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Souhrn

Tato prace se zabyvd odstrafiovanim oxoaniontl z vodnych roztok( pomoci vybranych
sorbentl. Z oxoaniontU se jedna o dusi¢nany, arsenic¢nany, vanadi¢nany, boritany, chromany,

molybdenany, a také oxoanionty germania, wolframu, antimonu a selenu.

Odstranovani dusi¢nan(i pomoci ionexd je zaméreno na vybér vhodného anexu, vychozi
formy a v neposledni fadé na vyskyt moznych komplikaci p¥i vyuZziti kombinovaného procesu

iontova vymeéna-elektrochemicka redukce regeneracniho Cinidla.

V rdmci odstrafiovani kovli nebo polokovli ve formé oxoaniontl jsou sledovany nejen
standardni typy ionexu, ale i sorbenty selektivni, polymerni, anorganické a kompozitni.

Zkoumany jsou nejen sorbenty ve formé perlicek, ale i ve formé vlaken a netkanych textilii.

Na zakladé zjisténych sorpcnich ucinnosti jednotlivych oxoaniontl na sorbentu s 1-deoxy-1-
methylamino-D-glucitolovou funkéni  skupinou jsou zkoumany sorpce oxoaniont(

z bimetalickych roztok, za ucelem jejich separace nebo spole¢né sorpce.
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1. Uvod

Jednim z diskutovanych problémd dneska je znecisténi podzemnich a povrchovych vod,
zvlasté pak téch, které slouzi jako zdroje pitné vody. Z hlediska zdravotniho, ekologického
i ekonomického je vyzkum zabyvajici se Upravou téchto vod velmi dllezZity. S neustdle se
zvysujicimi pozadavky na kvalitu pitné vody je tfeba hledat dalSi moznosti a metody Upravy
vody umoznujici splnéni téchto parametr(.

Dalsi sledovanou oblasti vyzkumu je zkvalitnéni dpravy znecisténych odpadnich vod
z prmyslovych technologii sméfujici k selektivnimu odstranéni nezddoucich oxoaniontu
s moznosti jejich opétovného poufziti a ndvratnosti do dané technologie.

Z vybranych oxoaniontd se jednd o dusicnany, arseni¢nany, vanadi¢nany, boritany,
chromany, molybdenany, a také oxoanionty germania, wolframu, antimonu a selenu.

Studium selektivniho odstrafiovani nezadoucich oxoaniontll je zaméreno nejen na moznost
nalezeni vhodné funkéni skupiny ionexu ¢i sorbentu, ale taktéz na sledovani vlivu vstupni
koncentrace oxoaniontu, doprovodnych iont(, specifického zatizeni nebo vstupni hodnoty
pH na sorpcni Ucinnost ionexu nebo sorbentu. Z hlediska opétovného pouziti téchto ionexu
a sorbentu je dllezitym parametrem ucinnost desorpce adsorbovanych latek.

Kromé pouZiti komeréné dostupnych sorbentll a ionex( se tato prace zabyva i moznosti
laboratorni pfipravy kompozitnich sorbentl, které lze pouZzit k odstranéni jiz zminénych
oxoaniontd.

V kapitole 2 je zpracovdna problematika souvisejici s odstrariovanim dusi¢nant zvod
slouzicich jako zdroje pro pfipravu pitné vody sohledem na nejvy3si mezni hodnotu
dusi¢nant danou vyhlaskou ¢. 252/2004 Sb. [1].

V ndsledujici kapitole 3 je sledovdno odstrafiovani kov(i a polokov(, které se vyskytuji
ve vodach ve formé oxoanionta.

V neposledni fadé je prace zamérena na mozZnost sorpce oxoaniontl z bimetalickych roztoku
s moznosti jejich spoleéné sorpce nebo vzajemné separace (kapitola 4).



2. Dusicnany

Dusi¢nany jsou samy o sobé pro ¢lovéka malo Skodlivé, ale mohou Skodit nepfimo tim, Ze se
v zazivacim traktu redukuji bakteridlni cCinnosti na toxictéjsi dusitany, které reaguji
s hemoglobinem na methemoglobin, jehoZz vysoké koncentrace se projevuji cyandzou,
kieCemi, prljmem a tachykardii. TaktéZz mohou dusitany reagovat v gastrointestinalnim
traktu saminy za vzniku N-nitrosoamin(, znichz nékteré se povazuji za potencialni
karcinogeny [2].

Pfi primérné spotrebé pitné vody 2 litry naobyvatele za jeden den by neméla byt
koncentrace dusi¢nant vyssi nez 50 mg/l [1, 2]. Tato koncentrace dusi¢nani odpovida

nejvyssi mezni hodnoté dusi¢nani dané vyhlaskou ¢&. 252/2004 Sb., kterou se stanovi
pozadavky na pitnou a teplou vodu a ¢etnost a rozsah kontroly pitné vody [1].

Dusi¢nany se vyskytuji témér ve vSech vodach. Jejich odstranovani zvod zahrnuje
technologie, které jsou ovérené a spolehlivé. MozZnosti, jak ucinné snizit koncentrace
dusi¢énanll ve znecisténych vodach je nékolik. Lze wvyuZit ionexovych [3 — 12] (i
membranovych technologii, biologickou denitrifikaci nebo elektrochemickou redukci.
Pro pfipravu pitné vody je reverzni osmédza nevhodnd, jelikoz produkuje vodu podobnou
svymi vlastnostmi, obsahem iontové rozpusténych latek, vodé destilované. Dalsi moznosti
denitrifikace je vyuZziti kombinovanych procesd [13 — 17, pfiloha 1], (iontovd vyména-
biologickda  denitrifikace, iontovd  vyména-elektrochemickd  redukce  dusi¢nani
v regeneracnim roztoku), kterymi docilime snizeni spotfeby regeneracniho Cinidla.

lontova vyména patfi mezi metody pouZivané pro odstrafiovani dusicnand i siranu
ze znedisténych vod (povrchovych ¢&i podzemnich vod). Navrieni novych ¢i modifikace
stdvajicich ionexovych technologii denitrifikace vod jsou vhodné zhlediska rdzného
zastoupeni dusi¢nani a siranll ve vodach.

Jelikoz se jedna o vyménu iontd, v tomto pripadé aniontl, dochazi béhem pracovni faze sice
ke snizeni koncentrace dusi¢nan(i v upravované vodé, ale podle zvolené vychozi formy
ionexu (hydrogenuhli¢itanova, chloridovd, siranova) dochazi k uvolnéni ekvivalentniho
mnozstvi daného aniontu do upravené vody. To muZe zpUsobit prekroceni jeho limitni
hodnoty pro pitné ucely. Ztohoto dlvodu je dulleZitd spravna volba vychozi formy, aby
nedoslo k tomuto nezadoucimu efektu.

Odstranovani dusi¢nand iontovou vymeénou standardnimi silné bazickymi anexy je mozno
znazornit nasledujici rovnici 1 :

R—N*(CH,),Cl~ + Na* + NO; <> R— N*(CH,),NO, + Na* +Cl~ (1)

Obdobné odstrarfiovani siranl iontovou vyménou, pfi kterém dochazi k ekvivalentni vyméné
pfitomnych siranovych iontl ve vstupnim upravovaném roztoku za chloridové ionty
uvolfiované béhem pracovni faze (iontové vymény) do roztoku, lze popsat takto:

2R—N"(CH,),Cl  +2Na* +SO? «>[R—N"(CH,),],S0Z +2Na* +2Cl~ (2)



Druhym dUlezitym kritériem, pfi volbé technologie iontové vymény k odstranovani
dusi¢nand, je spravny vybér anexu s ohledem na vstupni koncentrace dusi¢nant a siran(.

K odstrafiovani dusi¢nanl (pfipadné siran(l) se standardné pouZivaji silné bazické anexy
typu | s trimethylamoniovou funkéni skupinou, které maji nasledujici strukturu (Obr. 1).
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Obr. 1: Struktura silné bazického anexu s trimethylamoniovou funkéni skupinou [18]

Obecné plati, Ze preference odstranéni nezadoucich iontl se zvySuje s jejich ndbojovym
Cislem. Pro anionty odstrafiované z povrchovych vod silné bazickym anexem je selektivitni
fada nasledujici:

HCOs < Cl-< NO3 < 5042_ .

Z toho vyplyva, Ze anionty nejpevnéji poutanymi silné bazickym anexem jsou sirany, které
snizuji uzitkovou kapacitu anexu vici dusi¢nandm.

MozZnou variantou, vedouci ke zvysSeni Ucinnosti odstranéni dusi¢nan( v pfitomnosti vyssich
koncentraci siran(, je uZiti selektivnich anex(. Selektivni anex s kvartérni triethylamoniovou
funkéni skupinou (Obr. 2) je komercéné doddvany a jeho uZiti pro potravinarské ucely
je doloZzeno hygienickym atestem, ktery zarucuje, Ze nedochdzi k vyluhovani organickych
latek z anexu.
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*

*

CH;—N"—CH,CH
CH—CH;—= 2 a2

CH,CH,

Obr. 2: Struktura selektivniho anexu s triethylamoniovou funkéni skupinou [18]

2.1. Vliv pritomnosti siranii na i¢innost odstranéni dusi¢nant

Pti sledovani vhodnosti pouZiti standardniho ¢i selektivniho anexu k odstrafiovani dusi¢nant
v pritomnosti siran( [4], byla ve vstupnim modelovém roztoku, obsahujicim dusi¢nany
(2 meq/l), chloridy (1 meq/l) a hydrogenuhli¢itany (1 meq/l), proménnou hodnotou
koncentrace sirant (1; 2; 4 a 6 meg/l). Kolonové dynamické pokusy byly provozovany s 15 ml
anexu odméfeného ve vychozi chloridové formé pfispecifickém zatizeni 20 m3/(m3-h).
K regeneraci bylo pouZito 10 aZ 15 kolonovych objem( (V/Vy) NaCl o koncentraci 1 mol/I
pfi specifickém zatizeni 4 m3/(m3-h). K porovnani uGéinnosti odstranéni dusi¢nan(
jednotlivymi anexy byly vypocteny jejich uzitkové kapacity, vztazené k limitni koncentraci
dusi¢nan( 50 mg/I, kterd odpovida nejvyssi mezni hodnoté dusi¢nant v pitné vodé [1].



Prvni volbou bylo poufZiti standardniho silné bazického anexu typu | s trimethylamoniovou
funkéni skupinou, ktery je dodavan jak ve formé makroporézni, tak i gelové. Stanovena
celkova kapacita anexu v makroporézni formé byla 1,17 eq/l ionexu a anexu v gelové formé
1,37 eq/l ionexu.

PFi pouziti vstupniho roztoku bez pfitomnosti siran(, byla zjisténa uzitkova kapacita gelového
typu anexu vyssi (0,81 eq/l) nez makroporéznimu typu (0,63 eq/l). V pfitomnosti siran(
ve vstupnich roztocich se sniZovaly uZitkové kapacity obou anex( v(c¢i dusicnanim.
Ke sniZovani uZitkovych kapacit dochazi z dlivodu, jiz zminéné, vyssi afinity silné bazického
anexu vUci siranlim, a tudiZz dochazi k jejich pfednostnimu poutani oproti dusi¢nanim.

Pokud byla ve vstupnim roztoku pritomna polovi¢ni ekvivalentni koncentrace siranu
(1 meq/l) oproti dusicnanim (2 meq/l), pak dochazelo u obou forem standardniho anexu
k poklesu uzitkové kapacity vici dusicnanim o necelych 23 %.

Pfi shodné ekvivalentni vstupni koncentraci dusi¢nant a sirant (2 meq/I) doslo k poklesu
uZitkové kapacity vuci sorpci dusicnanl bez pfitomnosti siran0 o vice nez 32 %
u makroporézniho anexu a 0 37 % u gelového typu anexu.

Pfi dvojnasobném ekvivalentnim prebytku siranl (4 meq/l) oproti dusi¢nandm (2 meq/l) se
uzitkova kapacita vici dusicnandm sniZila o vice jak polovinu. Z hlediska vybéru mezi formou
anexu gelovou a makroporézni (Obr. 3), bylo docileno vysSich uzitkovych kapacit u gelové
formy anexu s trimethylamoniovou funkéni skupinou, coz koresponduje s jeho vyssi celkovou
kapacitou (vétsim poctem funkénich skupin). Pfizvysujicich se koncentracich siran(
ve vstupnich roztocich (4 a 6 meq/l) byly uZitkové kapacity obou anexd vici dusicnaniim
jiz srovnatelné, z dlivodu prednostniho odstranéni sirand. Dosazené uZitkové kapacity anexu
vici dusi¢nandm byly nizké (0,29 — 0,20 eq/l), a proto za téchto podminek neni vhodné
pouzivat standardni anexy, jelikoz pro docileni Upravy téchto roztokd by bylo nutné anex
Castéji regenerovat, coz by meélo i ekonomicky dopad, zdlvodu zvysené spotieby
regeneracnich Cinidel.

0,9

0,8 r

M trimethyl makro W trimethyl gel
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Obr. 3: Uzitkové kapacity anexl s trimethylamoniovou funkéni skupinou vici dusi¢nandm
Vstupni modelové roztoky: NOs~ =2 meq/I HCOs™ =1 meq/I
ClI- =1 meq/I S04 =0; 1; 2; 4 a 6 meq/!



Ztohoto dlvodu byly studovany dalsi tfi typy anexd, a to s triethylamoniovou,
tripropylamoniovou a tributhylamoniovou funkéni skupinou. Stanovené celkové kapacity
sledovanych anexl (Obr. 4) potvrzuji, Ze s rostouci délkou alkylové funkéni skupiny dochazi
ke snizovani celkovych kapacit anexu [4, 9].

celkova kapacita [eq/I]

Obr. 4: Vliv alifatického substituentu na celkovou kapacitu anexu [eq/|]

Prodlouzenim alkylového tetézce funkini skupiny anexu dochazi k obraceni selektivity
funkéni skupiny ve prospéch dusi¢nant oproti sirantim [5], coz dokladaji prlibéhy pracovnich
fazi u jednotlivych anext (Obr. 5), kde ve vstupnim roztoku bylo shodné ekvivalentni
zastoupeni dusi¢nand a siran(.

Obraceni selektivity siran0 a dusi¢nand u selektivnich anex( [8 — 10] Ize vysvétlit znacnym
zpomalenim vymeény siran( na funkéni skupiné oproti dusi¢cnandm, u kterych, pfi srovnani se
standardnimi anexy, nebyly zjistény zmény v reakénich rychlostech. Vliv na ptiznivéjsi
ucinnost vymeény dusi¢nant ma i sterické usporadani, kde rozsahlé alkylové skupiny brani
iontové vyméné svelkym siranovym iontem (polomér hydratovaného siranového iontu
0,379 nm) pred mensim dusi¢nanovym iontem (polomér hydratovaného dusi¢nanového
iontu 0,335 nm).

Ze studii [8 — 10] bylo zjisténo, Ze polystyrenovy skelet anexu vykazuje mensi afinitu
k divalentnim aniontlim nez anex s akrylatovym skeletem, a také, Ze afinita anexu vudi
monovalentnim iontlm roste i svySSim stupném zesiténi (vy$Sim zastoupenim
divinylbenzenu). Zatimco u anexu s triethylamoniovou funkéni skupinou s obsahem 1,5 %
divinylbenzenu neni afinita vac¢i dusicnanim vyssi, tak s obsahem 7 % divinylbenzenu
dochazi ke zméné selektivity funkéni skupiny ve prospéch dusi¢nanu:

HCO3™ < ClI~ < SO42 < NO3™.

Tabulka 1: Vliv obsahu divinylbenzenu na selektivitni fadu anex( [10]

Funk¢ni skupina Obsah DVB Selektivitni rada
Trimethylamoniova a triethylamoniova 1,5% S04%~ > NO3~ > CI=> HCO3~
Triethylamoniova a tributhylamoniova 7% NOs™> SO42~ > ClI~ > HCO3™
Tributhylamoniova 15 % NO3;~> ClI~ > SO4> > HCO3~
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Obr. 5: Pribéh pracovni faze u jednotlivych anexu ve vychozi chloridové formé
Vstupni modelové roztoky: NOs~ =2 meq/| HCOs™ =1 meq/I

ClI- =1 meq/I S04%* =2 meq/!

Pfi regeneracich anextd bylo zjisténo, Ze v pfipadé standardniho anexu je potieba,
k vytésnéni zachycenych dusi¢nant a siran(, pouzit 10 kolonovych objem( chloridu sodného
o koncentraci 1 mol/I. K desorpci dusi¢nanl a siran( ze selektivniho anexu je nutné pouzit
15 kolonovych objem( roztoku chloridu sodného (Obr. 6).
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Obr. 6: Pribéh desorpce dusi¢nant a siran(i u jednotlivych anext pfi regeneraci roztokem chloridu

sodného (1 mol/l) pfi specifickém zatiZzeni 4 m3/(m3-h) po pracovnich fazich zobrazenych na Obr. 5
Vstupni modelové roztoky pracovni faze: NOs™ =2 meq/| HCOs3™ =1 meq/I

Cl- =1 meq/! S04* =2 meq/I

Sledovanim vlivu pritomnosti sirani ve vstupnich roztocich (Obr. 7) bylo zjisténo, Ze jiz
pfi shodném ekvivalentnim zastoupeni siran (2 meg/l) a dusi¢énand (2 meq/l) je vhodnéjsi
pouzit selektivni anex s triethylamoniovou funkéni skupinou oproti standardnimu anexu
s trimethylamoniovou funkéni skupinou. U anexu s triethylamoniovou funkéni skupinou byl
pokles uZitkové kapacity, u roztoku se sirany o koncentraci 2 meq/l oproti roztoku
bez pfitomnosti sirand, okolo 17 %. Se zvysujici se koncentraci sirand ve vstupnim roztoku
dochézelo k dalSimu poklesu uzitkovych kapacit.

PFi nejvys$si vstupni koncentraci siranli (6 meq/l) se sniZila uzitkova kapacita vici dusi¢nantim,
v porovnani se vstupnim roztokem bez pfitomnosti siranl, 030% u anexu
s triethylamoniovou funkéni skupinou, o 61 % u standardniho makroporézniho anexu
s trimethylamoniovou funkéni skupinou. SniZeni uzitkovych kapacit bylo zjisténo i u ostatnich
selektivnich anex(, ato 031 % uanexu s tributhylamoniovou funkéni skupinou ao 37 %
u anexu s tripropylamoniovou funkéni skupinou.
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Obr. 7: Uzitkové kapacity anex( v(ci dusicnanim pfi rGznych vstupnich koncentracich siran(
Vstupni modelové roztoky: NOs~ =2 meq/| HCOs™ =1 meq/I
ClI- =1 megq/I S04>=0; 1; 2; 4 a 6 meq/!

