(1)

where y; is the molar fraction of the i component in vapor phase,
;' is the fugacity coefficient of the i component, p is the total
pressure of the system, «; is the molar fraction of the i component
in the liquid phase, ¥; is the activity coefficient of the i com-
ponent in the liquid phase, y; is the fugacity coeflicient of
saturated vapor pressure, p;® is the vapor pressure of a pure com-
ponent i at the system thermodynamic temperature T, and V" is
the liquid molar volume of component i. Under lower pressures,
Ve -p)

X7 ) called Poynting correction is

the expression “exp(

approximately equal to 1, and the ideal behavior of the sub-
stances in the gas phase is considered; thus, the fugacity coef-
ficients are also assumed as 1. The nonideality in the liquid phase
is determined by a value of activity coeflicient. In our study, the
activity coefficients were simulated by the use of the NRTL and
UNIQUAC models that calculate the activity coefficients based
on the excess of the Gibbs free energy. The NRTL model is
specified in this paper as follows
.
2)
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Table 2. Experimental Isobaric VLE Data (Mole Fraction) for the CHOL (1) + CHF (2) Binary System under 10, 25, and 40 kPa“

p/kPa T/K o b p/kPa T/K 5 N p/kPa T/K o 1
9.95 363.65 0.0771 0.0851 24.97 388.55 0.0766 0.0913 39.95 402.65 0.0776 0.0939
9.97 363.35 0.1450 0.1485 25.02 388.25 0.1447 0.1613 39.95 402.25 0.1444 0.1672
9.95 363.45 0.1982 0.1938 24.99 388.05 0.2010 0.2127 39.92 402.05 0.2017 0.2214
9.99 363.75 0.2681 0.2446 25.02 387.95 0.2688 0.2717 39.98 401.75 0.2702 0.2847
9.95 363.95 0.3343 0.2892 24.99 388.05 0.3340 0.3241 39.95 401.75 0.3340 0.3409
9.96 364.15 0.3858 0.3256 25.01 388.05 0.3884 0.3655 39.95 401.65 0.3885 0.3850
9.92 364.35 0.4564 0.3721 24.92 388.25 0.4586 0.4179 39.99 401.75 0.4581 0.4402
9.93 364.85 0.5281 0.4144 24.98 388.55 0.5282 0.4678 3991 402.08 0.5283 0.4950
9.92 365.65 0.6261 0.4853 24.95 389.05 0.6267 0.5444 39.94 402.35 0.6273 0.5738
9.92 366.15 0.6998 0.5449 25.00 389.35 0.6993 0.6031 39.93 402.65 0.6994 0.6355
991 366.85 0.7586 0.6010 24.92 390.05 0.7588 0.6622 39.96 403.35 0.7587 0.6923
9.95 369.25 0.8826 0.7530 24.94 391.65 0.8825 0.8020 40.01 404.65 0.8829 0.8292
9.98 370.95 0.9437 0.8681 24.99 392.75 0.9446 0.8976 39.95 405.35 0.9438 0.9117
“Standard uncertainties u are u(T) = 0.08 K; u(p) = 0.1 kPa; u(x;) = 0.002; u(y,) = 0.002
N
where 7; = a; + T, G; = exp(—ay7); @; = ¢ _ 1 Z 100l — yifos]
The UNIQUAC model is specified as follows N3 1 l (6)
_ 0, ‘9, 7 N exp cal
In ln— + In— —¢q'Int/ - +1L+q - =) xl —
%= ‘1 P q; q; ; 0 9 x;; i Ap = 1 Z 100 I exppl [%]
(3) N3 i (7)

wherer = exp(a + ), z = 10.

The relation between the saturated vapor pressure and the
thermodynamic temperature was simulated by the Antoine
equation (eq 4) in which coefficients were obtained from the
experimental data of pure components

G,

In p* 2
4 T+ C,

=C +
' (4)

where p® is the vapor pressure of a pure component, C; are
adjustable constants, and T is the thermodynamic temperature
of the system.

The BIPs were fitted by the use of Aspen Plus simulation
program (V10). The binary parameters were fitted through
the Q objective function minimization based on the likelihood

NDG NP

principle
2 p 2 2
Q " m,j e,ij m:,;
2 2[ - J SO Al

2
(s)

where Q is the objective function to be minimized, NDG is the
number of data groups in the regression case, w,, is the weight of
data group n, NP is the number of points in data group n, NC is
the number of components present in the data group, T is the
temperature, p is the pressure, x is the liquid mole fraction, y is
the vapor mole fraction, e is the estimated data, m is the measured
data, i represents the data for the i component, j represents the
data for the j component, and ¢ is the standard deviation of the
indicated data.

Furthermore, the thermodynamic consistency of the exper-
imental VLE data was verified by the Van Ness method modified
by Fredenslund'*'* using the Legendre polynomials (4 terms)
to obtain excess Gibbs energy, and it is specified by average
absolute deviations of the vapor phase mole fraction and relative
deviations of pressure as follows

NC-1

+Z

Oy Ny

NC-1

+Z
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where N represents a number of data points, and y;, and p;
represent values of vapor phase mole fraction and pressure,
respectively, of the i component. The superscripts exp and cal
denote the experimental and calculated values, respectively.