2.2. Volba vychozi formy anexu

Vhodna vychozi forma anexu souvisi s vybérem regeneracniho cinidla, a také zavisi
na koncentraci aniont(i ve vstupni vodé. MUzZe nastat problém, kdy regeneracnim cinidlem
sice snizime koncentraci dusi¢nand vupravené vodé, ale mulzieme zvysit nadlimitné
koncentraci napfiklad chloridli, pokud bychom roztok chloridu sodného pouzili k regeneraci
nasyceného anexu. Koncentrace pritomnych aniontll v upravené vodé by nemély prekrodit
limitni hodnoty dané vyhlaskou ¢. 252/2004 Sb. (tabulka 2).

Tabulka 2: Prehled sledovanych aniontd dle vyhlasky ¢. 252/2004 Sb. [1]

Ukazatel Limit
dusicnany 50 mg/I
chloridy 100 mg/I
sirany 250 mg/I

K nalezeni vhodné vychozi formy anexu striethylamoniovou funkéni skupinou byly
provedeny kolonové dynamické pokusy s15 ml anexu ve vychozi chloridové formé
pFi specifickém zatizeni 20 m3/(m3-h). Pokusy byly provedeny se vstupnim modelovym
roztokem, ktery obsahoval dusi¢nany (2 megq/l), chloridy (1 meq/l), hydrogenuhliditany
(1 megq/l) a sirany (4 meq/I) [11].

Uzitim daného regeneracniho cinidla dochazi k prevedeni anexu do pfislusné vychozi formy
odpovidajici danému regenerantu. Napfiklad pfi pouziti regeneracniho roztoku chloridu



sodného dojde kvytésnéni veSkerych zachycenych aniontli na funkéni skupiné ionty
chloridovymi, tj. pfevedeni do chloridové formy. V nasledujici pracovni fazi jsou, podle
selektivity vyménovany ze vstupniho roztoku pfitomné anionty za chloridové ionty, navazané
na funkéni skupiné, které se uvoliuji do upravovaného roztoku, ¢imz muize dojit
k nezadoucimu zvyseni koncentrace chloridd nad limit pro pitné ucely. Kromé regeneracniho
roztoku chloridu sodného, kterym byl anex preveden do vychozi chloridové formy, byla
odzkousena i vychozi forma siranova, hydrogenuhli¢itanova nebo jejich kombinace (Obr. 8).
Pfi vSech vychozich formach selektivniho anexu s triethylamoniovou funkéni skupinou
dochézelo k odstranéni dusi¢nanli pod limitni hodnotu 50 mg/l. Nejvyssi Gcinnosti
odstranéni dusi¢nan( bylo dosazeno pfti vychozi hydrogenuhli¢itanové formé.

120
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—a— hydrogenuhli¢itanova forma
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—ae— chloridova forma
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Obr. 8: Pribéh pracovni faze anexu s triethylamoniovou funkéni skupinou pfi rozdilnych vychozich
formach
Vstupni modelové roztoky: NOs~ =2 meq/| HCOs™ =1 meq/I

ClI- =1 meq/I S04* = 4 meq/!

Pokud byl pouzit anex v chloridové formé (Obr. 9), dochazelo na zacatku pracovni faze
pronikanim chlorid do upravované vody az k trojndsobnému prekroceni limitni hodnoty
100 mg/I. K desorpci dusicnanl a prevedeni anexu do chloridové formy bylo nutno pouZzit
15 V/Vp roztoku NaCl (1 mol/l) pfi specifickém zatizeni 4 m3/(m3:-h).
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Obr. 9: Prlibéh pracovni faze anexu s triethylamoniovou funkéni skupinou ve vychozi chloridové
formé

Vstupni modelové roztoky: NOs~ =2 meq/| HCOs™ =1 meq/I
ClI- =1 meq/I S04%" = 4 meq/!

Stejné problémy nastaly pfi uZiti vychozi siranové formy, kde pronikani sirani béhem
nasledujici pracovni faze presahovalo zhruba 150 kolonovych objemi limitni hodnotu
250 mg/I (Obr. 10).
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Obr. 10: Priibéh pracovni faze anexu s triethylamoniovou funkéni skupinou ve vychozi siranové formé
Vstupni modelové roztoky: NOs~ =2 meq/I HCOs™ =1 meq/I
ClI- =1 megq/I S04* = 4 meq/|

Pti vychozi hydrogenuhli¢itanové formé dochazelo k nepatrnému pronikani sirant (od 180.
do 240.V/Vy) nad limitni hodnotu 250 mg/l béhem nasledujici pracovni faze (Obr. 11), i kdyz
byla ve vstupnim roztoku koncentrace siran( okolo 200 mg/I. Vysvétleni zvyseného pronikani
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siranl, nad jejich vstupni koncentraci, je jejich vytésfovanim z anexu pevnéji poutanymi
dusicnany. Kvytésnéni dusi¢nand a prevedeni anexu do hydrogenuhli¢itanové formy
bylo potfeba 40 V/Vp NaHCOs (1 mol/l).
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Obr. 11:  Prdabéh pracovni faze  anexu  striethylamoniovou  funkéni  skupinou
ve vychozi hydrogenuhlic¢itanové formé
Vstupni modelové roztoky: NOs™ =2 meq/| HCOs™ =1 meq/I
ClI- =1 meq/I S04%" = 4 meq/I

Dalsi mozZnosti bylo pouZiti dvoustupriové regenerace (NaCl a NaHCOs), kde se v prvnim
stupni dusi¢nany vytésnuji 5 V/Vp roztokem chloridu sodného (1 mol/l), a nasledné se
ve druhém stupni anex C(¢asteCné prevede do hydrogenuhlicitanové formy 2 V/Vp
hydrogenubhli¢itanu sodného o koncentraci 0,5 mol/I (Obr. 12).
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Obr. 12: Pribéh pracovni faze anexu s triethylamoniovou funkéni skupinou po dvoustupriové
regeneraci (NaCl a NaHCOs)

Vstupni modelové roztoky: NOs~ =2 meq/| HCO3™ =1 meq/I
ClI- =1 meq/I S04* = 4 megq/|
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Na zakladé zjisténych vysledk( je moZno konstatovat, Ze dusi¢nany lze Ucinné odstrafiovat
z povrchovych vod pomoci selektivniho anexu s triethylamoniovou skupinou. Vhodnou
variantou pfi vyuZiti anexu pro pitné ucely je dvoustuprfiova regenerace, pfi které zachycené
dusi¢nany vytésnime z anexu roztokem chloridu sodného a nasledné anex prevedeme
Castecné do hydrogenuhli¢itanové formy. Druhou moZnosti je vychozi hydrogenuhli¢itanova
forma.

V obou ptipadech dochazelo béhem pracovni faze ke zvySenému pronikani doprovodnych
aniontld (chloridd nebo siran(), nad jejich limitni hodnoty, do upraveného roztoku.
Variantou, jak dodriet predepsané limity siranli a chloridd v upravené vodé, je jimani
upravené vody béhem pracovni faze a jeji nasledné smichdni. DalSi moZnosti je zvysit
regeneracni ddvku hydrogenuhlicitanu sodného pfi dvoustupriové regeneraci.

Samoziejmé musime vidy vychazet zredlnych hodnot koncentraci nezadoucich
kontaminant( ve vodach pro pitné ucely. V pfipadé vyzkumu zabyvajiciho se odstrafiovanim
dusicnani zvod byly odzkouseny modelové roztoky. Pro redlné pripady tento vyzkum
nastinuje moznosti vybéru anexu a jejich vychozich pracovnich forem, pokud by ve vodé byla
nejen nadlimitni koncentrace dusi¢nant, ale i siran(.

2.3. Kombinované procesy

V ramci Upravy zdroj vod pro pitné Gcely byla na Ustavu energetiky sledovdna moznost
kombinovanych proces(, kterymi byla iontova vyména-biologicka denitrifikace aiontova
vyména-elektrochemicka redukce dusi¢nand v regeneracnim roztoku. Cilem kombinovanych
procesli je sniZeni spotfeby regeneracniho cinidla, a ztoho plynouci snizeni mnozstvi
procesnich odpadnich vod.

V prvém pripadé byla odzkousena moZinost kombinovaného procesu, pfi kterém se
dusi¢nany z vody odstrani selektivnim anexem a regeneracni roztok se podrobi biologické
denitrifikaci [13]. Po doplnéni regeneracni soli, na pozadovanou koncentraci regeneracéniho
roztoku, se regeneracni roztok znovu pouZiva pfidalsi regeneraci selektivniho anexu
nasyceného dusi¢nany. Tento zpuUsob je pouzitelny predevsim pro Cistirny primyslovych
odpadnich vod, ale nikoliv pro pitnou vodu.

Druhou alternativou byla kombinace procesd iontova vyména-elektrochemickd redukce
[15— 17], kterd byla mimo jiné studovdna na Ustavu energetiky ve spolupraci s Ustavem
anorganické technologie (pfiloha 1). Dusi¢nany byly odstrafiovany pomoci selektivniho
anexu a naslednd regenerace byla provadéna roztokem hydrogenuhli¢itanu sodného. Pouzity
regeneracni roztok byl podroben elektrochemické redukci dusicnanl a po doplnéni
na pozadovanou koncentraci NaHCOs byl opét pouzit pfi dalSi regeneraci ionexu.

Pfi elektrochemické redukci se dusi¢nany redukuji na NO2~, N;O, Nz, NHs*. Na zakladé
provedenych elektrochemickych redukci dusi¢nan(, pfitomnych v pouzitych regeneracnich
roztocich, bylo zjisténo, Ze v elektrolyzéru dochazelo prevdiné kjejich redukci na dusik
a amonné ionty, kterych, za danych podminek, vznikalo pfilis velké mnozstvi, coz je divodem
nutnosti dalSiho vyvoje tohoto procesu. TaktéZz byla vregeneraénim roztoku zjiSténa
pfitomnost dusitanu, které by mohly negativné ovlivnit kvalitu upravené vody.
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Z tohoto duvodu byl sledovan vliv pfitomnosti dusitan(i v regenera¢nim roztoku na kvalitu
upravené vody. Byly pfipraveny regeneracni roztoky hydrogenuhli¢itanu sodného obsahuijici
rizné koncentrace dusitant. Regenerace probihala pFi specifickém zatizeni 4 m3/(m3-h).

Kolonové dynamické pokusy byly provedeny s 15 ml selektivniho anexu s triethylamoniovou
funkéni skupinou pfi specifickém zatizeni 20 m3/(m3-h) se vstupnim modelovym roztokem,
ktery obsahoval dusi¢nany (2 meq/l), chloridy (1 meq/l), hydrogenuhli¢itany (1 meq/l)
a sirany (4 meq/I).

Pronikani dusitand do eludtu v pribéhu pracovnich fazi, po regeneraci 40 V/Vy
hydrogenuhli¢itanu sodného (1 mol/l) v pfitomnosti dusitant, (Obr. 13) ukazuje, Ze limitni
koncentrace dusitanl 0,5 mg/l pro pitné Gcely [1] nebyla prekrocena pouze po regeneraci
roztokem hydrogenuhlic¢itanu sodného a koncentraci dusitan 10 mg/l. V pfitomnosti
dusitanll o koncentraci 50 mg/I v regeneracnim roztoku doslo na zacatku nasledujici pracovni
faze az k dvojnasobnému prekroceni limitni koncentrace dusitana.
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! —— 30 mg/I dusitan(i
—a— 10 mg/I dusitan(

— —=— - limitni koncentrace

0,8

p [mg/l]

0,6

0,4

0,2

0 60 120 180 240 300 360 420
v/,

Obr. 13: Pronikani dusitand do eluatu po regeneraci 40 V/V, NaHCOs (1 mol/l) v pfitomnosti rdznych
koncentraci dusitan(
Vstupni modelové roztoky: NOs~ =2 meq/| HCOs™ =1 meq/I

ClI- =1 meq/I S04~ = 4 meq/I

NO;~ =10, 30 a 50 mg/l = 0,22, 0,65 a 1,09 meq/!

Tyto vysledky potvrzuji, Ze vyuziti kombinovanych procesu sice sniZzuje mnozstvi procesnich
vod a spotiebu regeneracnich cinidel, ale kvalita upravené vody za soucasnych podminek
je zarucena pouze v pripadé, kdy regeneracni roztok hydrogenuhli¢itanu sodného obsahuje
dusitany o maximalni koncentraci 10 mg/I.

13



3. Kovy a polokovy ve formé oxoaniontii

Dlouhodoby vyzkum, zabyvajici se odstranovanim kovl a polokov( ve formé oxoaniontq,
jenaUstavu energetiky zaméfen na oxoanionty arsenu, antimonu, boru, vanadu,
molybdenu, chromu, selenu a germania. Jejich pfipustné limitni hodnoty zdvisi na tom,
pro jaké ucely je voda pouZivana. Zavazné limity, zabyvajici se kvalitou pitné vody, jsou
specifikovany v pokynech pro kvalitu pitné vody dané svétovou zdravotnickou organizaci [19]
a vyhlaskou ¢. 252/2004 Sb. [1]. V pfipadé téchto sledovanych iontll jsou poZadované limity
pro pitné ucely velmi nizké, coZ souvisi i s toxicitou nékterych z nich (tabulka 3).

Tabulka 3: Limitni koncentrace kovli a polokov(i vyskytujicich se ve formé oxoaniontl pro pitné Gcely
[1, 19]

Ukazatel Limit Typ limitu WHO
antimon 5 ug/l NMH 5 ug/l
arsen 10 pg/! NMH 10 pg/!
bor 1 mg/I NMH 0,5 mg/I
chrom 50 g/l NMH 50 pg/!
molybden 10 - 200 pg/!
selen 10 pg/! NMH 40 pg/l

NMH — nejvyssi mezni hodnota

Z hlediska moZné kontaminace zdroji vod pro pitné ucely, je nutné nejen sledovat, ale
i dodrZovat pfripustné znecisténi povrchovych vod, které je limitovano nafizenim vlady
¢.401/2015 Sh., které stanovuje ukazatele a hodnoty pripustného znecisténi povrchovych
a odpadnich vod [20].

Pokud jsou pouzivany pro vodarenské ucely povrchové vody, jsou limitovany hodnoty
pripustného znecisténi v misté odbéru vody pro Upravu na vodu pitnou, které jsou vyjadreny
normou environmentdlni kvality. Norma environmentalni kvality je vyjadfend celorocni
primérnou hodnotou. Tim se rozumi, Ze aritmeticky primér koncentraci namérenych
v rliznych casech pribéhu roku v Zadném reprezentativnim monitorovacim misté ve vodnim
utvaru neprekracuje doty¢nou normu (tabulka 4) [20].

Tabulka 4: Normy environmentalni kvality pro specifické znecistujici latky (kovy a polokovy ve formé
oxoaniontll) pro utvary povrchovych vod a hodnoty pfipustného znecisténi povrchovych vod
uzivanych pro vodarenské ucely, vztahujici se k mistu odbéru vody pro Upravu na vodu pitnou [20].

Ukazatel Norma environmentalni kvality
celoro¢ni primérna hodnota

antimon 250 pg/l
arsen 11 pg/!
bor 300 pg/!
chrom 18 ug/l
molybden 18 ug/l
selen 2 ug/l

14



Kromé limith pripustného znecisténi povrchovych vod pro vodarenské ucely, toto nafizeni
vlady [20] stanovuje i pripustné hodnoty znecisténi pro pramyslové odpadni vody, ze kterych
je také dllezité odstrafovat nezadouci oxoanionty. V tomto pfipadé se jednd o oxoanionty
antimonu, arsenu, boru, chromu, molybdenu a selenu. V povoleni k vypousténi odpadnich
vod do vod povrchovych stanovi vodopravni afad emisnimi limity do vySe emisnich
standard( uvedenych v ndsledujici tabulce 5.

Tabulka 5: Priimyslové odpadni vody: emisni standardy: pfipustné hodnoty znecisténi pro odpadni

vody vypousténé z vybranych primyslovych a zemédélskych odvétvi [20]

Ukazatel Pramyslovy obor Pripustné
hodnoty
antimon Vyroba skla a sklenénych vyrobki 0,5 mg/I
arsen Tézba a Uprava Zeleznych a ostatnich nezeleznych rud 0,5 mg/I

Vyroba skla a sklenénych vyrobk 1,5 mg/|

(pro zavody o kapacité taveni vétsi nez 20 t za den) 0,3 mg/I

Povrchova Uprava kovl véetné plastl 0,5 mg/I

Vyroba elektrickych strojd a zafizeni (elektrotechnicka vyroba)

Spalovani odpadl 0,15 mg/I
bor Vyroba skla a sklenénych vyrobk 3 mg/l
chrom Uprava a spradani textilnich vlaken a pfize, tkani, Uprava a vyroba 0,5 mg/I

textilii Cr(V1) 0,3 mg/I

Cinéni a Uprava usni, zpracovani a barveni koZesin 1 mg/I

Kozeluzny s chrom¢inénim

Vyroba skla a sklenénych vyrobki 0,3 mg/I

Vyroba surového Zeleza, oceli a feroslitin, plochych vyrobki 0,5 mg/I

(kromé pasky za studen), tvareni vyrobk za tepla

Vyroba a hutni zpracovani drahych a nezeleznych kovli

Spalovani odpadl

Povrchova Uprava kovl véetné plastl 0,5 mg/|

Tepelna Uprava kov(, smaltovani, lakovani Cr(V1) 0,1 mg/I

Vyroba elektrickych stroju a zafizeni (elektrotechnicka vyroba)
molybden Povrchova Uprava kovl véetné plastl 1 mg/l

Smaltovani

Vyroba elektrickych stroju a zafizeni (elektrotechnicka vyroba)
selen Povrchova Uprava kovl véetné plastl 0,1 mg/l

Vyroba elektrickych stroju a zafizeni (elektrotechnicka vyroba)

Vyzkum v oblasti odstranovani téchto kovl a polokovl ve formé oxoaniont(, pfi kterém jsou
vyuZivany ionexové a sorpcni technologie, zahrnuje celou skalu sorbent( (pfiloha 2).

Prvotné k odstranéni téchto oxoaniontl prichazelo v Uvahu poutziti standardnich typu anexa.
V rdmci vyzkumu byly provedeny pokusy se silné bazickym anexem (Obr. 2), jehoZ pouziti
neni vhodné k odstrafiovani oxoaniontd v pfitomnosti standardné vyskytujicich se aniontu
ve vodach, kterymi jsou chloridy a sirany.
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Dalsi moznosti bylo pouziti slabé bazického anexu, ktery je vhodny k odstrafiovani
oxoaniontd wolframu, vanadu ¢i molybdenu i v pfitomnosti chloridd a siranl. Jedna se
o makroporézni slabé bazicky anex s poly(styren-co-divinylbenzenovou) matrici obsahujici
tercidrni aminovou funkéni skupinu (Obr. 14).

«—-CH-CH5 ]

Obr. 14: Slabé bazicky anex [18]

Ze selektivnich sorbentli byl zkouman sorbent s 1-deoxy-1-methylamino-D-glucitolovou
funkéni skupinou (Obr. 15), ktery je komeréné dostupny pro odstrafiovani boritand z vod.

Obr. 15: Sorbent s 1-deoxy-1-methylamino-D-glucitolovou funkéni skupinou [18]

Tento sorbent miZe oxoanionty z vod odstrafiovat jak v protonizované (hydrochloridové)
formé, tak i ve formé volné baze. ZaleZi na tom, v jaké oblasti pH dochazi k tvorbé diolovych
(polyolovych) komplexd mezi oxoaniontem kovu a hydroxylovymi skupinami funkéni skupiny,
které se nachazi v cis poloze. Mohou se vytvaret komplexy dvou druhi (pfiloha 2):

a) mononuklearni komplexy (Ge, B, As)
b) bi- nebo polynuklearni komplexy (V, Mo, W)
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Tabulka 6: Monomolekularni a polynuklearni komplexy (ptiloha 2)

H H H H
il | |
_CHZ—T—-C—(]‘,—T—CH:OH —(l_‘,—c.l_,f- T_T—
OH H o\ 0 0 \
B{'{ Ge, As ) U—ME{—Q—ME_D
/ N\ .
0 HO© ©OH HO  OH
mononuklearni komplexy bi - nebo polynuklearni komplexy

Mechanizmus odstranovani oxoaniont(, které vytvari komplexy v kyselé oblasti pH, spociva
v pouziti sorbentu v protonizované (hydrochloridové) formé. V tomto pfipadé se oxoanionty
zachycuji tvorbou komplexu s hydroxylovymi skupinami sorbentu, a taktéz dochazi k iontové
vymeéné, protoze dusik funkéni skupiny sorbentu v protonizované (hydrochloridové) formé je
protonizovan. Pokud jsou odstrafiovany oxoanionty tvorici komplexy v alkalické oblasti pH, je
vhodné pouZit sorbent ve formé volné baze, u které mechanizmus zachyceni oxoaniontu
spociva pouze v tvorbé komplexu s hydroxylovymi skupinami sorbentu.

Tabulka 7: Optimalni oblast pH pro diolové komplexy oxoaniont( [21]

Kov/polokov Oblast rozmezi pH

V (V) 2-7

W (V1) 1-6
Mo (VI) 1-6

Ge (IV) 6—-12

B (1) 7-11

As (V) 1-6

As (Il1) 9-12

Se (VI) 4-8

Cr (VI) 4-6

Dalsim sledovanym sorbentem byl sorbent s diethanolaminovou funkéni skupinou (Obr. 16),
u kterého dochazi k tvorbé polyolovych komplex( pfi riznych hodnotach pH (tabulka 7) mezi
hydroxylovymi skupinami funkéni skupiny a oxoanionty kovu. Sorbent také vaze vodikové
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ionty z roztoku, ¢imZ dochazi k protonizaci dusiku funkéni skupiny a oxoanionty kovu jsou
odstranovany iontovou vyménou.

«—-CH-CHz |-

/CHZ—CHZOH
CHZ—N

\

CH; CH,OH

Obr. 16: Sorbent s diethanolaminovou funkéni skupinou [18]

Vyzkum byl zaméfen nejen na polymerni sorbenty, ale i na anorganické sorbenty na bazi
hydratovanych oxidU Zeleza, hliniku, titanu a zirkonia. Dalsi sledovanou skupinou sorbent(
byly pfirodni sorbenty, jako jsou napfiklad celuléza, chitosan, ktery vznikd deacetylaci
chitinu, hnéda morska fasa Ascophyllum Nodosum, kiira z mandarinek a dalsi. Pfi pouZiti
pfirodnich sorbentl byla odzkou$ena i moZnost jejich modifikace za ucelem dosazeni
sorpcnich kapacit srovnatelnych s polymernimi ¢i anorganickymi sorbenty.

Pti hledani vhodnych sorbentl k odstranéni kovl a polokovl ve formé oxoaniontl byly
optimalizovany i vstupni parametry roztok(i obsahujicich tyto kontaminanty. Vstupni
koncentrace kovu ¢i polokovu vrozmezi od 1 mg/l do 20 mg/l byly zvoleny sohledem
na predpokladanou délku trvani pokusl, protoze pokud by se ve vstupnim roztoku
vyskytovaly koncentrace kovu nebo polokovu odpovidajici redlnym koncentracim, které jsou
u znecisténych vod pro pitné ucely v desitkdch az stovkach mikrogrami v litru, byla by
predpokladana délka trvani sorpcéniho cyklu v fadu mésict (v pripadé ucinného odstranéni
oxoaniontu).

Z dlivodu poutziti téchto vysokych vstupnich koncentraci kovi (polokov() byla jako limitni
koncentrace k vypoctu uzitkové kapacity zvolena hodnota 0,1 mg/I, pokud neni uvadéna jina.

vy

z vybranych pramyslovych a zemédélskych odvétvi (tabulka 5).

Samoziejmé, pokud se poZzadované limitni koncentrace kovl nebo polokovd (vyjma boru)
pro pitné ucely pohybuji v rozmezi od 5 pg/l do 50 pg/l (tabulka 3), je tato zvolena limitni
koncentrace sice vysoka, ale pro vybér vhodného sorbentu a zjisténi jeho sorpcni ucinnosti,
je jako predikce pro realné aplikace zcela dostadujici.

Sorpce oxoaniontl na rdznych typech vybranych sorbentl, pomoci kolonovych dynamickych
pokus(, byly provozovéany pfi specifickém zatizeni 6 m3/(m3-h).
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3.1. Arseni¢nany

Arsen je béinou soucasti podzemnich i povrchovych vod, obvykle se vyskytuje
v koncentracich jednotek aZz desitek pg/l. Ve vodach se vyskytuje v oxidacnim stupni (lll)

vvvvvv

V oxickém prosttredi povrchovych vod prevazuje arsen v oxidacnim stupni (V) [2].

Klasickym zplsobem odstrarfiovani arsenu z povrchovych vod je Cifeni. Autoti [22] uvadéji
cca 80% ucinnost odstranéni arsenu cifenim, a to jak v pfipadé pouzitych Zelezitych, tak
i hlinitych koagulantG. DalSimi variantami odstrafiovani arsenu jsou oxidacnimi procesy [23],
biologické procesy [24], pouZiti reverzni osmdzy [25] a nanofiltrace [26 a 27], pfi které byla
zjiSténa ucinnost odstranéni arsenitan(i 40 % a arsenic¢nant 98 %.

Z anorganickych sorbent( byl zkouSen sorbent na bazi oxidu hlinitého [28], kde bylo zjiSténo,
Ze odstranéni As(V) je moziné na obou formach yaluminy. As(V) se sorbuje velmi dobfre
na protonizované aluminé, naopak As(lll) se dobfe sorbuje ve formé neprotonizované.
Pritomnost sirand a chloridl ma minimalni vliv na celkové zachyceni arsenu v obou formach.
K odstrafiovani arseni¢nan( se osvédcily i anorganické sorbenty na bazi hydratovanych oxida
Zeleza [29 a 30] a titanu [31].

Problematika odstrafiovani oxoaniontl arsenu je stdle aktualni, hledaji se stale dalsi
moznosti, jak ucinné snizit koncentraci oxoaniontl arsenu ve zneciSténych vodach, jelikoz
nékteré pouzivané metody nejsou tak uc¢inné, aby zbytkova koncentrace arsenu v upravené
vodé byla pod pozadovanym limitem danym vyhlaskou [1].

V ptipadé odstrafiovdni arsenu z odpadnich vod je nutnd dikladnd analyza vody a také
znalost dané technologie. Mohou totiZ nastat komplikace pfi pouZiti zavedenych technologii,
protoze je zde moZnost, Ze napfiklad pokud se jednd o odpadni ¢i procesni vody
ze sklarského primyslu, je pravdépodobné, Ze vyskyt arsenu v téchto vodach neni ve formé
oxoaniontu, tedy arseni€nanu, ale nejspi$ ve formé fluoroarseni¢nanu [32 a 33]. Pfi Upravé
téchto vod stavajici metody pro odstrafiovani arseni¢nand nejsou ucinné.

V rdmci vyzkumu odstrafiovani oxoaniontd arsenu byla na Ustavu energetiky sledovana celd
Skala anex( a sorbentl (pFiloha 3). Byly zkoumany nejen komercné dostupné anorganické
sorbenty, ale i moZnosti laboratorni pfipravy kompozitnich sorbentl na bazi hydratovanych
oxid( Zeleza [34 a 35]. Taktéz byla provedena laboratorni pfiprava kompozitniho sorbentu,
kde matrici byl neionogenni sorbent, do kterého byl impregnovéan oxid zirkonicity [36].

Kolonové dynamické pokusy byly provozovany s 30 ml anexu ¢i 10 ml sorbentu odméreného
ve vychozi formé pfi specifickém zatizeni 6 m3/(m3-h). Pro vypocet uZitkové kapacity byla
zvolena limitni koncentrace arsenu 0,1 mg/l sohledem na vstupni koncentraci arsenu
v modelovych roztocich, ktera byla 5 mg/I [37].

Mezi zkoumanymi sorbenty byly standardni anexy (silné bazické anexy v hydroxidové nebo
chloridové formé a stfedné a slabé bazicky anex v protonizované formé) i sorbent s 1-deoxy-
1-methylamino-D-glucitolovou funkéni skupinou (DMAG) v protonizované formé (Obr. 17).
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Obr. 17: Priibéh sorpce As(V) na sorbentu s 1-deoxy-1-methylamino-D-glucitolovou funkéni skupinou
v protonizované formé z roztoku obsahujiciho arsen o koncentraci 5 mg/l a doprovodné anionty;
koncentrace doprovodnych aniont( (chloridy, sirany) ve vstupnim roztoku jsou vyjadfené v legendé v mg/I

Vysokych sorpcnich ucinnosti anexd bylo docileno pouze v pfipadech, kdy byly
ve vstupnim roztoku ionty As(V) bez pfitomnosti doprovodnych iontd (chloridy a sirany),
coz pro redlné roztoky nepftichdzi v ivahu (Obr. 18).
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Obr. 18: Vliv doprovodnych aniontl pftisorpci As(V) z roztoku obsahujiciho arsen o koncentraci
5 mg/| na vysi uzitkové kapacity vybranych anexd;
koncentrace doprovodnych aniont( (chloridy, sirany) ve vstupnim roztoku jsou vyjadiené v legendé v mg/I

Odstranovani oxoaniontl arsenu, v pritomnosti chlorid a sirant, bylo sledovano i pomoci
anorganickych a kompozitnich sorbentd (Obr. 19). Ze sledovanych sorbentld byl
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nejucinnéjsSim sorbent GEH [38]. Jedna se o synteticky hydratovany oxid zZelezity s pfiblizné
75% porozitou a specifickym povrchem 250 — 300 m?/g. V pfitomnosti chloridd a sirand
o koncentracich 500 mg/l doslo sice ke sniZeni uZitkové kapacity sorbentu GEH, ale i tak
zachyceni 187 mmol arsenu v litru sorbentu je velmi vysoké.
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Obr. 19: Vliv doprovodnych aniontl pfisorpci As(V) na vysSi uZitkové kapacity vybranych
anorganickych a kompozitnich sorbent( z roztoku obsahujiciho arsen o koncentraci 5 mg/I
koncentrace doprovodnych aniontd (chloridy, sirany) ve vstupnim roztoku jsou vyjadiené v mg/I

Sledovanym parametrem v upravované vodé byla, kromé koncentrace arsenu, i koncentrace
Zeleza, ktera byla pfi odstrafiovani arsenu z modelovych roztokd pod mezi detekce
(0,01 mg/l), cozznamend, ze béhem sorpcni faze nedochazelo k rozpousténi sledovanych
sorbentd.

| presto, Ze vétSina anorganickych sorbentl je doddvana kjednordzovému pouziti, byla
odzkousena mozZnost opétovného pouziti sorbentu GEH [29]. Desorpce arsenu ze sorbentu
byla provedena ve tfech stupnich:

1) 15 V/Vo 2% NaOH + 2% NaCl p¥i specifickém zatizeni 4 m3/(m3-h)

2) 10 V/V, demineralizované vody pf¥i specifickém zatizeni 45 m3/(m3-h)

3) syceni CO; 15 V/V, pfi specifickém zatizeni 4 m3/(m3-h)

V prvnim stupni probihala desorpce arsenu ze sorbentu GEH, ve druhém stupni ndsledovalo
promyvani sorbentu a ve tfetim stupni probihala kondicionace sorbentu oxidem uhlicitym.

Opétovné pouziti sorbentu GEH bylo odzkouseno se vstupnim roztokem obsahujicim arsen
o koncentraci 5 mg/l, chloridy a sirany o koncentracich 500 mg/I. U¢innost desorpce arsenu
byla v prvnim stupni (2% NaOH a 2% NaCl) 86 %. Pfi nasledujici sorp¢ni fazi se uzitkova
kapacita sorbentu sniZila ze 187 na 53 mmol/I sorbentu (Obr. 20).
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Obr. 20: Pribéh sorpce As(V) na sorbentu GEH z roztoku obsahujiciho arsen o koncentraci 5 mg/I,
chloridy a sirany o koncentracich 500 mg/| pfi vstupni hodnoté pH 5,5

Anorganické sorbenty (tabulka 8) se prevainé vyrdbéji ve formé granulatl, jejichz hlavni
nevyhodou je jejich nizkd mechanickd stabilita, ktera pfi pouZiti téchto sorbentd
v kolonovém usporadani vede v pribéhu sorpcni faze k jejich rozpadu na prachové podily
zpUsobujici zvySovani tlakovych ztrat ve vrstvé sorbentu a sniZovani pritoku roztoku
sorbentem. Ztohoto dlivodu se pfi redlnych aplikacich v danych ¢asovych intervalech
protiproudné promyva sorbent demineralizovanou, pfipadné deionizovanou nebo pitnou
vodou, za ucelem odplaveni prachovych podild sorbentu.

Jedna z moznych variant eliminace téchto nezadoucich vlastnosti anorganickych sorbentd
je pouziti kompozitnich sorbentd. Jelikoz komeréné dostupné kompozitni sorbenty jsou
vétSinou vyrabény impregnaci oxidu Zelezitého do matrice ionexu, bylo sledovano porovnani
téchto sorbentd s anorganickym sorbentem na bazi hydratovaného oxidu Zelezitého. Kromé
zjisténi jejich sorpéni ucinnosti v pritomnosti chloridovych a siranovych iontd, byly
u jednotlivych sorbentl stanoveny distribuce velikosti ¢astic, procentudlni zastoupeni iontl
Zeleza v sorbentu a tlakové ztraty ve vrstvé sorbentu, které byly u anorganického sorbentu
nejvyssi (priloha 4).

Dale byly zkoumdny dvé varianty laboratorné pfipravenych kompozitnich sorbentd. Prvnim
byl kompozitni sorbent CeO,/XAD 7 [39] na bazi oxidu cericitého, ktery byl laboratorné
pfipraven zabudovanim oxidu ceri¢itého do neionogenniho sorbentu Amberlite XAD 7. Druhy
sorbent ZrO,/PAN byl pfipraven z praskového oxidu zirkonicitého, na ktery byl nanesen
polyakrylonitril [40 — 41]. Pfi poutziti experimentalnich vzork(i kompozitnich sorbentt
Ce0,/XAD 7 aZrO;/PAN bylo zjisténo, Ze vhodnou vychozi formou sorbentl je forma
pfipravena kondicionaci kyselinou chlorovodikovou. Optimalni vstupni hodnota pH roztoku
prooba sorbenty je 3,5 a pfi zvySeni vstupni koncentrace chloridli a siran(
ze 100 na 500 mg/l dochazi ke snizeni uZitkové kapacity o 19% u sorbentu CeO,/XAD 7
a u sorbentu ZrO,/PAN o 75,3 % (pFiloha 3).
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Tabulka 8: Makrofotografie anorganickych a kompozitnich sorbentl se zvétsenim 1x s rozliSovaci

v v

schopnosti 4,66 um/pixel (méfitko odpovida 1 mm)

Hydratovany oxid Zelezity Anorganicky sorbent na bazi oxidu titani¢itého

Kompozitni sorbent na bazi hydratovaného Kompozitni sorbent
oxidu Zelezitého ZrOz/PAN

%

Kompozitni sorbent Laboratorné pfipraveny kompozitni sorbent
CeO,/XAD 7 na bazi hydratovaného oxidu Zelezitého

Byly zkoumany nejen komercéné dostupné kompozitni sorbenty, ale v ramci nékolikaletého
vyzkumu, ktery byl zaméren na pfipravu kompozitnich sorbentl (pfiloha 5), byl vytvoren
patent s nazvem: ,ZpuUsob vyroby kompozitniho sorbentu na bazi hydratovaného oxidu
Zelezitého” (pfiloha 6), ktery se zabyva pripravou kompozitniho sorbentu na bazi
hydratovaného oxidu Zelezitého, jehoZz vyuZiti bylo odzkouseno pro ucely odstrafiovani
arseni¢nanll z vodnych roztok(l. Vynalez taktéZ uvadi mozZnost zvySeni sorpcni ucinnosti
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anorganickych i kompozitnich sorbent postupem kondicionace, kterd zajistuje zvyseni jejich
sorpcnich ucinnosti pfi odstrafiovani arseni¢nand z vodnych roztokl (ptiloha 6).