The accuracy of the data fitting by the used NRTL and
UNIQUAC models was evaluated based on the calculated average
absolute deviation (AAD) and root-mean-square-error (RMSE)
values for the temperature and molar fractions that are specified
by the following equations

N
1 1
AAD(T) = = Y IT™ — T
N D (8)
1 N
AAD(x) = — D 1x® — x|
N3 9)
1 N
RMSE(T) = |— > (T*® — T)’
N £
o1 (10)
1 N
RMSE(xi) = |= Z (xiexp _ xical)z
N3 (11)

where N is a number of data points, T is temperature, and x; is
the mole fraction of the i component. The superscripts exp and
cal denote the experimental and calculated values, respectively.
The AAD value reflects the proximity of the experimental and
calculated data. The RMSE value describes a degree of data
dispersion.

The experimental and calculated data were also evaluated by
the use of relative volatility () that is calculated as follows

yAxB
Qppg = ——
g (12)

where x represents the molar fraction of the component in the
liquid phase, y is the molar fraction of the component in the
vapor phase, indices A and B represent the components while A
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Table 3. Experimental Isobaric VLE Data (Mole Fraction) for the CPOL (1) + CPF (2) Binary System under 10, 25, and 40 kPa“

p/kPa T/K o N p/kPa T/K

10.02 344.45 0.0490 0.0549 25.11 367.95
9.90 344.25 0.1002 0.1032 25.08 367.75
9.97 344.35 0.1600 0.1508 25.05 367.55
9.96 344.25 0.1748 0.1614 25.07 367.55
10.02 344.65 0.2218 0.1930 25.02 367.35
9.99 344.75 0.3306 0.2562 25.01 367.75
9.92 345.85 0.5418 0.3764 25.05 368.65
9.94 348.25 0.7185 0.5104 25.04 370.35
9.97 350.95 0.8544 0.6727 25.04 372.65
991 352.85 0.9271 0.8066 25.04 374.25

Xy )1 p/kPa T/K Xy )1
0.0491 0.0590 39.94 381.45 0.0490 0.0609
0.1004 0.1130 39.95 381.15 0.1002 0.1175
0.1599 0.1676 39.92 380.85 0.2215 0.2301
0.2216 0.2172 40.04 380.65 0.2586 0.2596
0.2589 0.2436 40.09 380.75 0.2839 0.2784
0.3307 0.2938 39.99 380.85 0.3304 0.3133
0.5425 0.4269 39.99 381.45 0.5422 0.4545
0.7144 0.5747 40.03 383.15 0.7146 0.6051
0.8553 0.7321 39.97 384.75 0.8562 0.7612
0.9241 0.8485 40.01 386.15 09214 0.8665

“Standard uncertainties u are u(T) = 0.08 K; u(p) = 0.1 kPa; u(x,) = 0.002; u(y,) = 0.002

Table 4. Experimental Isobaric VLE Data (Mole Fraction) for the CHOL + CHF and CPOL + CPF Binary Systems under

Atmospheric Pressure”

CHOL (1) + CHF (2)°

CPOL (1) + CPF (2)°

p/kPa a5 T/K 52 p/kPa oo T/K 52}
98.85 0.1446 433.15 0.1771 97.49 0.0999 410.25 0.1294
99.95 0.3332 432.25 0.3692 99.10 0.2214 410.05 0.2564
99.32 0.5779 431.35 0.5779 97.80 0.4084 408.65 04111
100.33 0.7580 432.45 0.7394 98.31 0.5421 409.15 0.5168
100.83 0.8828 433.05 0.8630 98.27 0.8549 411.05 0.8078
“Standard uncertainties u are u(T) = 0.08 K; u(p) = 0.9 kPa; u(x;) = 0.002; u(y,) = 0.002
Table 5. Experimental Data of Vapor Pressures of the Pure Components
CHOL CHF CPOL CPF

p/kPa T/K p/kPa T/K p/kPa T/K p/kPa T/K
9.97 372.55 9.98 363.95 8.72 353.15 8.15 340.15
10.79 374.25 11.52 367.65 9.96 355.75 9.97 344.65
15.62 382.65 14.39 373.55 11.77 359.25 10.68 346.25
17.58 385.45 25.01 389.25 14.57 363.75 15.59 355.65
22.35 391.15 25.95 390.25 16.99 367.15 20.79 363.34
24.98 393.95 3991 403.35 25.04 376.25 25.01 368.35
28.55 397.45 40.05 403.55 26.09 377.25 27.85 371.25
36.49 403.75 52.50 412.45 39.99 387.75 40.03 381.85
39.94 406.25 60.41 417.18 53.71 395.65 45.32 385.75
49.69 412.25 78.21 426.25 66.12 401.25 56.89 393.05
71.84 423.15 89.63 431.25 82.45 407.75 77.35 402.95
99.66 433.35 100.05 435.35 98.15 412.85 96.82 410.95

“Standard uncertainties u are u(T) = 0.08 K; u(p) = 0.1 kPa.

is a more volatile component. The deviation (d;) of the experi-
mental K-values (K;*®) and calculated K-values (K<) obtained
by the NRTL model from this work is defined as follows

(I<ical _ I<iexp)
d, = 100 - [%]
K (13)
where K-values are calculated as follows
ot
X (14)

B RESULTS AND DISCUSSION

The experimental VLE data of the binary systems CHOL + CHF
and CPOL + CPF were measured under pressures of 10, 25,
40 kPa and under atmospheric pressure. The obtained results
for the given systems are summarized in Tables 2, 3, and 4. The
uncertainty of temperature and pressure is a result of the device
accuracy. The uncertainty of mole fraction was calculated based
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Table 6. Parameters of the Antoine Equation®, where C; are
adjustable constants

component C, C, C;
CHOL 15.030446 —3505.518 —97.201
CPOL 15.275002 —3461.918 —88.993
CHF 15.262249 —4275.842 —34.083
CPF 14.514651 —3538.221 —55.054

“The constants are given in K and kPa.

on a combination of data reproducibility and the gravimetrical
preparation of the samples.

Parameters of the Antoine equation were calculated based on
experimental vapor pressures of pure components that are listed
in Table 5. The obtained values of adjustable constants are
summarized in Table 6.

The experimental VLE data were tested for their thermodynamic
consistency by Van Ness method modified by Fredenslund'” that is
characterized by eqs 6 and 7. The calculated parameters of the test
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Table 7. Thermodynamic Consistency of the Experimental 110 18
VLE Data by Fredenslund'® Test 100 ”
Ay/% Ap/% 90
CHOL + CHF 14
10 kPa 0.75 2.28 80
25 kPa 0.33 0.73 70 12 %
40 kPa 0.30 0.81 § 60 10 .%
CPOL + CPE 2 2
10 kPa 0.63 237 E 50 8 o
25 kPa 0.33 135 = 0 g
40 kPa 0.29 0.62 6 =
30
Table 8. Values of Molar Mass (M) and UNIQUAC Structure 20 4
Parameters GMUQR and GMUQQ for the Given
Components 10 2
parameter CHOL CHF CPOL CPF 0 0
i 300 320 340 360 380 400 420 440
M /g mol 100.16 128.17 86.13 114.14
GMUQR 4274 4986 3.599 4297 Typeno/K
GMUQQ 3.512 3.888 2.744 3.348

are listed in Table 7. The additional information about Ay and Ap
residuals are graphically expressed in Figures S1—S6 in Supporting
Information. According to the results, the majority of data set satisfy
criteria Ay < 1% and Ap < 1%. However, distributions of residuals
are not as random as they should be."> From this point of view, the
VLE data exhibit some portion of thermodynamic inconsistencies.
On the other hand, it still represents important information for
separations of the components in these two binary systems.
The experimental data were fitted by NRTL and UNIQUAC
equations in order to obtain BIPs that could be useful for the
data prediction under higher pressures. The NRTL model
performs the data fitting based on the experimental data and

Figure 2. Comparison of the data prediction of vapor pressure of pure
CHOL. Primary y-axis, exp. points: B, Gurudutt et al;'” #, Ambrose
etal;'* A, Steyeretal; ' @, this work; red solid line, parameters of Ant.
eq, this work. Secondary y-axis, relative deviations: [J, Gurudutt et al. ;7

O, Ambrose et al;;'® A, Steyer et al;** O, this work.

does not include any other parameters of the molecule. On the
other hand, UNIQUAC involves calculations parameters of the
molecules, especially molar mass (M), van der Waals volume
(GMUQR), and surface area (GMUQQ) parameters. Unfortu-
nately, the Aspen Plus simulation software (V10) does not
provide the needed parameters for CPOL and CPF. Thus, these
parameters were calculated by Bondi method'® that are sum-
marized in Table 8 for all components. CPOL and CPF were

Table 9. Optimized NRTL and UNIQUAC Binary Interaction Parameters for the Binary Systems of CHOL + CHF and

CPOL + CPF
i j a;

NRTL Model

CHOL CHF 0.37098
CPOL CPF —0.71416
UNIQUAC Model

CHOL CHF —0.66042
CPOL CPF 0.59360

—2.03932
—1.11650

1.08004
—0.07262

b;/K bi/K ¢
74.3405 787.578 0.3
362.621 544.600 0.3
200.239 —417.016
—178.457 —99.4083

Table 10. Values of AAD and RMSE Calculated for NRTL and UNIQUAC Models for the Binary Systems of CHOL + CHF and

CPOL + CPF*

CHOL + CHF AAD;; RMSE;; AAD (T)/K
NRTL Model
liquid phase 0.0015 0.0020 0.0996
vapor phase 0.0026 0.0034
UNIQUAC Model
liquid phase 0.0015 0.0020 0.1006
vapor phase 0.0026 0.0034

CPOL + CPF AAD,,, RMSE,,, AAD (T)/K
NRTL Model
liquid phase 0.0021 0.0036 0.0728
vapor phase 0.0030 0.0043
UNIQUAC Model
liquid phase 0.0021 0.0036 0.0736

vapor phase 0.0030 0.0043
“i = CHOL, j = CHF, m = CPOL, n = CPF.