ZpUsob pripravy kompozitniho sorbentu podle vynalezu spociva ve vyuZziti makroporézniho
slabé bazického anexu jako nosic¢e, do kterého je impregnovan hydratovany oxid Zelezity.
Vysuseny makroporézni slabé bazicky anex prevedeny roztokem kyseliny chlorovodikové
do hydrochloridové formy se vloZi do roztoku ethanolu obsahujiciho chlorid Zelezity. Tato
smés je michdna na tfepacce po dobu jedné hodiny. Poté se nabotnalé perlicky anexu timto
roztokem Zzfiltruji a ususi. Suché perlicky se vlozi do roztoku amoniaku, ktery je micham
pomoci htidelové michacky po dobu jedné hodiny. Po zfiltrovani je vyrobeny kompozitni
sorbent promyvan demineralizovanou vodou do Uplného odstranéni amoniaku (pFiloha 6).

Moznost zvySeni sorpcni Ucinnosti vyrobeného kompozitniho sorbentu pti odstrafovani
arseni¢nantl z vodnych roztok( spocivd v postupu jeho kondicionace. Kondicionace sorbentu
je provadéna roztokem kyseliny chlorovodikové o pH 3, ktery je recirkulovan sorbentem
pFi specifickém kolonovém zatizeni 4 m3/(m3-h) do doby, kdy dojde k ustaleni pH na vystupu
z kolony na pH 3 (pfiloha 6).

Zavérem lze fici, Ze sorbent GEH se osvéddil i pfi aplikacich odstrafiovani As(V) z readlnych
povrchovych vod, kde se hodnoty arsenu pohybuji v desitkdch pg/l, pficemz délka trvani
sorpcni faze byla nékolik mésici. Provedena kondicionace sorbentu vedla k prodlouzeni
délky provozu sorpcni faze. Vyhodou pouziti sorbentll na bdazi hydratovaného oxidu
Zelezitého je selektivni odstranéni As(V) a splnéni limitnich poZadavk(, které jsou dany
vyhlaskou [1].
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3.2. Boritany

Koncentrace boru pfirozeného puUvodu v povrchovych vodach se pohybuje fadové
v tisicindch az setindch miligram0 na litr. Vyssi koncentrace boru jsou zdvadné u vod
pro zavlahy, protoZe inhibuji rist rostlin. V téchto vodach se limituje nejvyssi pfipustnd
hodnota 0,5 mg/I, pfi koncentracich nad 1 mg/I se jiZz povazuje voda za nevhodnou pro tyto
Ucely [2].

Kyselina boritd je velmi slabou jednosytnou kyselinou, ktera reaguje jako Lewisova kyselina
prijimajici ionty OH~. V koncentracich mensich nez 0,025 mol/l jsou pfitomné pouze
jednojaderné ¢astice. Pfi vétsich koncentracich (asi nad 0,05 mol/l) se tvofi rdzné polymery
(polyboritany), u kterych pravdépodobné prevlada kruhova struktura, napf. [B3O3(OH)s]~
nebo [B4Os(OH)4]% [2].

K odstrafiovani boru ve formé boritani byl vybran sorbent s 1-deoxy-1-methylamino-D-
glucitolovou funkéni skupinou. JelikoZz oxoanionty boru vytvafi mononukledrni komplexy
s funkcni skupinou sorbentu v alkalické oblasti pH (tabulka 7), je vhodné pouZit sorbent
ve formé volné baze, u které mechanizmus zachyceni oxoaniontd spociva v tvorbé komplexu
s hydroxylovymi skupinami sorbentu. Vyskyt boru v alkalické oblasti je ve formé B(OH)a™
(Obr. 21).
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Obr. 21: Formy vyskytu boru (ptrekresleno) [2]

Tento sorbent byl zkoumdn v rdmci projektd NATO a MEDRC (Middle East Desalination
Research Center), za ucelem pfipravy pitné vody z morské vody, ve které se koncentrace
boru pohybuji okolo 5 mg/I. Byla sledovana moZnost pouZiti tohoto sorbentu nejen ve formé
standardnich perli¢ek, ale i ve formé vlaken, kde jsou funkéni skupiny umistény na povrchu
vldken. V dusledku lepsi pristupnosti funkénich skupin byla zjistovana moZnost pracovat
i pfi vy$sSim specifickém zatiZzeni, coz umoznuje zpracovat vétsi objemy vstupnich roztoku
v kratSim case.

Limitni koncentraci boru pro vypocet uzitkové kapacity byla zvolena hodnota 0,5 mg/|
korespondujici s pozadavky na kvalitu pitné vody podle WHO (tabulka 3). K porovnani
sorbentl, pouzivanych ve vychozi formé volné baze, byly provedeny pokusy, které byly
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zaméreny na nalezeni optimalni vstupni hodnoty pH roztoku a na sledovani vlivu
specifického zatizeni vrozsahu od 6 do 60 m3/(m3-h) na sorpéni Gcinnost boritan(
pro jednotlivé sorbenty.

Odstranovani boru ve formé boritant bylo sledovano pfi vstupni koncentraci boru 5 mg/I,
kterd odpovida koncentraci boru v morské vodé a 1,5 mg/l, kterda se nachazi v permeatu
z reverzni osmozy pfi desalinaci morské vody (pFiloha 7). Ze sledovaného rozsahu vstupnich
hodnot pH 7 — 10 byly vysledky uZitkovych kapacit obdobné v rozsahu hodnot pH 7 — 9.
Z tohoto dlvodu byla zvolena hodnota pH 8 ke sledovani vlivu specifického zatizeni na vysi
uzitkovych kapacit [42].

Jelikoz bylo sledovdano mozné poutZiti téchto sorbentl pro odstrafiovani boru z upravené
morské vody, kde makrokomponentnimi anionty jsou chloridy, byl prvotné sledovan jejich
vliv na sorpéni ucinnost boritanG. PFi sledovani vlivu chloridd v rozmezi 100 — 500 mg/I
dochdzelo se vzrlstajici koncentraci chloridd v roztoku k nepatrnému poklesu uZitkovych
kapacit.

Zvoleny Purolite D 4123 je sorbent s 1-deoxy-1-methylamino-D-glucitolovou funkéni
skupinou ve formé perlicek standardniho zrnéni (Obr. 15, 22 a 23), jehoz matrice je tvofena
poly(styren-co-divinylbenzenem) s velikosti perlicek od 219 pm do 903 pum.
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Obr. 22: Makrofotografie a histogram sorbentu s 1-deoxy-1-methylamino-D-glucitolovou funkéni
skupinou ve formé volné baze se zvétsenim 1x s rozliSovaci schopnosti 4,66 um/pixel
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Obr. 23: Makrofotografie sorbentu s 1-deoxy-1-methylamino-D-glucitolovou funkéni skupinou
ve formé volné baze se zvétsenim 5x s rozliSovaci schopnosti 0,93 um/pixel (méritko 500 pum)

Pro porovnani ucinnosti odstranéni boritani byly vybrany sorbenty ve formé vlaken
DS 247 pp, DS 248 pp a DS 248 v. Jednd se o sorbenty [43] na bazi vldken polypropylenu
a viskdzy roubovanych polystyrenem nebo glycidylmethakryldtem (Obr. 24) s 1-deoxy-1-
methylamino-D-glucitolovymi funkénimi skupinami, které jsou tak umistény pouze
na povrchu vidken, jejichz délka je okolo 1 mm.

OH OH
OH OH 1) O“NWOH
N OH oH | on ow
| on o
Matrice: poly(styren-co-divinylbenzen) Matrice: glycidylmethakrylat

Funkéni skupina: 1-deoxy-1-methylamino-D-glucitolova

Obr. 24: Sorbenty ve formé vlaken s 1-deoxy-1-methylamino-D-glucitolovou funkéni skupinou
(pfiloha 7)

Rozdilnost téchto sorbentl je v pouZiti vychozich vldken (polypropylen a viskdza)
a roubovanych polymer( (tabulka 9). Napfiklad v pfipadé sorbentu DS 247 pp se jedna
o polypropylenovd vladkna roubovana polystyrenem afunkcionalizovand 1-deoxy-1-
methylamino-D-glucitolovou funkéni skupinou.
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Tabulka 9: SloZzeni sorbentli ve formé vlaken [43] a jejich makrofotografie se zvétSenim
5x s rozliSovaci schopnosti 0,93 um/pixel (méfitko odpovida 500 um)

DS 247 pp

Matrice: poly(styren-co-DVB)
Vldkna: polypropylen
Celkova kapacita: 0,30 mol/I

DS 248 pp

Matrice: glycidylmethakrylat
Vldkna: polypropylen
Celkova kapacita: 0,36 mol/I

DS 248 v

Matrice: glycidylmethakrylat
Vldkna: viskdza
Celkova kapacita: 0,36 mol/I

PFi vstupni koncentraci boru 5 mg/l (Obr. 25) dochazelo pti zvyseni specifického zatizeni
z 6 na 48 m3/(m3-h) k vyraznému poklesu (95 %) sorpéni G¢innosti sorbentu Purolite D 4123.
Pfi specifickém zatizeni 60 m3/(m3-h) bylo jiz nazaéatku sorpéni faze pronikdni vyssi
nez limitni koncentrace 0,5 mg/l. V ptipadé sorbentd DS 248 pp a DS 248 v, u kterych jsou
jejich celkové kapacity srovnatelné, byla vhodnéjsi vlakna viskdzy, u kterych byly zjistény
nejvyssi  uZitkové kapacity ze sledovanych sorbentll pro specifickd zatizeni
18 a7 60 m3/(m3-h). U polypropylenovych vldken, ve sledovaném rozsahu specifickych
zatizeni, dochazelo k minimalnim zménam v sorpcni Ucinnosti.
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Obr. 25: Porovnani uZitkovych kapacit sorbentl pfi odstranovani B(lll) z modelového roztoku
o vstupni koncentraci boru 5 mg/l a chloridd 200 mg/l, pfi rdznych specifickych zatiZzenich (s)
a regeneraci sorbentd 10 V/V, HCI (0,5 mol/I)

U vstupniho roztoku obsahujiciho bor o koncentraci 1,5 mg/l (Obr. 26) dochazelo se
zvySujicim se specifickym zatizenim k vyraznéjSimu poklesu sorpéni ucinnosti perlickového
sorbentu. Ve sledovaném rozsahu specifického zatiZzeni se sorpéni Ucinnost u maximalniho
specifického zatiZeni sniZila 0 64 %. Z dGvodu sniZzené vstupni koncentrace boru na 1,5 mg/I
bylo docileno odstranéni boru i pfi nejvyssim specifickém zatizeni 60 m3/(m3-h).

Nedilnou soucasti vyzkumu bylo nalezeni optimalnich podminek regenerace sorbentu
roztokem kyseliny chlorovodikové (pfiloha 7). S ucinnosti desorpce souvisi zvolena davka
a koncentrace regeneracniho Cinidla, kterd v pripadé vldken muze ovlivnit jak stabilitu
sorbentu, tak i pronikani boritan( v nasledujici sorpéni fazi a vysi uZitkové kapacity.
K desorpci boritan bylo vidy pouZito deset kolonovych objemi kyseliny chlorovodikové
o koncentracich 0,1 a 0,5 mol/l. Kondicionace sorbent(i byla provedena Sesti kolonovymi
objemy hydroxidu sodného o koncentraci 0,5 mol/I. Bylo zjisténo, Ze pfi vstupni koncentraci
boru 1,5 mg/I je dostacujici koncentrace 0,1 mol/I kyseliny chlorovodikové (Obr. 26).
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Obr. 26: Porovnani uzitkovych kapacit sorbentl pfi odstranovani B(lll) z modelového roztoku
o vstupni koncentraci boru 1,5 mg/l a chloridd 200 mg/l, pfi rGznych specifickych zatizenich
a koncentracich kyseliny chlorovodikové pfi regeneraci

Pfi vstupni koncentraci boru 5 mg/l bylo k desorpcim boritan pouZito deset kolonovych
objemU kyseliny chlorovodikové o rlznych koncentracich (0,1; 0,25 a0,5 mol/l),
u perlickového sorbentu i 1 mol/l. Prlibéhy sorpcnich fazi, po provedenych regeneracich,
jsou zndzornény na nasledujicich grafech (Obr.27 az29). Kondicionace sorbentl byla
provedena Sesti kolonovymi objemy hydroxidu sodného o koncentraci 0,5 mol/I. Sorpcni faze
byly provozovany s modelovym roztokem o vstupni koncentraci boru 5 mg/l achloridd
200 mg/| pfi specifickém zatizeni 6 m3/(m3-h). U v3ech sledovanych sorbent( bylo maximalni
pronikani boru do upraveného roztoku nizsi nez 0,05 mg/l. Perlickovy sorbent je vhodné
regenerovat kyselinou chlorovodikovou o koncentraci 0,5 mol/l (Obr. 27).

—@— HCl = 0,1 mol/I
—e— HCl =0,25 mol/|
LS e ha- 0,5 mol/l

—— HCl =1 mol/I

----- limitni koncentrace
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Obr. 27: Vliv koncentrace kyseliny chlorovodikové na priabéh sorpcni faze sorbentu Purolite D 4123
pfi odstrariovani B(lll) z modelového roztoku o vstupni koncentraci boru 5 mg/l a chlorid( 200 mg/I,
pti specifickém zatizeni 6 m3/(m3-h)

30



U sorbentl ve formé vldken (Obr. 28 a 29) byla nejvyssi sorpcni Ucinnost zjiSténa
po regeneraci kyselinou chlorovodikovou o koncentraci 0,1 mol/I.

—&— HCl=0,1 mol/I
L5 _e—Ha- 0,25 mol/I

—A—HCI=0,5 mol/I

----- limitni koncentrace

Ps [mg/I]

0 50 100 150 200
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Obr. 28: Vliv koncentrace kyseliny chlorovodikové na pribéh sorpcni faze sorbentu DS 248 pp
pfi odstrafiovani B(lll) z modelového roztoku o vstupni koncentraci boru 5 mg/| a chloridd 200 mg/I,
pfi specifickém zatizeni 6 m3/(m3-h)
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Obr. 29: Vliv koncentrace kyseliny chlorovodikové na pribéh sorpéni faze sorbentu DS 248v
pFi odstrafiovani B(lll) z modelového roztoku o vstupni koncentraci boru 5 mg/| a chloridd 200 mg/I,
pfi specifickém zatizeni 6 m3/(m3h)

Na Obr. 30 jsou zobrazeny pribéhy sorpcnich fazi u sorbentu Purolite D 4123, pfi rozdilnych
specifickych zatiZenich, regenerovaném roztokem kyseliny chlorovodikové o koncentracich

0,1 nebo 0,5 mol/I.

31



3 3
.6 —m—6
—e—12 —e—12
—4&—18 —4&—18
——30 ——30
048 048
—0—60 —0—60
= 2 --=-limitni koncentrace = 2 --=-limitni koncentrace
ad ad
£ £
o o
Q Q
1 1
0 0 &
300 400 500 600 0 100 200 300 400 500 600
v, vV,
HCl = 0,1 mol/I HCl = 0,5 mol/I

Obr. 30: Vliv specifického zatizeni na pribéh sorpcni faze sorbentu Purolite D 4123 pfi odstrariovani
B(Ill) zroztoku o vstupni koncentraci boru 5 mg/l a chloridd 200 mg/l, po regeneraci kyselinou
chlorovodikovou o koncentracich 0,1 a 0,5 mol/I

Hodnoty specifického zatizeni [m3/(m3-h)] jsou v legendé vyjadieny &iselnymi hodnotami

Na Obr. 31 jsou zobrazeny prlbéhy sorpcnich fazi pfi rozdilnych specifickych zatizenich
u sorbentu DS 248 pp regenerovaném roztokem kyseliny chlorovodikové (0,1 mol/I).
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Obr. 31: Vliv specifického zatizeni na pribéh sorpcni faze sorbentu DS 248 pp pfi odstranovani B(lll)
z roztoku o vstupni koncentraci boru 5 mg/I a chloridd 200 mg/| po regeneraci HCl (0,1 mol/l)
Hodnoty specifického zatizeni [m3/(m3-h)] jsou v legendé vyjadfeny &iselnymi hodnotami

Zavérem lze konstatovat, Ze pouZiti vlaknitych sorbentli je vhodnou alternativou
pfi odstranovani boritani z morské vody. Je nutné mit na zreteli, Ze pres vyhody téchto
sorbentl, kde je dostacCujici nizsi davka regeneracnich Ccinidel, moZnost pracovat
i pFi specifickém zatizeni 60 m3/(m3-h) se vstupni koncentraci boru 5 mg/l, coz u perlickového
sorbentu neni mozné, je na zvazeni, zda pfi pouZiti téchto vldknitych sorbentd v kolonovém
usporadani nebude dochdzet béhem provozu k nezddoucimu zvySovani tlakovych ztrat
ve vrstvé sorbentu. U sorbenti ve formé vldken je nutno zminit jejich vy$si cenu oproti
sorbentim ve formé perlicek.
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3.3. Oxoanionty vanadu

V pfirodnich vodach se vanad obvykle vyskytuje v koncentracich dosahujicich jednotek
az desitek pg/l. Patfi mezi esenciadlni prvky nezbytné pro Zivot, pficemZz optimalni
koncentrace nejsou doposud znamy. Ve vysSich koncentracich ma naopak toxické ucinky.
JelikoZz je vanad obsaZzen v ropé a uhli, tak jeho vyssi koncentrace v povrchovych vodach
prichdzeji v ivahu v okoli hutnich a petrochemickych zavoda. Nejvyssi pripustna koncentrace
vanadu 0,1 mg/| je limitovana pro vody vhodné pro zavlahu [2].

V zavislosti na koncentraci a pH roztoku se vanad vyskytuje v raznych iontovych formach.
Bylo zjisténo, Ze monomerni vanadi¢nanové anionty jsou pritomny pouze ve velmi zfredénych
roztocich. PFi vyssich koncentracich kyselych roztokd dochazi k jejich polymerizaci.