RMSE (T)/K AAD (p)/kPa RMSE (p)/kPa
0.1277 0.0001 0.0001
0.1287 0.0001 0.0001

RMSE (T)/K AAD (p)/kPa RMSE (p)/kPa
0.0938 0.0001 0.0001
0.0942 0.0001 0.0001

https://dx.doi.org/10.1021/acs.jced.9b00746
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Figure 3. Comparison of the data prediction of vapor pressure of pure
CHF. Primary y-axis, exp. points: B, Barluenga et al;'’ x, Carlson
etal;?* ¢, Knight et al;*' A, Steyer et al,; 12 @, this work; red solid line,
parameters of Ant. eq, this work. Secondary y-axis, relative deviations:
0, Barluenga et al;"? X, Carlson et al;*° ¢, Knight et al;*! A, Steyer
et al;'* O, this work.
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Figure 4. Comparison of the data prediction of vapor pressure of pure
CPOL. Primary y-axis, exp. points: A, Ambrose et al,;'® W, Patel et al.;**
@, this work; red solid line, parameters of Ant. eq, this work. Secondary
y-axis, relative deviations: A, Ambrose et al;;'® O, Patel et al;*> O, this
work.

simulated as CHOL and CHEF, respectively, with the replaced
calculated parameters corresponding to CPOL and CPF.

The experimental data under 10, 25, and 40 kPa were placed
together and fitted by NRTL and UNIQUAC models to obtain
BIPs. The values of BIPs of individual models for both systems
are listed in Table 9. The accuracy of the data fitting by the models
was verified by the values of AAD and RMSE summarized in
Table 10. From the obtained results, it can be claimed that both
models fit the experimental data with reasonable accuracy.

The conformity of the data prediction by the Antoine
parameters from this work and experimental data performed by
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Figure 5. T—x—y diagram of the vapor—liquid equilibria of the binary
system CHOL + CHF under 10 kPa: @, boiling points; A, dew points;
blue solid line, NRTL model this work; red dashed line, UNIQUAC
model this work; black solid line, NRTL model by Steyer et al.">
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Figure 6. T—x—y diagram of the vapor—liquid equilibria of the binary
system CHOL + CHF under 25 kPa: @, boiling points; A, dew points;
blue solid line, NRTL model this work; red dashed line, UNIQUAC
model this work; black solid line, NRTL model by Steyer et al.">

various authors for vapor pressures of pure CHOL, CHF and
CPOL is illustrated in Figures 2—4 in a primary y-axis. The
relative deviations of the experimental data performed by
various authors and calculated data from the model obtained in
this work are expressed in a secondary y-axis. According to the
results, the calculated relative deviations of the majority of the
experimental data performed by various authors and the model
obtained in this work are less than 4%.

The T—x—y and x—y diagrams for isobaric VLE data fitting
by NRTL and UNIQUAC models are plotted in Figures 5—12
for both measuring systems under 10, 25, and 40 kPa. The
experimental data and fitting by the models for CHOL + CHF
system are compared to the previously published NRTL model'*
in Figures 5—7 from which is evident that the previously published
model'” predicts the data, especially the temperature of the

https://dx.doi.org/10.1021/acs.jced.9b00746
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Figure 7. T—x—y diagram of the vapor—liquid equilibria of the binary
system CHOL + CHF under 40 kPa: @, boiling points; A, dew points;
blue solid line, NRTL model this work; red dashed line, UNIQUAC
model this work; black solid line, NRTL model by Steyer et al.">
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Figure 8. T—x—y diagram of the vapor—liquid equilibria of the binary
system CPOL + CPF under 10 kPa: @, boiling points; A, dew points;
blue solid line, NRTL model this work; red dashed line, UNIQUAC

model this work.

azeotropic composition, in a different way that could be a result
of a combination of different values of parameters of the Antoine
equation and the measurement of the binary system at a single
temperature. The previously published model does not include
the experimental data under lower pressures; thus, the accuracy
of the data prediction is limited. According to our best knowledge,
the experimental data for CPOL + CPF system and their fitting by
NRTL and UNIQUAC models have not yet been published
elsewhere, and this work is the first one related with this binary
system.

The BIPs of the NRTL and UNIQUAC models obtained in
this work were used for the comparison of the data prediction
with the obtained experimental data under relevant atmospheric
pressure. The data predicted by NRTL and UNIQUAC models
for both systems are summarized in Table 11. These calculated
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Xcpr> YCPR

Figure 9. T—x—y diagram of the vapor—liquid equilibria of the binary
system CPOL + CPF under 25 kPa: @, boiling points; A, dew points;
blue solid line, NRTL model this work; red dashed line, UNIQUAC
model this work.
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Figure 10. T—x—y diagram of the vapor—liquid equilibria of the binary
system CPOL + CPF under 40 kPa: @, boiling points; A, dew points;

blue solid line, NRTL model this work; red dashed line, UNIQUAC
model this work.

data were compared with measured experimental data that is
summarized in Tables 4 and S. From the comparison, it is
evident that both models predict the data with high accuracy
not only in a range of the pressure used for the model formation
but for higher pressures also with the maximum relative error
between experimental and calculated data as 4.5%. The accuracy
of the data prediction is essential for the design of the distillation
unit not only from the process design but from the economic
point of view as well.

The additional evaluation of the data using relative volatilities
is expressed in Figures S7—S12 in Supporting Information. The
experimental and calculated data by the NRTL model is pre-
sented in these figures. Only the calculated data by the NRTL
model is listed in these figures due to the similarity of both

https://dx.doi.org/10.1021/acs.jced.9b00746
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Figure 11. x—y diagrams of the vapor—liquid equilibria of the binary
system CHOL + CHF under 10, 25, and 40 kPa: @, exp. data 10 kPa;
red solid line, NRTL 10 kPa; green dashed line, UNIQUAC 10 kPa; A,
exp. data 25 kPa; black solid line, NRTL 25 kPa; purple dashed line,
UNIQUAC 25 kPa; B, exp. data 40 kPa; blue solid line, NRTL 40 kPa;
orange dashed line, UNIQUAC 40 kPa.
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Figure 12. x—y diagrams of the vapor—liquid equilibria of the binary
system CPOL + CPF under 10, 25, and 40 kPa: @, exp. data 10 kPa;
green solid line, NRTL 10 kPa; red dashed line, UNIQUAC 10 kPa; A,
exp. data 25 kPa; black solid line, NRTL 25 kPa; purple dashed line,
UNIQUAC 25 kPa; B, exp. data 40 kPa; blue solid line, NRTL 40 kPa;
orange dashed line, UNIQUAC 40 kPa.

models. Figures S7—S12 demonstrate that the relative standard
uncertainty of the model for the relative volatility is better than
5% because the majority of the experimental data are within 5%
corridor of the calculated model. Figures S13 and S14 show the
percent deviations between the corresponding experimental and
calculated K-values that are less than 5% for all of the data set.

B CONCLUSIONS

The experimental data of vapor—liquid equilibria for the binary
systems of cyclohexanol + cyclohexyl formate and cyclopentanol +
cyclopentyl formate under various pressures and their subsequent
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Table 11. Data Prediction, Corresponding to x,, for
Atmospheric Pressure Calculated by NRTL and UNIQUAC

models
CHOL (1) + CHF (2)

NRTL UNIQUAC
p/kPa 5 T/K " T/K "
100.05 0 435.32 0 435.32 0
98.85 0.1446 433.33 0.1757 433.38 0.1748
99.95 0.3332 432.45 0.3666 432.52 0.3660
99.32 0.5779 431.58 0.5814 431.65 0.5819
100.33 0.7580 432.15 0.7404 432.19 0.7413
100.83 0.8828 432.85 0.8636 432.87 0.8643
99.66 1 43334 1 43334 1

CPOL (1) + CPF (2)

NRTL UNIQUAC
p/kPa & T/K 52} T/K 52}
96.82 0 410.95 0 410.95 0
97.49 0.0999 410.09 0.1239 410.07 0.1244
99.10 0.2214 409.86 0.2484 409.83 0.2484
97.80 0.4084 408.96 0.4099 408.94 0.4091
98.31 0.5421 409.30 0.5191 409.29 0.5181
98.27 0.8549 411.15 0.8124 411.17 0.8126
98.15 1 412.88 1 412.88 1

correlation by NRTL and UNIQUAC models are presented in this
paper. The data fitting accuracy of the models was calculated by
the values of AAD and RMSE. For the cyclohexanol + cyclohexyl
formate binary system, the comparison of the data fitting by the
models from this work and previously published model was
performed. According to the results, the model obtained in this
work predicts the data under higher pressures with a reasonable
accuracy that is very important for the design of a distillation unit
in the process of indirect hydration of cyclic alkene in the pres-
ence of formic acid. Moreover, according to our best knowledge,
the VLE data of cyclopentanol + cyclopentyl formate system
have not been published yet in the literature, and this work is the
first one related to this system.
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Additional data of the experimental methodology
verification (Table S1), graphics expressing residuals of
distribution of vapor phase mole fraction and pressure
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cent deviations in K-values in Figure S13 and S14 (PDF)
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Piiloha XII.

Trejbal J.: Rekonstrukce benzenové kolony, Ovéfena technologie, 2015. Realizace: DEZA
a.s., CR.



Projekt: Rekonstrukce benzenové kolony
Autor: Trejbal J.