Vyskyt rlznych forem vanadi¢nanl a polyvanadi¢nan( v zavislosti na pH a celkové
koncentraci vanadu vyjadruji nasledujici protonizacni a kondenzacni rovnovahy [44]:

V alkalickém roztoku:

[VO4)* + H* &> [HVO4)* (3)
2 [HVO4]* ¢ [V207]* + H20 (4)
[HVO4]? + H* <> [H2VO4]~ (5)
3 [H2VO4]™ <> [V309)3 + 3 H,0 (6)
4 [HoVO4]™ < [V4012]* +4 H0 (7)

V kyselém roztoku:
10 [V300]*~ + 15 H* <> 3 [HV10028]> + 6 H20 (8)
[H2V04]_+ H" & H3VOq4 (9)
[HV10028]*> + H* <> [H2V10028]* (10)
H3VOs + H* <> VO2* + 2 H,0 (12)
[H2V10023]4' +14 H" < 10VO;" + 8 H,O (12)

Vyzkum v oblasti odstrafiovani oxoanionttl vanadu byl na Ustavu energetiky zaméfen nejen
na sledovani sorbentli ve formé perlicek [45 — 47, ptiloha 8], ale i ve formé vldken [48].
V této prdci jsou porovndny tfi typy sorbentl (slabé bazicky anex, sorbent s 1-deoxy-1-
methylamino-D-glucitolovou funkéni skupinou a sorbent s diethanolaminovou funkéni
skupinou). Odstrafiovani vanadu ve formé vanadi¢nanu bylo sledovdno pfi specifickém
zatizeni 6 m3/(m3-h). Z hlediska komplexniho pohledu na udinnost odstranéni oxoaniontd
vanadu byla sledovana ucinnost desorpce vanadu ze sorbentu.

Sorpce V(V) na sorbentu s 1-deoxy-1-methylamino-D-glucitolovou funkéni skupinou byla
sledovdna jak v protonizované formé, tak i ve formé volné baze. MoZnost pouziti obou
vychozich forem sorbentu vyplyva z rozsahu hodnot pH 2 az 7, pfi kterych dochazi k tvorbé
diolovych komplexi mezi oxoaniontem kovu a hydroxylovymi skupinami funkéni skupiny,
které se nachazi v cis poloze (tabulka 7).

Kolonové dynamické pokusy byly provedeny s roztoky obsahujicimi vanad o koncentraci
5 mg/l v pfitomnosti chlorid( a sirand (Obr. 32). Pokud byl pouZit sorbent s 1-deoxy-1-
methylamino-D-glucitolovou funkéni skupinou v protonizované formé pfi vstupni hodnoté
pH 4,5; tak pfi sorpci V(V) z roztoku obsahujiciho chloridy a sirany v rozmezi 0 az 500 mg/| se
uzitkové kapacity nepatrné zvySovaly, ale se vzrUstajici koncentraci doprovodnych aniont(
na 1000 mg/I se snizila uZitkova kapacita o 44 %.
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PFi uziti tohoto sorbentu ve formé volné baze, kde byla pouZita vstupni hodnota roztoku
pH 6,5 (Obr. 32), dochazelo s rostouci koncentraci doprovodnych aniont( (100 az 1000 mg/l)
k vyraznému poklesu uzitkovych kapacit az o 90 %. V tomto ptipadé se jednd o obecny jev
konkurenéni sorpce doprovodnych aniontl, kdy srostouci koncentraci doprovodnych
aniontl ve vstupnim roztoku klesa pocet zpracovanych kolonovych objem( vstupniho
roztoku, a tim i sorpcéni ic¢innost sorbentu.

Porovnanim zjisténych uZitkovych kapacit sorbentu s 1-deoxy-1-methylamino-D-glucitolovou
funkéni skupinou vyplyva, Ze pro sorpci V(V) je vhodnéjsi pouZit protonizovanou formu
sorbentu. Vysvétleni dosaZzenych lepSich vysledk(i v protonizované formé je ve dvojim
mechanizmu odstranéni vanadu oproti formé volné bdze (viz. kapitola 3).

0,8

M pH 6,5 forma volné baze
0,7 r

B pH 4,5 protonizovana forma
0,6

¢, [mo/I]

0 100 500 1000

koncentrace chloridi a sirani ve vstupnim roztoku
[mg/1]

Obr. 32: Porovnani vlivu pouzité formy sorbentu a vlivu doprovodnych aniontd (chloridd a sirand)
na vysi uzitkové kapacity sorbentu s 1-deoxy-1-methylamino-D-glucitolovou funkéni skupinou
pfi sorpci V(V) z roztoku obsahujiciho vanad o koncentraci 5 mg/I

K desorpci V(V) ze sorbentu byl zvolen roztok hydroxidu sodného, jelikoz komplex vanadu
s funkéni skupinou sorbentu je stabilni v kyselém prostfedi a v alkalickém se rozklada [49].
Desorpce vanadu (Obr. 33) byla provedena 10 V/V, roztoku NaOH o koncentraci 1 mol/I.
Béhem desorpce bylo vytésnéno 97 % vesSkerého zachyceného vanadu. Pfi nasledné
kondicionaci sorbentu 10 V/Vp HCI (1 mol/l), kterou byl sorbent prfeveden opét do vychozi
formy, se vytésnilo zbylé mnoZstvi vanadu.
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Obr. 33: Prlibéh desorpce vanadu pri regeneraci sorbentu s 1-deoxy-1-methylamino-D-glucitolovou
funkéni skupinou pomoci 10 V/Vp1 NaOH (1 mol/l) a kondicionaci 10 V/V, HCI (1 mol/l) po sorpci
V(V) z roztoku obsahujiciho vanad o koncentraci 5 mg/| a sirany o koncentraci 100 mg/I, pfi vstupni
hodnoté pH 6,5

Jelikoz béhem kondicionace sorbentu do protonizované formy dochdazelo k vytésfovani
vanadu ze sorbentu (Obr. 33), je otazkou: ,Jak sprdvné provést regeneraci sorbentu pfi jeho
pouziti ve formé volné baze?“ Byly provedeny pokusy, pfi kterych byla porovnana moznost
sorpce vanadu ve formé volné baze pouze po jednostupriové regeneraci (Obr. 34) pomoci
10 V/Vo NaOH (1 mol/l) oproti tfistupriové regeneraci. Pfisorpcich V(V), provedenych
po jednostupriové regeneraci, dochazelo k poklesu uzitkovych kapacit zhruba o 10 %. Taktéz
béhem sorpce dochazelo ke zvySenému pronikani vanadu do upravovaného roztoku. Béhem
nékolika naslednych jednostupriovych regeneraci dochazelo s kazdym pracovnim cyklem
ke snizeni sorp¢ni ucinnosti sorbentu, az sorbent nebyl schopen odstranit vanad pod limitni
koncentraci 0,1 mg/I.

Po opakovaném uziti tristupfové regenerace, kdy bylo vkazdém stupni pouZito
10 kolonovych objemU regeneracniho roztoku, NaOH (1 mol/l) - HCI (1 mol/l) = NaOH
(1 mol/l), byly dosazené uzitkové kapacity sorbentu ve formé volné baze shodné (Obr. 34),
a proto je vhodné k prevadéni sorbentu do formy volné baze pouzit tfistupfovou regeneraci.
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Obr. 34: Srovnani pribéhu sorpce V(V) z roztoku obsahujiciho vanad o koncentraci 5 mg/| a sirany
o koncentraci 100 mg/I, pti vstupni hodnoté pH 6,5 po tfistupriové nebo jednostupriové regeneraci
sorbentu s 1-deoxy-1-methylamino-D-glucitolovou funkéni skupinou

Pfi sorpci oxoaniontl vanadu na sorbentu s diethanolaminovou funkéni skupinou (Obr. 15)
dochazi ktvorbé polyolovych komplex(i mezi hydroxylovymi skupinami funkéni skupiny
a oxoanionty vanadu. Sorbent pouzity v protonizované formé odstrariuje oxoanionty vanadu
i iontovou vyménou. V rozmezi doprovodnych aniont 100 aZz 500 mg/| dochéazelo pfi pH 6
k vyraznému poklesu uZitkovych kapacit z 0,79 na 0,15 mol/l (Obr. 35). Optimalni pouZiti
tohoto sorbentu je v protonizované formé pfti sorpci V(V) z roztoku obsahujiciho vanad
o koncentraci 20 mg/l, chloridy a sirany o maximalnich koncentracich 100 mg/I.
Odstranovani V(V) pomoci tohoto sorbentu ve formé volné baze je nevhodné pfi pH 7,
protoze pti vstupni koncentraci vanadu vy$si nez 1 mg/l nedochazelo k odstranéni vanadu
pod limitni koncentraci 0,1 mg/l. Desorpce vanadu pomoci 10 V/Vp NaOH (1 mol/l)
byla uc¢innd. Do ¢tvrtého kolonového objemu se desorbovalo vice nez 98,5 % zachyceného
vanadu sorbentem.

m forma volné béze V=1 mg/|, pH 7
09 [

M protonizovana forma V =20mg/I, pH 6
0,8 |
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0,6 |
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Obr. 35: Porovnani vlivu pouzité formy sorbentu s diethanolaminovou funkéni skupinou a vlivu
doprovodnych aniontl na vysi uZitkové kapacity pfi sorpci V(V)
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Ke srovnani byl pouzit makroporézni slabé bazicky anex v protonizované formé
s poly(styren-co-divinylbenzenovou) matrici obsahujici terciarni aminovou funkéni skupinu.
Vliv pfitomnosti chlorid(l a siran(, o koncentracich 100 a 500 mg/I, na vysi uZitkové kapacity
slabé bazického anexu, byl sledovan pti sorpci V(V) zroztoku obsahujiciho vanad
o koncentraci 20 mg/| pti vstupni hodnoté pH 6 (Obr. 36). Slabé bazicky anex obecné neni
selektivni k oxoaniontim vanadu, a proto béhem pracovni faze dochazelo ke konkurenéni
sorpci chloridd a sirant, ktera vyrazné snizovala sorpcéni ucinnost anexu vici oxoaniontlm
vanadu.

Desorpce vanadu byla Gcinnd pouzitim 10 V/Vp NaOH (1 mol/l). Pfiprotonizaci anexu
kyselinou chlorovodikovou dochazelo ke zbytkovému vytésnovani vanadu od 0,5 do 4,4 mg/I.

¢, [mol/l]

0 100 500
koncentrace chloridt a siranti ve vstupnim roztoku
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Obr. 36: Vliv pfitomnosti doprovodnych aniontl na vysi uzitkové kapacity sorbentl pfi sorpci V(V)
z roztoku obsahujiciho vanad o koncentraci 20 mg/| pfi vstupni hodnoté pH 6

Zavérem lze konstatovat, Zze vSechny sledované sorbenty je mozZno pouzit k odstranéni
oxoaniontd vanadu zvodnych roztokd. U vsech tfi sorbentl je desorpce V(V) pomoci
10 V/VoNaOH (1 mol/l) ucinna, v pfipadé uZiti sorbentu s 1-deoxy-1-methylamino-D-
glucitolovou funkéni skupinou ve formé volné baze je vhodné provadét tristupriovou
regeneraci.

Pti sorpci V(V) se vstupni koncentraci vanadu 20 mg/I je vhodné volit uZiti sorbentll vtomto
poradi (Obr. 36):

- bez pfitomnosti chloridi a siranti: WBA > DEA > DMAG

- v pfitomnosti chloridi a sirand o koncentracich 100 mg/l: DEA > DMAG > WBA

- v pfitomnosti chloridid a sirand o koncentracich 500 mg/l: DMAG > DEA> WBA.

Vliv pH vstupniho roztoku na vysi uzitkové kapacity, pfi sorpci V(V) z roztoku obsahujiciho

vanad o koncentraci 20 mg/I, chloridy a sirany o koncentracich 100 mg/|, byl pfi hodnotach
pH 4,5 a 6 pro jednotlivé sorbenty srovnatelny (Obr. 37).
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Obr. 37: Vliv vstupni hodnoty pH na wvysi uZitkovych kapacit sorbentl v protonizované formé
pti sorpci V(V) z roztoku obsahujiciho vanad o koncentraci 20 mg/|, chloridy a sirany o koncentracich
100 mg/|

Pti pokusech se sorbentem s 1-deoxy-1-methylamino-D-glucitolovou funkéni skupinou byla
pfi sorpci V(V) sledovana barevna zména sorbentu. Horni vrstva sorbentu se barvila Zluté
a postupné se ménila na zelenou, ktera byla pfipisovana redukci V(V) na V(IV) reakci se
sacharidickou funkéni skupinou sorbentu (oxidaci sorbentu) a vzniku smiSenych polyaniontd
vanadu. Na zdkladé téchto uvah byla sledovdana moZnost odstranéni vanadu ve formé V(IV)
po elektrochemické redukci. Redukce vanadi¢nanu probihala v potenciostatickém maddu.
Potencidl pracovni elektrody byl udrzovdn na hodnoté —1,5 V. Po elektrochemické redukci
V(V) na V(IV) byla zkoumdna na sorbentu s 1-deoxy-1-methylamino-D-glucitolovou funkéni
skupinou separace V(IV) a W(VI) (pFiloha 8).
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3.4. Oxoanionty wolframu

Wolfram se muzZe vyskytovat v odpadech z hutniho prlimyslu, jelikoZ je soucdsti oceli, tak
i z elektrotechnického primyslu, kde je pouZivanym materidlem pro vlakna Zarovek. Pouziva
se i ve sklarském a keramickém primyslu. Wolfram nema ve vodach zvlastni hydrochemicky
ani hygienicky vyznam, obvykle se nestanovuje a jeho koncentrace neni limitovana v Zadném
druhu vod [2].

Odstranfiovani wolframu ve formé wolframand, je specifické tim, Ze nékteré formy
wolframan(l nejsou stabilni. Z dostupnych forem wolframant, kterymi jsou wolframan,
heptawolframan a dodekawolframan, byly sledovany wolframan a dodekawolframan.
PficemZ stabilita heptawolframanu je nizkd a podle daného pH roztoku dochazi k jeho
pfeméné na jednoduchy wolframan ¢i dodekawolframan [50 — 52].

Sledovani stability polymernich forem wolframanu je mozné diky schopnosti vazby W—0O-W
absorbovat zareni o vinové délce okolo 258 nm. Plati, Ze ¢im sloZitéjsi je struktura
polywolframanu, tim intenzivnéji pohlcuje zareni [50]. Bylo zjisténo, Ze dodekawolframan je
stabilni vrozmezi pH 2 — 7,5. Pfi hodnoté pH 8 dochazi kjeho pozvolnému rozkladu
na jednoduchy wolframan. V alkalické oblasti je stabilni jednoduchy wolframan. V kyselé
oblasti jednoduchy wolframan velmi rychle polykondenzuje na heptawolframan, ktery
nasledné pomalu prechazi na dodekawolframan.

Abychom zabranili neustalym zméndm slozeni roztoku wolframanu, je vhodné pro jeho
pfipravu pouzit jednoduchy wolframan v alkalické oblasti pH a dodekawolframan v kyselé
oblasti pH.

V pritomnosti chloridd a siran( v roztoku wolframanu bylo zjisténo, Ze s rostouci koncentraci
téchto aniontl (od 100 do 1000 mg/l) v roztoku wolframanu dochazelo v kyselé oblasti pH
k pomalejsi polykondenzaci nez v roztocich samotného wolframanu [51].

V pritomnosti chlorid a siran(i v roztoku dodekawolframanu v kyselé oblasti pH dochdzelo
s jejich rostouci koncentraci (100 az 1000 mg/l) béhem jednoho tydne k vyraznéjsimu
snizovani absorbance. Pti rozpadu dodekawolframanu se uvolfiuje proton, pH roztoku se
snizuje a zbyvajici polywolframany jsou opét stabilni. Pokud je ale ve velkém prebytku
pfitomen siran, mizZe uvolnéné protony zachytit a mlze dojit k dalSimu rozpadu molekul
dodekawolframanu [51].

Na zakladé téchto poznatk(l byly provedeny kolonové dynamické pokusy sjednoduchym
wolframanem Na;WO, a dodekawolframanem (NHa)sW12039 v pfitomnosti chloridl a sirant
(Obr. 38). Byl sledovan vliv pH vstupniho roztoku na sorpcni ucinnost sorbentu s 1-deoxy-1-
methylamino-D-glucitolovou funkéni skupinou. Pfi pouziti tohoto sorbentu musime vychazet
z optimdlnich podminek tvorby polyolovych komplext s wolframanem [53], které jsou
v oblasti hodnot pH 1 az 6 (tabulka 7). Podle téchto podminek je pro sorpci wolframani
vhodné pouzit protonizovanou formu sorbentu s 1-deoxy-1-methylamino-D-glucitolovou
funkéni skupinou, kde mechanizmus jejich zachyceni spocivd nejen vtvorbé komplexu
s hydroxylovymi skupinami, ale i na iontové vyméné.

K porovnani uéinnosti sorpce jednoduchého wolframanu a dodekawolframanu na sorbentu
s 1-deoxy-1-methylamino-D-glucitolovou funkéni skupinou byla zvolena pH hodnota
vstupniho roztoku 6. Z hlediska stability jednoduchého wolframanu, ktery je stabilni
od pH > 8 bylo predpokladano, Ze pfi pH 6 polykondenzuje na heptawolframan. Sledovani

39



sorpce wolframan( bylo provadéno pfi specifickém zatizeni 6 m3/(m3-h), pfiéemz 10 litrd
vstupniho roztoku bylo zpracovédno za necelych 56 hodin. Dle Burdy [50] dochdzi k Gplnému
prevedeni heptawolframanu na dodekawolframan béhem tydne, a proto se predpokladad, ze
béhem 56 hodin nedoslo k pfevedeni na dodekawolframan.

V pfipadé dodekawolframanu byly zvoleny podminky, za kterych by nemélo dochazet k jeho
rozpadu. Z namérenych vysledkd vyplyvd, Ze samotny dodekawolframan z hlediska své
rozmérné struktury oproti jednoduchému wolframanu nebyl sorbentem zachycen. Pokud
byly vroztoku dodekawolframanu pfitomny chloridové asiranové ionty, dochdazelo
ke zvySovani sorpce. Tento nezvykly jev, kdy rdstem iontové sily roztoku dochazi k zvySovani
stupné zachyceni wolframanu, Ize vysvétlit pravé na zakladé pokust [51], pfi kterych bylo
zjisténo, Ze srostouci koncentraci siran(i ve vstupnim roztoku dochdazi k rozpadu
dodekawolframanu, a tudiz vznika vhodné;jsi forma wolframanu k sorpci na tomto sorbentu.