Rok: 2015

Realizace: DEZA a.s., Valasské Mezific¢i
Kapacita:  25t/h

Popis:

Pro upravu kolony D201 byl sestaven fyzikadlni model, pfi¢emz bylo nutné
experimentalné uptesnit fazové chovani nearomatli viici benzenu v oblasti nizkych koncentraci.
Nasledné byla navrZena uprava spocivajici ve vyméné vyplné za ucinnéjsi typ a rozSifeni
kolony v horni ¢asti. Kolona byla Gspé$né zprovoznéna v roce 2015. Diky vyssi G¢innosti a tim
mensi spotiebé tepla se investice v fadu desitek milionti korun zaplatila za méné nez rok

provozu.

Kolona D201 po rekonstrukci (fotoarchiv autora)
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Priloha XIII.

Trejbal J., Zapletal M.: Rekonstrukce kolony azeotropického ¢isténi benzenu, Ovéiena
technologie, 2017. Realizace: DEZA a.s., CR.



Projekt: Rekonstrukce kolony azeotropického ¢isténi benzenu
AutoFi: Trejbal J., Zapletal M.

Rok: 2017

Realizace: DEZA a.s., Vala§ské Mezifi¢i

Kapacita: 18 t/h

Popis:

Cilem projektu bylo navrhnout nahradu uz nevyhovujicich pater kolony D202 za
orientovanou vypln. To mélo umoznit snizit spotfebu energie a dale snizit obsah benzenu
v piedkapu, kde je ho az 14 %, ktery je spalovan a to tvoii ztratu benzenu. Pro upravu kolony
bylo, kromé sestaveni fyzikalniho modelu, nutné cely model nasledné experimentalné ovéfit
V laboratofi. Pro tento ucel byla sestavena kontinualni aparatura simulujici tfi kolony. Na
zéklad€ vysledkl pak byla navrZena rekonstrukce, kterd zahrnovala nahradu tunelovych pater
za orientovanou vyplil a dale pak i zménu umisténi nasttiku. Kolona byla uspés$né zprovoznéna

Vv roce 2017 a umoznila snizit ztraty benzenu v hodnoté¢ asi 20 mil K¢ ro¢né.

Vkladani nove vyplné do kolony D202 (fotoarchiv autora)
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Priloha XIV.

Trejbal J.: Systém s recirkulaci plynu pro kontinualni vedeni reakci mezi kapalinou a plynem

ve vézovém reaktoru, CZ23770U1 (2018).
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Systém s recirkulaci plynu pro kontinudlni vedeni reakci mezi kapalinou a plynem ve
véZovém reaktoru

Oblast techniky

Technické teSeni se tykd systému s recirkulaci plynu pro kontinudlni vedeni reakci mezi
kapalinou a plynem ve vézovém reaktoru, ktery je vyuzitelny v chemickém primyslu pro
hydrogenace, oxidace, halogenace, neutralizace nebo sulfonace.

Dosavadni stav techniky

Je znamo pouziti probublavanych veézi pro reakce mezi plynem a kapalinou. Mezi tyto procesy
patii hydrogenace, kde plynem je vodik, oxidace, kde se pouziva jako plyn Cisty kyslik,
halogenace, kde jako plyn reaguje fluorovodik nebo chlorovodik, neutralizace, kde se pouziva
oxid uhlic¢ity, nebo sulfonace, kde se pouziva oxid sirovy. DosaZeni potfebné konverze je zavislé
na mezifazovém povrchu, ktery zdvisi na mnozstvi plynu a velikosti bublin. Plyn se do vézi
obvykle zavadi pomoci véncového distributoru u dna véze. Mnozstvi plynu je obvykle
mnohonasobné veétsi, nez odpovida pozadované stechiometrii, aby se vytvoril dostate¢ny
mezifazovy povrch, a pfebytecny plyn se recykluje. Recyklace plynu je obvykle realizovana
pomoci mechanického kompresoru, ktery je investicné i provozné drahé zafizeni. Navic je nutné
pro zvySeni ucinnosti komprese plyn pfed kompresorem ochladit a také dokonale zbavit
kondenzovanych slozek.

Dale, vySe uvedené chemické reakce produkuji velké teplo, pficemz probublavana véZz ma
omezenou moznost vymeény tepla pouze plastém, coz nepostacuje. Problém se obvykle fesi
rozlozenim procesu do nékolika vézi, mezi které je vlozeno chlazeni kapalného proudu. Takové
feSeni je investi¢ng a provozné drahé. Jinou moznosti je vyrazné fedéni vstupniho proudu, coz ale
snizuje rychlost reakci a nasledné vede k zafizeni s vétsim objemem. Redéni také znamena
zvySeni naslednych nakladl na odstranéni ptebyte¢ného rozpoustédla.