0,16
0,14
0,12

0,1

0,08

0,06

c, [mo/I]

0,04

0,02

500

1000
koncentrace chloridi a sirand ve vstupnim roztoku
[mg/1]

Obr. 38: Porovnani vlivu doprovodnych aniontl na vysi uzitkové kapacity sorbentu s 1-deoxy-1-
methylamino-D-glucitolovou funkéni skupinou v protonizované formé pfisorpci W(VI) z roztoku
obsahujiciho wolfram o koncentraci 20 mg/| pfi pH 6 (W — wolframan, W12 — dodekawolframan)

Pfi sledovani vlivu pH vstupniho roztoku, vrozmezi pH 4,5 az 9, na ucinnost sorpce
wolframan( v pritomnosti chlorid(l a siran o koncentracich 500 mg/I (Obr. 39) bylo zjisténo,
Zze wolframan v kyselé oblasti pfechdazi na dodekawolframan, a proto byla Ucinnost sorpce
a sorbent, stdle v protonizované formé, vytvari diolové komplexy s wolframanem.
Pfi hodnoté pH 9 je ve vstupnim roztoku sice pritomny wolframan, ale pokles uzitkové
kapacity sorbentu je zplsoben prevadénim sorbentu do formy volné baze, kterd neni vhodna
k odstranéni wolframanu z roztoku.
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Obr. 39: Vliv pH vstupniho roztoku na vysi uzitkové kapacity sorbentu s 1-deoxy-1-methylamino-D-

glucitolovou funkéni skupinou pfi sorpci W(VI) z roztoku obsahujiciho wolfram o koncentraci 20 mg/|,
chloridy a sirany o koncentracich 500 mg/I

Pfi pokusech s roztokem dodekawolframanu (Obr. 40), ktery je stabilni v neutrdlnim
a kyselém prostredi, byl sledovdn nejen vliv pH hodnoty vstupniho roztoku, ale i vliv
doprovodnych iontl na vysi uZitkové kapacity. Bylo zjisténo, Ze srostouci koncentraci
doprovodnych iontd (chloridl a siranll) dochazi krlstu uzitkové kapacity, coz také
koresponduje s vysledky [51], potvrzujicimi, Ze zvySujici se koncentrace siran( ve vstupnim
roztoku dodekawolframanu vede k jeho rychlejSimu rozpadu.
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Obr. 40: Vliv pH vstupniho roztoku na vysi uZitkové kapacity sorbentu s 1-deoxy-1-methylamino-D-
glucitolovou funkéni skupinou pfi sorpci dodekawolframanu W(VI) z roztoku obsahujiciho wolfram
o koncentraci 20 mg/| a rGzné koncentrace doprovodnych aniontd;

koncentrace doprovodnych aniont( (chloridy, sirany) ve vstupnim roztoku jsou vyjadiené v legendé v mg/I
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Ke srovnani sorpcni ucinnosti sorbentu s 1-deoxy-1-methylamino-D-glucitolovou funkéni
skupinou byl pouZit slabé bazicky anex v protonizované formé (Obr. 14). Kolonové
dynamické pokusy byly provedeny se vstupnim roztokem obsahujicim wolfram o koncentraci
20 mg/|, chloridy a sirany o koncentracich 500 mg/I pfi hodnoté pH roztoku 7. Z nasledujiciho
obrazku (Obr. 41) je znatelné, Ze ucinnost odstranéni oxoaniontl wolframu je u slabé
bazického anexu nepatrné vyssi, s uzitkovou kapacitou 0,22 mol/l anexu, oproti sorbentu
s 1-deoxy-1-methylamino-D-glucitolovou funkéni skupinou, u kterého byla uZitkova kapacita
0,19 mol/l sorbentu. U obou sorbentli byla provedena uc¢innd desorpce oxoaniontd
wolframu deseti az patnacti kolonovymi objemy roztoku hydroxidu sodného o koncentraci
1 mol/I (Obr. 42). Z téchto vysledkl vyplyva, Ze oxoanionty wolframu v pfitomnosti chloridd
a siran(l Ize odstranit jak pomoci sorbentu s 1-deoxy-1-methylamino-D-glucitolovou funkéni
skupinou, tak i slabé bazickym anexem v protonizované formé.
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Obr. 41: Prabéh sorpce W(VI) na sorbentu s 1-deoxy-1-methylamino-D-glucitolovou funkéni skupinou
v protonizované formé a slabé bazickém anexu v protonizované formé, pfi pH 7 zroztoku
obsahujiciho wolfram o koncentraci 20 mg/I, chloridy a sirany o koncentracich 500 mg/I
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Obr. 42: Desorpce wolframu ze sorbentu s 1-deoxy-1-methylamino-D-glucitolovou funkéni skupinou
a slabé bazického anexu po sorpci W(VI) na sorbentech v protonizovanych formach, ptipH 7
z roztoku obsahujiciho wolfram o koncentraci 20 mg/|, chloridy a sirany o koncentracich 500 mg/|
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3.5. Oxoanionty molybdenu

Molybden patfi mezi esencialni mikroprvky nezbytné pro vyvoj rostlin a Zivocich(. Je obsazen
v odpadnich vodach z povrchové Upravy kovl, mize se také vyskytovat v odpadech z hutnich
zavodu, ze sklarského, keramického a elektrotechnického primyslu. Vyskytuje se v radé
oxidacnich stupnl, z nichz jsou nejstalejsi molybdenany. Redukovat Mo(VI) je pomérné
obtizné, vyskytuje se proto ve vodach ve slabé kyselém az alkalickém prostifedi prevainé
v aniontové formé MoOs> a HMoOs, avdak pFi vy$Sich koncentracich a v zavislosti
na hodnoté pH se mUlzZe polykondenzaci tvofit fada polyaniontll (napfiklad trimolybdenan
Mo3010% nebo heptamolybdenan Mo70,4%) [2].

Odstranovani molybdenu ve formé molybdenanu bylo sledovano na sorbentu s 1-deoxy-1-
methylamino-D-glucitolovou funkéni skupinou v protonizované formé (pfiloha 9). Vychozi
forma sorbentu vychazi z moznosti tvorby diolovych komplex(i s molybdenany [55], které se
tvofi v rozmezi hodnot pH 1 az 6 (tabulka 7). V ramci vyzkumu byl sledovan vliv vstupni pH
hodnoty roztoku pfi pH 3,5 a 6. Na nasledujicim obrazku (Obr. 43) je patrné, Ze vstupni
hodnota pH 3,5 je vhodnéjsi. V pfipadé sledovani vlivu doprovodnych aniontll (chlorid(
a siranl) v rozmezi 100 az 1000 mg/I dochazelo k nepatrnému poklesu uZitkové kapacity.
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Obr. 43: Porovnani vlivu doprovodnych aniontli na vysi uzitkové kapacity sorbentu s 1-deoxy-1-
methylamino-D-glucitolovou funkéni skupinou v protonizované formé ptisorpci Mo(VI) z roztoku
obsahujiciho molybden o koncentraci 20 mg/l, ptipH 3,5a 6

Pokud byl, jako v ptipadé odstranovani boritanll, pouZit tento sorbent v protonizované
formé ve formé vldken (DS 248 pp) k odstrariovani molybdenan(l z roztoku obsahujiciho
molybden o koncentraci 5 mg/l, chloridy a sirany o koncentracich 500 mg/|, pfi specifickém
zatizeni 30 m3/(m3-h), pak zjisténa uZitkova kapacita byla 0,12 mol/I sorbentu. PFi zvySeni
specifického zatiZzeni u perlickového sorbentu s 1-deoxy-1-methylamino-D-glucitolovou
funkéni skupinou z6 na 30 m3/(m3-h) doSlo kvyraznému sniZzeni uZitkové kapacity
20,78 mol/l na 0,07 mol/l (Obr. 44). Proto je vhodnou volbou, pfi odstrafovani
molybdenanu, uziti perlickového sorbentu s 1-deoxy-1-methylamino-D-glucitolovou funkéni
skupinou p¥i specifickém zatizeni 6 m3/(m3-h).
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Obr. 44: Pribéh sorpce Mo(VIl) na sorbentu s 1-deoxy-1-methylamino-D-glucitolovou funkéni
skupinou v protonizované formé pfti pH 3,5
Vstupni roztok: Mo =5 mg/Il, CI~ = 500 mg/l, SO4>*~ = 500 mg/I

K desorpci molybdenand ze sorbentu s 1-deoxy-1-methylamino-D-glucitolovou funkéni
skupinou je nutno pouZit 20 kolonovych objem( roztoku hydroxidu sodného o koncentraci

1 mol/I (Obr. 45).
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Obr. 45: Desorpcni kfivka molybdenu pfi regeneraci sorbentu s 1-deoxy-1-methylamino-D-
glucitolovou funkéni skupinou 20 V/V, NaOH (1 mol/l) po sorpci Mo(VI) z roztoku obsahujiciho
molybden o koncentraci 5 mg/l, chloridy a sirany o koncentracich 500 mg/| pti hodnoté pH 3,5

Jednou zdalSich moZnosti, odstranovani oxoaniontd molybdenu, je pouziti chitosanu
ve formé perlicek nebo vldken [54 a 55]. Jednd se o bazicky polysacharid, ktery je hydrofébni
a nerozpustny ve vétsiné organickych rozpoustédel. Pfipravuje se deacetylaci chitinu, ktery
se ziskava z krabich krunytd nebo z nékterych druhd hub.
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| kdyZz monomerni jednotka chitosanu obsahuje pouze 2 OH-skupiny, které nestaci
k vytvoreni stabilniho komplexu, byla zjiSténa Ucinnd sorpce molybdenan(i na zesiténém
chitosanu, ktery je schopen reagovat s oxoanionty molybdenu pfi tvorbé stabilnich bi-
nuklearnich nebo polynuklearnich komplex( [55]. PoZzadovany pocet 4 OH-skupin ve vhodné
konfiguraci binukledrniho komplexu byl nejspi$ vyuzit ze dvou sousednich chitosanovych
fetézcl (Obr. 46), které jsou zesitovanim fixovany tésné vedle sebe (pFiloha 2).

H NH, CH,OH
H
© o H
H

H NH, CH,OH

Obr. 46: Bi - nebo polynuklearni komplexy Mo s chitosanem [55]

Vtéto praci byl pouzit chitosan Chitopearl CR-CH [56] v protonizované formé,
po kondicionaci roztokem kyseliny chlorovodikové o koncentraci 1 mol/l. Z anorganickych
sorbentl byl vybran sorbent na bazi hydratovaného oxidu Zelezitého (GEH) [38]. Kolonové
dynamické pokusy byly provedeny s modelovymi roztoky Mo(VI) pfi vstupni koncentraci
molybdenu 5 mg/I v pfitomnosti chloridd a siran(i (Obr. 47). U obou sorbentd bylo docileno
zachyceni oxoaniontd molybdenu. Vyssi ucinnosti, v pfitomnosti chloridd a siran
o koncentracich 500 mg/l, bylo dosazeno pfi uZiti anorganického sorbentu GEH s uZitkovou
kapacitou 0,17 mol/l sorbentu, Za téchto podminek byla u chitosanu zjisténa uZitkova
kapacita pouze 0,01 mol/I chitosanu.
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Obr. 47: Odstranovani Mo(VI) pomoci chitosanu a anorganického sorbentu GEH zroztoku
obsahujiciho molybden o koncentraci 5 mg/l v pfitomnosti doprovodnych aniontd pfi pH 4,5
koncentrace doprovodnych aniont( (chloridy, sirany) ve vstupnim roztoku jsou vyjadiené v legendé v mg/I
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3.6. Oxoanionty germania

Germanium je ve stopovych koncentracich velmi rozsifené, jeho minerdly jsou vzacné.
PouZiva se pro vyrobu polovodici. Je fazeno mezi polokovy. Do tvorby vazeb mize zapojit
Ctyfi valencni elektrony a vykazovat tak oxidacni stav IV. Tato forma je nejstabilnéjsi a bézné
tvori komplexni slouceniny s koordinacnim cislem 6 [57].

Oxid a hydroxid germanicity nejsou pfrilis stabilni. Germanicité soli hydrolyzuji za vzniku
hydroxokomplexu.

Vznik mononuklearnich komplext byl pozorovan pti reakci Ge(lV) s rldznymi organickymi
ligandy. Reakce mezi kyselinou germanicitou a oligoalkoholy ve vodnych roztocich probiha
ve dvou stupnich podle nasledujicich reakci [58]:

GeO3 + 2 HyL ¢ Gely(OH) + H* + H,0 (13)
Gely(OH) + Hiol €< Gels? + H* + H,0 (14)

Reakce podle rovnice (14) probiha v alkalickém prostredi pfi pH > 10, v kyselém prostredi se
komplexy nevytvareji.

Odstranovani oxoaniontd germania bylo sledovano pomoci sorbentu majiciho 1-deoxy-1-
methylamino-D-glucitolovou funkéni skupinu. BEéhem kolonovych dynamickych experimenta
byla zjistovano, zda je vhodnéjsi pouziti sorbentu v protonizované formé nebo ve formé
volné baze, jaké je optimalni pH sorpéniho roztoku, a také byl sledovan vliv koncentrace
germania a doprovodnych aniontl na vysi uzitkové kapacity (priloha 10).

Oxoanionty germania vytvari komplexy sfunkéni skupinou sorbentu v alkalické oblasti
v rozmezi hodnot pH 6 az 12 (tabulka 7), a proto je vhodné pouZit sorbent ve formé volné
baze, kde mechanizmus zachyceni oxoaniontd germania spocivda v tvorbé komplexu
s hydroxylovymi skupinami sorbentu [58].

Pfi volbé vychozi formy sorbentu bylo potvrzeno, ze k UspéSnému odstranéni oxoaniontu
germania musi byt pouzit sorbent ve formé volné baze. Pfi sledovanych hodnotach pH 6 a 9
vstupniho roztoku se zjisténé hodnoty uzZitkovych kapacit vyrazné nelisSily. Pritomnost
chloridd a siranll ve vstupnich roztocich nesnizovala ucinnost sorpce oxoaniontll germania.
Efektivni desorpce oxoaniontl germania bylo dosazeno 7 kolonovymi objemy kyseliny
chlorovodikové o koncentraci 1 mol/I (Obr. 48).
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Obr. 48: Porovnani vlivu doprovodnych aniontd na vysi uZitkové kapacity sorbentu s 1-deoxy-1-
methylamino-D-glucitolovou funkéni skupinou ve formé volné baze pftisorpci Ge(lV) zroztokl
obsahujicich germanium o koncentracich 5 nebo 20 mg/l pfipH6a9

Ke srovnani byl vybran sorbent s diethanolaminovou funkéni skupinou, ktery byl preveden
také do formy volné béaze. Byly odzkouseny vstupni hodnoty roztoku pH 8,5 a 11. U¢inného
odstranéni oxoaniontl germania nebylo docileno pfi vstupni koncentraci germania 1 mg/I
v pfitomnosti chloridd a siranid o koncentracich 100 mg/l, ani pfi nasledném snizeni
koncentrace germania na 0,5 mg/l. Ve vSech pfipadech dochazelo od samého zacatku
sorpcni faze k pronikani vstupni koncentrace germania.

Z anorganickych sorbentl byl, pro selektivni odstranéni Ge (IV) oxoaniont(l, Uspésné pouzit
kompozitni sorbent Ce0,/XAD 7. Vstupni hodnota roztoku pH 9 byla zjiSténa jako optimalni
pro odstranéni oxoaniontl germania z vodnych roztoku. Pfitomnost chloridl a sirana
v roztocich v rozmezi koncentraci od 100 mg/l do 1000 mg/l nemély vliv na vysi uZitkovych
kapacit. Pri vstupni koncentraci germania 3 mg/l byla uzitkova kapacita priblizné 1,1 g/l
sorbentu. Pokud byl sledovan vliv specifického zatizeni v rozmezi 3 az 24 m3/(m3-h) na vysi
uzitkovych kapacit, pfi vstupni koncentraci germania 3 mg/I a koncentracich chloridd a sirant
100 mg/I, bylo dosazeno obdobnych uZitkovych kapacit (1,0 — 1,1 g/l) v rozmezi specifickych
zatizeni 3 az 12 m3/(m3-h) [59].
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3.7. Oxoanionty antimonu

Antimon se obvykle vyskytuje spole¢né s arsenem. Ma i podobnou toxicitu jako arsen. Patfi
mezi potencidlni karcinogeny. Koncentrace antimonu se v pfirodnich vodach pohybuji
v jednotkach azZ stovkach ng/l [2].

Antimon se pouziva v metalurgickém, polygrafickém, keramickém a sklafském primyslu, je
soucasti ochrannych povlakl na nékterych kovech, pajek, nékterych Iéciv, mlze se pouzivat
jako ptisada do pripravk( zpomalujicich hofeni nebo katalyzator pfi vyrobé plast(, odkud se
mUzZe dostat do odpadnich vod a do vyrobku z tohoto materialu. Bylo zjiSténo, Ze pitnd voda
uchovdvana nékolik mésicu pti vyssi teploté v PET lahvich mlzZe byt vyznamné obohacena
antimonem, protoZe pfi jejich vyrobé se pouziva oxid antimonity jako katalyzator [2].

Chemie antimonu je pomérné slozZitd. Ve vodach se vyskytuje jako Sb(lll) a Sb(V), pficemz
slouceniny  Sb(lll) jsou toxi¢téjsSi nez slouceniny Sb(V). Pfitomnost antimonu
v tekoucich povrchovych vodach je prevdiné ve formé Sb(V). V anoxickém a anaerobnim
prostiredi prevlada forma Sb(lll) [2].

Odstraniovani oxoaniontd antimonu bylo sledovano pomoci experimentalnich vzork(
kompozitnich sorbentd CeO/XAD 7 a ZrO/PAN [60], v této praci pomoci sorbentu majiciho 1-
deoxy-1-methylamino-D-glucitolovou funkéni skupinu a sorbentu na bazi hydratovaného
oxidu Zelezitého. Béhem kolonovych dynamickych experimentl byla zjistovana vhodna
forma sorbentu pfi odstrafiovani Sb(lll) a Sb(V).

U¢inného odstranéni oxoaniont( Sb(lll) bylo dosazeno na sorbentu 1-deoxy-1-methylamino-
D-glucitolovou funkéni skupinu ve formé volné baze pfi vstupni koncentraci antimonu 1 mg/I
v pfitomnosti chloridl a sirant o koncentracich 100 mg/l pfi pH 6 (0,036 mol/l sorbentu)
a pH 8 (0,034 mol/I sorbentu).

K odstranéni oxoaniontd Sb(V) bylo vhodné poufZit protonizovanou formu sorbentu
pfi pH 3,5. Zddvodu vysoké Uucinnosti sorpce oxoaniontl Sb(V) byla, pfizpracovani
6 000 kolonovych objemd, zvySena vstupni koncentrace antimonu na 3 mg/l. Pfi priniku
limitni koncentrace 0,1 mg/| bylo zpracovano 14 120 kolonovych objemU vstupniho roztoku
odpovidajicich uzitkové kapacité 0,24 mol/l sorbentu (Obr. 49).

Na zakladé ucinného zachyceni oxoaniontl antimonu na sorbentu 1-deoxy-1-methylamino-
D-glucitolovou funkéni skupinou byla sledovana moZnost opétovného pouziti sorbentu.
Pti hleddni vhodného regeneracniho Cinidla pro desorpci oxoaniontl antimonu ze sorbentu
se nepodafilo najit vhodné regeneracni Cinidlo, aby uc¢innost desorpce byla vyssi nez 30 %.

48



0,7
—m—Sb(lll), pH 8
06 | (), p
—e—Sb(lll), pH 6
05 | —4—Sb(V), pH5
= ——Sb(V), pH 3,5
oo
% 04 | zvyseni vstupni
q koncentrace
03 | Sb na 3 mg/I
0,2 |
0,1
0
0 3000 6000 9000 12000 15000

V/V,
Obr. 49: Pribéh odstrariovani Sb(lll) a Sb(V) pomoci sorbentu 1-deoxy-1-methylamino-D-glucitolovou
funkéni skupinou a zroztoku obsahujiciho antimon o koncentraci 1 mg/l, chloridy a sirany
o koncentracich 100 mg/| pti rdznych hodnotéach pH

PFi pouZiti sorbentu na bazi hydratovaného oxidu Zelezitého (GEH) bylo docileno uc¢inného
odstranéni u obou forem oxoaniont(i antimonu ze vstupnich roztokd Sb (11l a V) (viz. Obr. 50)
v pfitomnosti sirantd 500 mg/I. Z divodu dlouhodobého provozu byly sorpéni cykly ukonéeny
pfi zpracovani 13 000 kolonovych objeml, s uZitkovymi kapacitami pro Sb(lll) 0,33 mol/I
sorbentu, pro Sb(V) 0,11 mol/I sorbentu.
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Obr. 50: Pribéh odstrariovani Sb(lll) a Sb(V) na sorbentu GEH z roztoku
a) Sb(ll1) obsahujiciho antimon (3 mg/1) a sirany (500 mg/|) p¥i pH 4
b) Sb(V) obsahujiciho antimon (1 mg/l) a sirany (500 mg/|) pti pH 8
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3.8. Oxoanionty selenu

Selen patfi mezi esencidlni mikroprvky nezbytné pro organizmus. Podili se na aktivité
nékterych antioxida¢nich enzymovych systému, které chrani bunku pred oxidacnim
poskozenim. Ve vyssich koncentracich ma skodlivé ucinky, vyvolava selenotoxikdzu [2].

Vyskytuje se ve vodach v oxidaénim stupni IV nebo VI, v elementdrni formé a v oxidacnim
stupni —Il jako selenidy. Z forem existence selenu v povrchovych vodach pfichdazeji v uvahu
selenany Se04? a hydrogenseleniditany HSeOs™. Selen ma zna¢nou schopnost kumulovat se
v rostlinnych a ZzivocCiSnych tkanich. Ve vodé pro zdvlahu by neméla koncentrace selenu
prekrocit 20 pg/l [2].

MozZnost odstranéni oxoaniont(l selenu byla sledovdna na anorganickém sorbentu na bazi
hydratovaného oxidu Zelezitého pfi vstupni koncentraci antimonu 1 mg/l v pfitomnosti
chloridd a sirant o koncentracich 500 mg/l (Obr. 51). Pokud se ve vstupnich roztocich
vyskytovaly oxoanionty Se(IV), u¢inného odstranéni bylo docileno pfi vstupni hodnoté pH 3
(0,01 mol/I sorbentu). Problém nastal v pripadé, kdy ve vstupnich roztocich byl selen
ve formé oxoaniontu Se(VIl). U pouzZitych roztokld se vstupnimi hodnotami pH 3 a 5,
dochazelo od zacatku sorpéni faze k pronikani selenu nad 0,5 mg/I.
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Obr. 51: Pribéh odstranovani Se(lV) a Se(Vl) pomoci sorbentu na bazi hydratovaného oxidu
Zelezitého z roztok( obsahujicich selen o koncentraci 1 mg/l, chloridy a sirany o koncentracich
500 mg/| pfi raznych vstupnich hodnotach pH

Pfi pouziti sorbentu s 1-deoxy-1-methylamino-D-glucitolovou funkéni skupinou by mély
byt optimalni podminky pro tvorbu polyolovych komplexd s oxoanionty selenu Se(VI)
v oblasti hodnot pH 4 az 8 (tabulka 7). Avsak ani za téchto podminek nedoslo k odstranéni
Se(VI) timto sorbentem.
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3.9. Chromany

Chrom se ve vodach vyskytuje v oxidac¢nim stupni Cr(lll) a Cr(VI), m{Ze byt i organicky vazan.
Patfi mezi esencidlni mikroprvky, podili se napfiklad na regulaci hladiny glukosy v krvi
a na syntéze nukleovych kyselin. Ve vysSich koncentracich je toxicky. Cr(VI) ma také ucinky
karcinogenni a genotoxické, ovliviiuje chut a barvu vody. Antropogennim zdrojem chromu
jsou odpadni vody zbarevné metalurgie, povrchové udpravy kovl, koZzedélného
nebo textilniho primyslu [2].

K odstrariovani chromu ve formé chroman( byly prvotné vybrany standardni slabé a stfedné
bazické anexy (Obr. 52). Vzhledem kvysoké afinité chromand k funkcni skupiné slabé
bazického anexu v protonizované formé je vhodnou volbou pouZiti monodisperznich typl
anexU pfi dvoukolonovém usporddani, kde druhd kolona slouZi k zbytkovému zachyceni
chroman( pronikajicich za prvni kolonou. Vhodné je provadét desorpci zachycenych
chroman( z nasycenych anex( protiproudné, protoze se docili snizeni pronikani chroman(
na zac¢atku nasledujici pracovni faze.

Na ndsledujicim obrazku je zndzornén pribéh odstrafiovdni chromand pomoci slabé
a stfedné bazického anexu, ze vstupniho roztoku obsahujiciho chrom o koncentraci 10 mg/I,
chloridy a sirany o koncentracich 100 mg/l pfi pH vstupniho roztoku 7,5 a specifickém
zatizeni 20 m3/(m3-h). Je patrné, Ze i pfi pouZiti dvoukolonového uspofadani, dochazelo
na zacatku pracovni faze ke zvySenému pronikani chromant nad limitni koncentraci u obou
anex(. Dalsi mozZnosti snizeni pronikani chromanid do eludtu by mohlo byt snizeni
specifického zatiZeni v pracovni fazi.
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Obr. 52: Porovnani odstrariovani Cr(Vl) na slabé a stfedné bazickych anexech pti dvoukolonovém
usporadani ze vstupniho roztoku obsahujiciho chrom o koncentraci 10 mg/l, chloridy a sirany
o koncentracich 100 mg/| pfi pH vstupniho roztoku 7,5

Z tohoto davodu byly sledovany selektivni sorbenty s oligoethylenaminovymi funkcénimi
skupinami a sorbent s 1-deoxy-1-methylamino-D-glucitolovou funkéni skupinou [61 a 62,
pfiloha 11]. Modelové roztoky byly pfipraveny nadavkovani Cr(VIl) do pitné vody
o koncentraci chromu 0,15 mmol/Il. K G4¢innému odstranéni chroman( pod nejvy$si mezni
hodnotou 0,05 mg/l [1] doslo pfi 8,5 — 9. Znacné problematické bylo vytésnéni chromant
z nasyceného sorbentu, jelikoZ u¢innost desorpce se pohybovala v rozmezi 43 — 63 %.
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Jako moznd alternativa k standardnim typUum anexud ve formé perlicek byly pfi odstrafovani
chroman( z vodnych roztok(i odzkouseny ionexy ve formé netkanych textilii [63], které byly
vyrobeny na zdkladé technologie RIGP (radiation induced graft polymerization), polymeraci
radiaCnim zarenim. Prace byla zaméfena na testovani anexd ve formé netkanych textilii
pomoci  vsadkovych  pokusd. Netkané textilie byly pfipraveny  navazanim
p-chlormethylstyrenu na polyethylenovou netkanou textilii a naslednym navazanim funkéni
skupiny. Byly testovany sorbenty majici tyto funkéni skupiny: TMA (trimethylamoniova),
Et-Pzn (kvaternizovany N-ethylpiperazin) a TEDA (kvaternizovany triethylendiamin). Anexy
ve formé netkanych textilii byly dodany ve formé archd 20x30 cm o tloustce 1 — 2 mm.
Moznost pouziti téchto ionexl pro dynamické kolonové pokusy se jevila jako nevhodn3,
proto byly provedeny vsadkové pokusy se vzorky ve formé netkanych textilii o velikosti
1x1cm a neménné tloustce 1 —2mm.

Tabulka 10: Struktury pouZitych ionext ve formé netkanych textilii a aniontové vyménné kapacity
[63]

TMA -CH,-CH~-CH,-CH, -,
Trimethylamoniova skupina CH,-CH}—
aniontovd vyménna
kapacita:

526 mmol/m?

o 2,82 mmol/g-R

CH,— Nt

Et-Pzn

Kvaternizovany N-ethylpiperazin -CH,-CH~CH,-CH, -,
CH,-CH )—
aniontovad vymeénna
kapacita:

410 mmol/m?

1,47 mmol/g-R

TEDA -CH,-CHACH,-CH,
CH,-CH}—
aniontova vyménna
kapacita:

S 412 mmol/m?

a 1,60 mmol/g-R

N/\ N —
/"

CH, —
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PFi vsadkovych pokusech byl sledovan vliv vstupni koncentrace chromu na sorpcni ucinnost
(Obr. 52). Pokusy probihaly nasledovné: zvazeny vzorek ionexu o velikosti 1x1 cm byl vloZzen
do 20 ml modelového roztoku a ponechan na trfepacdce pfi rychlosti tfepani 250 kmit(
za minutu. Po 24 hodindch tfepani byl ionex vyjmut zroztoku, ve kterém byla zméfena
vystupni koncentrace chromu.

Pfi sledovani vlivu vstupni koncentrace chromu (50, 100, 200, 300 a 400 mg/l) na ucinnost
zachyceni chroman( na anexech, pfi vstupnich hodnotach pH roztok( v rozmezi hodnot pH 8
az 9, bylo nejvyssi ucinnosti dosazeno u anexu s kvaternizovanou N-ethylpiperazinovou
funkcni skupinou, u kterého jiz pri vstupni koncentraci chromu 200 mg/I bylo nasyceno vice
nez 93 % aniontové vyménné kapacity anexu. U anexu s triethylendiaminovou funkéni
skupinou, u kterého je deklarovana aniontova vyménna kapacita 1,6 mmol/g anexu, bylo
zjiSténa uanexu s trimethylamoniovou funkéni skupinou, pfi jehoZ aniontové vymeénné
kapacité 2,82 mmol/g anexu bylo dosazeno méné neZ polovicni vyménné kapacity
0,99 mmol/g anexu.

BET-Pzn
mTMA
BTEDA

q [mmol/g]

200
300 400

vstupni koncentrace Cr [mg/I]

Obr. 53: Porovnani vlivu vstupni koncentrace chromu na sorpcni Uc¢innost ionexl ve formé netkanych
textilii z roztokd obsahujicich chrom od 50 do 400 mg/I

(ET-Pzn = kvaternizovany N-ethylpiperazin, TMA = trimethylamoniovd funkéni skupina, TEDA =
kvaternizovany triethylendiamin)

Byla sledovana i moZnost opakovaného poufziti téchto anext ve formé netkanych textilii
provedenim dvou naslednych pracovnich cykld odstrafiovani chromanl pfi vstupni
koncentraci chromu 200 mg/l (Obr.54). Vsadkové pokusy probihaly shodné jako
pfi predchozim pokusu po dobu 24 hodin tfepani. Po zméreni vystupni koncentrace chromu
v upravovaném roztoku byla provedena regenerace anexu, ktera byla taktéZ provadéna
vsadkové. K regeneraci byl pouZit roztok chloridu sodného o koncentraci 1 mol/l.
Do vzorkovnice s anexem bylo nalito 20 ml roztoku chloridu sodného a tfepano rychlosti
250 kmitl za minutu po dobu 30 minut. Poté byl anex vyjmut ze vzorkovnice a vloZen
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do nového roztoku chloridu sodného. Tento postup regenerace byl opakovan tfikrat, poté
byl anex promyt demineralizovanou vodou a pfipraven k opétovné iontové vyméné.

Nejlepsi opakovatelnosti aniontové vymény byly zjiStény u anexd s kvaternizovanou N-
ethylpiperazinovou a kvaternizovanou triethylendiaminovou funkéni skupinou, u kterych
byly sorpéni Ucinnosti pfi provedenych pracovnich cyklech témér shodné. V pfipadé anexu
s kvaternizovanou triethylendiaminovou funkéni skupinou byla sorpéni ucinnost ve druhém
cyklu o necelych 7 % vyssi nez v predchozich cyklech. Nejnizsi ucinnost regenerace byla
u anexu s trimethylamoniovou, jelikoz po kazdé regeneraci dochazelo v pracovni fazi
ke snizovani Ucinnosti zachyceni chroman( na anexu.
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Obr. 54: Porovnani sorpcni Gcéinnosti ionexd ve formé netkanych textilii pfi opakované iontové
vyméné zroztoku obsahujiciho chrom o koncentraci 200 mg/l (ET-Pzn = kvaternizovany
N-ethylpiperazin, TMA = trimethylamoniovda  funkéni  skupina, TEDA =  kvaternizovany
triethylendiamin)

Alternativa ionext ve formé netkanych textilii k standardné pouzivanym anexidm ve formé
perlicek mUze byt pravé v pripadé sorpce chromu efektivni, jelikoz vysoka afinita chromana
k funkéni skupiné anexu je problematicka pfi jejich desorpci.

Celkovy prehled o moznostech odstrafiovani chromant je shrnut v ptiloze 12.
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4. Sorpce oxoaniontt z bimetalickych roztoku

Sorpce oxoaniontd (molybdenu, boru, germania, wolframu, vanadu a arsenu)
z bimetalickych roztok( byla sledovana z hlediska moZnosti jejich vzajemné separace nebo
spolecné sorpce na sorbentu s 1-deoxy-1-methylamino-D-glucitolovou funkéni skupinou
pomoci kolonovych dynamickych pokust pfi specifickém zatizeni 6 m3/(m3-h). Ve vSech
sledovanych roztocich byly vstupni koncentrace chlorid( a siran 500 mg/I.

Tabulka 11: Uzitkové kapacity sorbentu s 1-deoxy-1-methylamino-D-glucitolovou funkéni skupinou
pfi odstranovani oxoaniontl kovid (polokovll) z bimetalickych roztokd v pfitomnosti chloridi a siran(
o koncentracich 500 mg/I

pH vychozi forma oxoanion vstupni Cu
hodnota sorbentu koncentrace | [mol/l sorbentu]
vstupniho [mg/l]
roztoku
9 volna baze Mo(VI) 5 0
B(Ill) 5 0,14
3,5 protonizovana Mo(VI) 5 0,68
B(Ill) 5 0
3,5 protonizovana Ge(lV) 5 0
Mo (VI) 5 0,53
3,5 protonizovana Ge(lV) 20 0
Mo (VI) 20 0,66
8 volna baze Ge(lV) 5 0,14
Mo(VI) 5 0
7 volna baze Mo(VI) 5 0
W(VI) 5 0,03
7 volna baze Mo(VI) 5 0
V(V) 5 0,19
4,5 protonizovana Ge(lV) 5 0
V(V) 5 0,38
6 protonizovana Ge(lV) 5 0
V(V) 5 0,35
10,5 volna baze Ge(lV) 5 0,14
V(V) 5 0
7 protonizovana As(V) 5 0
W(VI) 20 0,14
6 protonizovana Mo(VI) 5 0,10
W(VI) 5 0,08
4,5 protonizovana Mo(VI) 5 0,10
V(V) 5 0,29

55



4.1. Separace oxoaniontt z bimetalickych roztokii

Na zakladé provedenych sorpcnich pokusl, svybranymi oxoanionty na sorbentu
s 1-deoxy-1-methylamino-D-glucitolovou funkéni  skupinou, byly navrieny a nasledné
odzkouseny separace oxoaniontll z bimetalickych roztok(, ke kterym muZe dojit béhem
pracovni faze (pfiloha 13).

4.1.1. Separace oxoaniontii molybdenu a boru

Separace oxoaniontl molybdenu a boru byla provedena se sorbentem
s 1-deoxy-1-methylamino-D-glucitolovou funkéni skupinou na zakladé optimalnich podminek
pro tvorbu komplex( s oxoanionty molybdenu, které jsou v oblasti pH 1 — 6. Pro tvorbu
komplex( s oxoanionty boru je optimalni oblast pH v rozmezi 7 az 11 (tabulka 7). Sorpce
oxoaniontd molybdenu a boru, zroztoku obsahujiciho molybden a bor o koncentracich
5 mg/I, chloridy a sirany o koncentracich 500 mg/I, byla provedena pfi vstupni hodnoté pH 9
(Obr. 55). Uzitim tohoto sorbentu ve formé volné baze byly oxoanionty boru sorbentem
zachyceny s uZitkovou kapacitou 0,14 mol/l sorbentu, oproti tomu oxoanionty molybdenu
nebyly ze vstupniho roztoku odstranény (Obr. 55).
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Obr. 55: Pribéh separace Mo(VI) a B(lll) na sorbentu s 1-deoxy-1-methylamino-D-glucitolovou

funkéni skupinou ve formé volné baze pti pH 9
Vstupni roztok: B =5 mg/l, Mo =5 mg/I, CI~ = 500 mg/|, SO4%~ = 500 mg/!