Podstata technického feSeni

Uvedené nevyhody v podstatné mife odstrafiuje systém s recirkulaci plynu pro kontinualni vedeni
reakci mezi kapalinou a plynem ve vézovém reaktoru. Systém tvoii vé€Zovy reaktor, ktery je
napInény kapalinou. Ze spodu reaktoru je kapalina pomoci Cerpadla vedena do kapalinového
ejektoru. Do kapalinového ejektoru je prisavan také plyn, ktery se odlucuje na vrchu vézového
reaktoru. Ejektor je schopen komprese plynu v dostate¢né mife na prekonani tlakové ztraty
cirkulacniho okruhu, kterd je dana ptedevsim hydrostatickym tlakem sloupce kapaliny ve vézi.
Kapalino - plynova smés z ejektoru je zavedena zpét do boku véze. Pouziti kapalinového ejektoru
je vyhodné, protoze odpada nutnost pouZziti mechanického kompresoru. Navic neni nutné pred
ejektorem plyn ochlazovat, ani dokonale zbavovat pfipadné strzené kapaliny. Dalsi vyhodou
feSeni je, ze ejektor poskytuje velmi dobrou distribuci plynu do kapaliny ve form¢ malych
bublinek, ¢imz se vytvaii vyrazné vétsi mezifazovy povrch nez pii pouziti véncového
distributoru.

K odlouceni plynu od kapaliny miize dochazet na vrchu véze s tim, Ze se hladina ve vézi udrzuje

tak, aby na vrchu byl pro odlouceni dostate¢ny prostor. Jinou moznosti je provést odlouceni
kapalné a plynné faze v externim odlucovaci, ¢imz se vyuZije cely objem véze pro reakci.

Reakce mezi plynem a kapalinou jsou obvykle velmi rychlé a velka ¢ast konverze probiha ve
spodni Casti vézového reaktoru, a tedy zde probihd i nejvétsi vyvoj tepla. Pouziti systému
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s ¢erpadlem a kapalinovym ejektorem umoznuje zatradit do cirkulace kapaliny vymeénik tepla,
ktery dok4ze vybavené teplo z vétsi ¢asti odvést. To umozituje pracovat s koncentrovanymi
kapalinami a neni potfeba pro snizeni nartstu teploty kapalinu fedit.

Nastrik kapaliny do systému mtize byt zaveden do spodu véZe, nebo na rizna mista cirkulacni
smycky kapaliny. Vyhodné je nastfik zavést do sani obéhového cerpadla, ¢imz dochazi k dobré
homogenizaci. Nastfik miize byt zaveden i na nékolik mist najednou, coz v urcitych procesech
muze byt vyhodou.

Kapacitu cerpadla je nutné volit s ohledem na Sitku vézového reaktoru tak, aby po zavedeni
kapalino - plynové smési zpét do véZe nedochazelo ke kavitaci ¢erpadla vlivem nasavani plynu.

Systém je vhodny pro reakce plynu s kapalinou, kde dochazi k zabudovani ptislusného plynu do
latek, které tvofi kapalnou fazi. Napriklad pii oxidaci organickych latek ve vodé pomoci
vzduchu, je pfitomen jednak dusik jako inertni plyn a dale se oxidaci tvoii oxid uhlicity. Pak
recirkulaci plynu by dochéazelo k postupnému zaplnéni systému nereagujicimi plyny a systém by
prestal fungovat. Naopak pii oxidaci anorganickych latek, napftiklad sulfidd nebo thiosirand,
pomoci Cistého kysliku zadny plyn nevznika a ptebytecny kyslik 1ze recyklovat. Stejna situace je
u hydrogenace, halogenace, neutralizace nebo sulfonace.

Objasnéni vykresa

Provedeni technické feSeni je schematicky ukazano na vykresech, kde obr. 1 ukazuje systém
s odlouceni plynu ve vézovém reaktoru, obr.2 ukazuje systém s externim odlou¢enim plynu
a obr. 3 ukazuje systém s odlou¢enim plynu ve véZovém reaktoru a s vyménikem tepla.

Priklady uskutecnéni technického feSeni

Priklad 1

Systém s recirkulaci plynu je konstrukéné sestaven z vézového reaktoru 1 o Sifce 0,5 m a délce
8 m, ktery je spodem napojen na &erpadlo 2 s kapacitou 40 m%h urcené k nastiiku kapaliny do
ejektoru 3. Cerstva kapalina 5 v mnozstvi 0,5 m%h je zavedena do sani &erpadla 2. Do ejektoru 3
je vedenim kapaliny z Cerpadla 2 pfisavan plyn 9 v mnozstvi 200 kg/h do kterého se zavadi
Cerstvi plyn 10 v mnozstvi 50 kg/h. Kapalino - plynova smés z ejektoru 3 expanduje zpét do
vézového reaktoru 1. Kapalina a plyn postupuji ve véZovém reaktoru 1 souproudné vzhiru a na
vrchu reaktoru se kapalina 8 odlou¢i bo¢nim piepadem o velikosti ptiruby DN25 a odlouceny
plyn 9 odchazi hlavou véze.

NAROKY NA OCHRANU

1. Systém s recirkulaci plynu pro kontinualni vedeni reakci mezi kapalinou a plynem,
vyznacujici se tim, Ze sestava z vézového reaktoru (1), ktery je spojen s Cerpadlem (2) pro
vedeni kapaliny ze spodu véze (1) a dale sestava z kapalinového ejektoru (3) pro zavedeni plynu
(9) do kapaliny a naslednou expanzi kapalino - plynové smési do spodni ¢asti véze (1), pfiemz
na vrchu véze (1) je umisténa bocni pfepadova priruba pro odlouceni kapaliny (8) od plynu (9).

2. Systém podle naroku 1, vyznacujici se tim, Ze se sestava z odlucovace (12) pro odloucéeni
plynu (9) ze smési plynu a kapaliny (11).

3. Systém podle naroki 1 a 2, vyznacujici se tim, ze mezi ¢erpadlo (2) a kapalinovy ejektor
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(3) je umistén vymeénik tepla (14).

4. Systém podle naroku 1 az 3, vyznacujici se tim, ze délka véZe (1) je minimaln¢
dvojnasobna a maximalné tficetinasobna oproti jejimu priméru.

3 vykresy
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Priloha XV.

Trejbal J., Zapletal M.: Vyroba kyanurfluridu, Ovétena technologie, 2012. Realizace:
Huntsman Textile Effects, Mahachai, Thajsko.



Projekt: Vyroba kyanurfluridu

AutoFi: Trejbal J., Zapletal M.

Rok: 2012

Realizace: Huntsman Textile Effects, Mahachai, Thajsko.
Kapacita: 300 t/rok

Popis:

VSCHT byly oslovena firmou Huntsman pro provedeni experimentélniho vyzkumu a
vyvoje a ndasledného designu jednotky na vyrobu kyanurfluoridu (CF3), ktery je
meziproduktem pro vyrobu velmi stabilnich textilnich barviv (F-dyes). Cely systém zahrnuje
velmi toxické latky, cemuz odpovidal postup vyvoje, i konecné feSeni designu a zplsob
najizdéni a zaSkolovani obsluhy piimo v misté realizace. S ohledem na bezpecnost byl proces
koncipovan jako semi kontinudlni reaktivni vakuova destilace s okamZitym odtahem
vznikajictho CF3. Z divodu bezpec¢nosti byla celd jednotka navrzena s vysokou mirou
automatizace, tak aby potebné zasahy obsluhy byly omezeny na minimum. Celé zafizeni bylo
umisténo v budové v uzavieném kontaimentu. Planovana jednotka s kapacitou 1 000kg za den

byla nasledné postavena a usp&$né spusténa v roce 2012 v Mahachai v Thajsku.

Vyrobna kyanurfluoridu v Mahachai Thajsko (fotoarchiv autora)



HUNTSMAN

Enriching lives through innovation

October 30", 2012

Confirmation letter

To whom concern

We confirm Jiri Trejbal PhD and Martin Zapletal, PhD as authors of CF3
process design.

Their works has been directed on general technology upgrade for CF3
process; with better performance on ecology and productivity.

Jiri Trejbal, PhD and Martin Zapletal, PhD from ICT Prague are the main
authors for this new process, which brings better contribution on energy
savings, recovery of by-products and solvent recycling.

The new technology upgrade is on commissioning phase.

Yours falthfully

Site Maﬁamgﬂ%ﬁ‘lachal
HuntsmarﬁTﬁalland Limited

HUNTSMAN (THAILAND) LIMITED
90/2 Moo 4 Bangpla Road, Tambol Bankhoh, Amphur Muang, Samutsakorn 74000
Tel. : +66 3482 8399 Fax. : +66 3482 8388 www.huntsman.com
A business unit of Huntsman Corporation



HUNTSMAN

Enriching lives through innovation

July 23", 2020

Confirmation letter

To whom it may concern

After having very successfully re-design the process Trifluoro Triazine, the new bottleneck
appeared in 2013 with the recovery of the solvent (sulfolane) and specially the new

specification in residual humidity.

Jiri Trejbal, made the design of sulfolane stripping column to meet the new specification

requirement.

The project was realized in short time and delivered the performance to bring down residual

humidity of the solvent to achieved as requirement.

We are very thankful for his professional support and the quality of the proposal in term of

investment, speed to implementation and the results to the expected target.

Huntsman (Thailand) Limited

HUNTSMAN (THAILAND) LIMITED
90/2 Moo 4 Bangpla Road, Tambol Bankhoh, Amphur Muang, Samutsakorn 74000
Tel. : +66 34131 999 Fax.: +66 34131 998 www.huntsman.com
A business unit of Huntsman Corporation




SIEMENS

Spolecnost Siemens udéluje

Ing. Jirimu Trejbalovi, Ph.D.
Ustav organické technologie VSCHT Praha

Cenu Siemens
za nejvyznamnejsi vysledek
vyvoje/inovace

Proces na vyrobu kyanurfluoridu

Ing. Eduard Palisek, Ph.D., MBA prof. Ing. Vaclav Havlicek, CSc.
generalni feditel rektor CVUT v Praze

Siemens Ceska republika pfedseda odborné poroty
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