U sorbentu pouZitého v protonizované formé byl pfedpoklad, Zze béhem sorpéni faze dojde
k G¢innému zachyceni molybdenant, naproti tomu oxoanionty boru nebudou sorbovany.
Pfi sorpci oxoaniontll molybdenu, z roztoku obsahujiciho molybden o koncentraci 5 mg/l,
chloridy a sirany o koncentracich 500 mg/l a pfi vstupni hodnoté pH 3,5 (Obr. 44), byla
zjisténa uzitkova kapacita 0,78 mol/l sorbentu. Za shodnych podminek byla provedena
sorpce oxoaniontl z bimetalickych roztokd molybdenu v pfitomnosti boritand o koncentraci
boru 5 mg/I. V pribéhu sorpéni faze byl zachycen pouze molybdenan s uZitkovou kapacitou
0,68 mol/l sorbentu. V pfitomnosti boritani, ve vstupnim roztoku, se snizZila uZitkova
kapacita vici molybdenu o necelych 13 % oproti sorpci samotného molybdenu v pfitomnosti
chloridt a sirant (Obr. 56).
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Obr. 56: Pribéh separace oxoaniontll molybdenu a boru na sorbentu s 1-deoxy-1-methylamino-D-

glucitolovou funkéni skupinou v protonizované formé pfi pH 3,5
Vstupni roztok: B =5 mg/l, Mo =5 mg/I, CI~ = 500 mg/|, SO4*~ = 500 mg/|

4.1.2. Separace oxoaniontii molybdenu a germania

K separaci oxoaniontl molybdenu a germania byl pouZit sorbent s 1-deoxy-1-methylamino-
D-glucitolovou funkéni skupinou v protonizované formé se vstupnim roztokem obsahujicim
molybden i germanium o koncentracich 5 mg/I, chloridy a sirany o koncentracich 500 mg/I,
pfi vstupni hodnoté pH 3,5. Za sledovanych podminek byla, dle predpokladu, zjiSténa vysoka
sorpcni Ucinnost oxoaniontd molybdenu (0,53 mol/I sorbentu). Za téchto podminek k sorpci
oxoaniont(l germania na sorbentu nedochazelo. Uspé&§né separace bylo docileno i v pfipadé,
Ze ve vstupnim roztoku byla koncentrace molybdenu i germania zvysena na 20 mg/I
s uzitkovou kapacitou pro molybden 0,66 mol/l sorbentu (Obr. 57).
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Obr. 57: PrGbéh separace Mo(VI) a Ge(VI) na sorbentu s 1-deoxy-1-methylamino-D-glucitolovou

funkéni skupinou v protonizované formé pti pH 3,5
Vstupni roztok A: Mo =5 mg/l, Ge = 5 mg/l, ClI~ = 500 mg/I, SO4>~ = 500 mg/!
Vstupni roztok B: Mo =5 mg/I, Ge = 20 mg/I, ClI~ = 500 mg/I, SO4%>~ = 500 mg/I
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Druhou moZnosti separace oxoaniontl molybdenu a germania bylo pouZiti sorbentu
s 1-deoxy-1-methylamino-D-glucitolovou funkéni skupinou ve formé volné baze, pfi které
byla prvotné odzkousena sorpce oxoaniontl germania pfi vstupni hodnoté pH 8 na sorbentu
ve formé volné baze (Obr. 58), s uzitkovou kapacitou 0,16 mol/l sorbentu a nasledné
desorpce oxoaniontll germania pomoci 7 kolonovych objem0 kyseliny chlorovodikové
o koncentraci 1 mol/I (Obr. 59).
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Obr. 58: Prlibéh sorpce Ge(lV) na sorbentu s 1-deoxy-1-methylamino-D-glucitolovou funkéni
skupinou ve formé volné baze pfi pH 8
Vstupni roztok:  Ge =5 mg/I, CI~ = 500 mg/Il, SO4> = 500 mg/I
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Obr. 59: Pribéh desorpce germania pfi regeneraci sorbentu s 1-deoxy-1-methylamino-D-glucitolovou
funkéni skupinou pomoci 7 V/Vy HCI (1 mol/l) po sorpci Ge(IV) z roztoku obsahujiciho germanium
o koncentraci 5 mg/I, chloridy a sirany o koncentracich 500 mg/| pti vstupni hodnoté pH 8
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Na zakladé téchto pokusid byla provedena separace oxoaniontli molybdenu a germania
na sorbentu ve formé volné baze, kde doslo, dle predpokladu, k Uspésné sorpci pouze

oxoaniontd germania, kterych bylo zachyceno 0,14 mol/l sorbentu (Obr. 60).
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Obr. 60: Pribéh separace Mo(VI) a Ge(lV) na sorbentu s 1-deoxy-1-methylamino-D-glucitolovou
funkéni skupinou ve formé volné baze pti pH 8
Vstupni roztok: Mo =5 mg/l, Ge =5 mg/I, CI~ = 500 mg/l, SO4>~ = 500 mg/I

4.1.3. Separace oxoaniontii molybdenu a wolframu

Separace oxoaniontd molybdenu a wolframu byla sledovdna na sorbentu s 1-deoxy-1-
methylamino-D-glucitolovou funkéni skupinou ve formé volné baze pri pH 7. JelikoZ na tomto
sorbentu ve formé volné baze nedochazi k odstrariovani oxoaniontli molybdenu (Obr. 60),
byla provedena sorpce wolframanu z roztoku obsahujiciho wolfram o koncentraci 5 mg/I,
v pfitomnosti chloridd a sirant o koncentracich 500 mg/| (Obr. 61). Zjisténa uzitkova kapacita
byla 0,02 mol/I sorbentu.
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Obr. 61: Priibéh sorpce W(VI) na sorbentu s 1-deoxy-1-methylamino-D-glucitolovou funkéni skupinou
ve formé volné baze pftipH 7
Vstupni roztok: W =5 mg/l, CI~ =500 mg/|, SO4*~ = 500 mg/I
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Nasledné provedena separace oxoaniontd molybdenu a wolframu potvrdila G¢innou sorpci
oxoaniontd wolframu (0,03 mol/l sorbentu). Oxoanionty molybdenu nebyly za téchto
podminek ze vstupniho roztoku odstranény (Obr. 62).
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Obr. 62: Pribéh separace Mo(VI) a W(VI) na sorbentu s 1-deoxy-1-methylamino-D-glucitolovou
funkéni skupinou ve formé volné baze pti pH 7
Vstupni roztok: Mo =5 mg/l, W =5 mg/l, CI~ = 500 mg/I, SO4%>~ = 500 mg/!

4.1.4. Separace oxoaniontii molybdenu a vanadu

Separace oxoaniontll molybdenu a vanadu na sorbentu s 1-deoxy-1-methylamino-D-
glucitolovou funkéni skupinou ve formé volné baze byla odzkouSena pfi pH 7 (Obr. 63).
Ve formé volné bdaze na tomto sorbentu nedochazi k odstrafiovani oxoaniontdl molybdenu,
co? bylo v pfechozich pokusech potvrzeno (Obr. 60 a 62). U¢inné odstranéni oxoaniont(i
vanadu, vztazené klimitni koncentraci 0,1 mg/l, bylo dosazeno pfizpracovani

1940 kolonovych objemU s uZitkovou kapacitou 0,19 mol/I sorbentu.
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Obr. 63: Prlibéh separace Mo(VI) a V(V) na sorbentu s 1-deoxy-1-methylamino-D-glucitolovou
funkéni skupinou ve formé volné baze pti pH 7
Vstupni roztok: Mo =5 mg/l, V=5 mg/l, CI" = 500 mg/l, SO4*~ = 500 mg/|

60



4.1.5. Separace oxoaniontli germania a vanadu

Nastaveni podminek sorpce, které by vedly k uspésné separaci oxoaniontll germania
avanadu ze vstupniho roztoku obsahujiciho germanium i vanad o koncentracich 5 mg/I,
chloridy a sirany o koncentracich 500 mg/I, bylo nékolik. V prvém ptipadé byl pouZit sorbent
v protonizované formé pti pH 4,5 (Obr. 64), pti kterém dochazelo k Uspésné sorpci
oxoaniontd vanadu (0,38 mol/l sorbentu), odstranéni oxoaniontld germania nebylo Uspésné.
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Obr. 64: Priibéh separace Ge(IV) a V(V) na sorbentu s 1-deoxy-1-methylamino-D-glucitolovou funkéni

skupinou v protonizované formé pti pH 4,5
Vstupni roztok: Ge =5 mg/l, V =5 mg/l, CI~ = 500 mg/I, SO4* = 500 mg/I
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Obr. 65: Pribéh sorpce Ge(lV) a V(V) na sorbentu s 1-deoxy-1-methylamino-D-glucitolovou funkéni

skupinou v protonizované formé pfti pH 6
Vstupni roztok: Ge =5 mg/l, V=5 mg/l, CI~ =500 mg/l, SO42 = 500 mg/|
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V druhém ptipadé byla u sorbentu v protonizované formé zvolena hodnota pH 6 (Obr. 65).
Za téchto podminek dochazelo k u¢inné sorpci oxoaniontl vanadu (0,35 mol/l sorbentu).
| kdyZ se na zacatku sorpcni faze castecné sorbovaly také oxoanionty germania, tak zhruba
od 2500. do 3830. kolonového objemu byly ze sorbentu vytésfiovany. Pfi ukonceni sorpéni
faze bylo na sorbentu zachyceno germania 0,025 mol/l sorbentu.

Posledni variantou bylo pouZiti sorbentu ve formé volné baze pfi pH 10,5 (Obr. 66). Za téchto
podminek dochazelo k G¢inné sorpci oxoaniontl germania (0,14 mol/l sorbentu). Oxoanionty
vanadu byly na zacatku sorpcni faze odstranovany také, ale jiz od 390. kolonového objemu
doslo k vytésnéni zachyceného mnozZstvi oxoaniontl vanadu a v dalsi ¢asti sorpéni faze jiz
oxoanionty vanadu nebyly sorbentem zachycovany. Na konci sorp¢ni faze bylo na sorbentu
zachyceno vanadu méné nez 0,003 mol/Il sorbentu.

10

pGe, v [mg/l]

0 ! ! ! ! AJ/‘
0 400 800 1200 1600 2000 2400

wv,
Obr. 66: Prlibéh separace Ge(IV) a V(V) na sorbentu s 1-deoxy-1-methylamino-D-glucitolovou funkéni
skupinou ve formé volné baze pfi pH 10,5 z roztoku obsahujiciho germanium a vanad o koncentracich
5 mg/|, chloridy a sirany o koncentracich 500 mg/I

4.1.6. Separace oxoaniontii wolframu a arsenu

U&inné separace oxoaniontd wolframu a arsenu (Obr. 67) bylo docileno na sorbentu
s 1-deoxy-1-methylamino-D-glucitolovou funkéni skupinou v protonizované formé pfi pH 7.
Vstupni roztok obsahoval wolfram o koncentraci 20 mg/l, arsen o koncentraci 5 mg/I,
chloridy a sirany o koncentracich 500 mg/I. V tomto pfipadé doslo k zachyceni oxoaniont(
wolframu 0,14 mol/I sorbentu, oxoanionty arsenu nebyly timto sorbentem zachyceny.
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Obr. 67: Pribéh separace W(VI) a As(V) na sorbentu s 1-deoxy-1-methylamino-D-glucitolovou funkéni
skupinou v protonizované formé pfi pH 7
Vstupni roztok: W =20 mg/l, As =5 mg/l, CI~ = 500 mg/I, SO4>~ = 500 mg/I

4.2. Spolec¢na sorpce oxoanionti z bimetalickych roztoku

Moznost spolecné sorpce oxoaniontl z bimetalickych roztok(i byla provedena na zakladé
vysledkl sorpcnich pokusl s jednotlivymi oxoanionty na sorbentu s 1-deoxy-1-methylamino-
D-glucitolovou funkéni skupinou. Kolonové dynamické pokusy byly provozovany
pfi specifickém zatizeni 6 m3/(m3-h).

4.2.1. Sorpce oxoaniontii molybdenu a vanadu

K sorpci oxoaniontd molybdenu a vanadu byl pouZit vstupni roztok obsahujici molybden
avanad o koncentracich 5 mg/l, chloridy a sirany o koncentracich 500 mg/Il. Pfi pouZiti
sorbentu s 1-deoxy-1-methylamino-D-glucitolovou funkéni skupinou v protonizované formé
pfi pH 4,5 (Obr. 68) dochazelo ke spoletné sorpci obou oxoaniontli. Molybdenu bylo
zachyceno 0,10 mol/l sorbentu a vanadu 0,29 mol/l sorbentu. K moZné separaci oxoaniont(
molybdenu a vanadu nedoSlo ani v pfipadé regenerace, protoie roztokem hydroxidu
sodného byly vytésnény oxoanionty molybdenu i vanadu.
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Obr. 68: Pribéh sorpce Mo(VI) a V(V) na sorbentu s 1-deoxy-1-methylamino-D-glucitolovou funkéni
skupinou v protonizované formé pfi pH 4,5
Vstupni roztok: Mo =5 mg/l, V=5 mg/l, CI~ = 500 mg/l, SO4>~ = 500 mg/!

4.2.2. Sorpce oxoanionti wolframu a molybdenu

Pfi sorpci oxoaniontd wolframu a molybdenu na sorbentu s 1-deoxy-1-methylamino-D-
glucitolovou funkéni skupinou v protonizované formé pii pH 6 (Obr. 69) dochazelo
ke spolecné sorpci obou oxoaniontd, wolframu bylo zachyceno 0,08 mol/l sorbentu
a molybdenu 0,10 mol/l sorbentu. Separace oxoaniontl wolframu a molybdenu nebyla
mozna ani v pripadé regenerace, protoZe kvytésnéni obou oxoaniontl ze sorbentu se
pouziva roztok hydroxidu sodného.
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Obr. 69: Priibéh sorpce W(VI) a Mo(VI) na sorbentu s 1-deoxy-1-methylamino-D-glucitolovou funkéni
skupinou v protonizované formé pfti pH 6
Vstupni roztok: W =5 mg/Il, Mo =5 mg/I, CI~ = 500 mg/I, SO4%>~ = 500 mg/!
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5. Zavér
Tato préce je shrnutim mého dosavadniho vyzkumu v oblasti odstrafiovani oxoaniontll z vod.
Samoziejmé bez spoluautorl publikaci a spoluresitelll vyzkumnych ukoll, by tato préace
nevznikla. Prace je rozSitenim publikaci v oblasti ionexovych technologii, které jsou uvedeny
v nasledujicich pfilohach. Zvybranych oxoaniontl se jedna o dusi¢nany, arseni¢nany,
vanadi¢nany, boritany, chromany, molybdenany, a také oxoanionty germania, wolframu,
antimonu a selenu.

Vyzkum zabyvajici se odstrariovanim dusi¢nan( z vod nastinuje, jaké jsou mozZnosti ve vybéru
anexu a jejich vychozich pracovnich forem pro pripadné realné aplikace, pokud by ve vodé
byla nejen nadlimitni koncentrace dusi¢nand, ale i sirand. Vyuziti kombinovanych procesu
iontova vymeéna-elektrochemicka redukce sice snizuje mnoiZstvi procesnich vod a spotiebu
regeneracnich ¢inidel, ale je nutno tento proces ddle optimalizovat, aby byla zaruéena kvalita
upravené vody.

Pfi odstrafiovdni arseni¢nanl zvod se osvédCil sorbent na bazi hydratovaného oxidu
Zelezitého, ktery je selektivni k odstrafiovanym arseni¢nanim, a jeho pouziti bylo ovéreno
i pfi nékolika redlnych aplikacich. Kondicionace sorbentu vedla ke zvySeni jeho sorpcni
ucinnosti, a tim i prodlouzeni jeho doby provozu v kolonovém usporadani.

Sorbent s 1-deoxy-1-methylamino-D-glucitolovou funkéni skupinou se osvédcil
k odstranfiovani kovi nebo polokovl ve formé oxoaniontl. Protonizovana forma sorbentu je
vhodna k odstrafiovani Mo(VI), V(V), W(VI) a Sb(V). Pfi pouZiti vychozi formy volné bdaze
je vhodné zvodnych roztok(i odstrafiovat oxoanionty B(lll), Ge(lV) a Sb(lll). Desorpce
zachycenych oxoaniontl ze sorbentu byla Uc¢inna. Pouze u oxoaniontll antimonu je nutno
najit vhodné regeneracni ¢inidlo, aby bylo docileno opakovaného poufziti sorbentu.

PouZiti sorbentl ve formé vldken a netkanych textilii je vhodnou alternativou
pfi odstrariovani oxoaniont(l z vod, z dlivodu lepsi pfistupnosti funkénich skupin umisténych
pouze na povrchu vldaken, a tudiZ moZnosti prace pti vy$sim specifickém zatiZeni.

Odstraniovani oxoaniontll wolframu neni zd{vodu vyskytu vice forem wolframanu
jednoduché. Velmi zdlezi i na ¢asové prodlevé zpracovani roztoku, na vstupni pH hodnoté
roztoku a koncentraci pritomnych siranl. Pfitomnost vysSich prebytkl( siran v pripadé
dodekawolframanu zpUsobuje jeho rozklad. Naopak v kyselych roztocich wolframani
dochazi s rostouci koncentraci siran(i k poklesu polykondenzace oproti roztoku samotného
wolframanu.

Na zakladé zjisténych sorpcnich ucinnosti jednotlivych oxoaniontl na sorbentu s 1-deoxy-1-
methylamino-D-glucitolovou funkéni  skupinou byly provedeny sorpce sledovanych
oxoaniontud z bimetalickych roztokd, pfi kterych bylo dosazeno jejich:
a) separace Mo(VI) a B(llI)

Ge(IV) a Mo(VI)

Mo(VI) a V(V)

Ge(lV) a V(V)

As(V) a W(VI)]
b) spolecné sorpce Mo(VI) a W(VI)

Mo(VI1) a V(V)].
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A Combination of lon Exchange and
Electrochemical Reduction for Nitrate
Removal from Drinking Water
Part I: Nitrate Removal Using a Selective
Anion Exchanger in the Bicarbonate Form

~ with Reuse of the Regenerant Solution

Ludék Jelinek, Helena Parschova, Zdenék Matéjka, Martin Paidar, Karel Bouzek

ABSTRACT: The process of selective nitrate removal from drinking
water by means of ion exchange was studied. A commercial strong base
anion exchanger with triethylammonium (—N"Et;) functional groups was
used in the bicarbonate (HCO; ™) and carbonate (CO5>") form. The aim of
this study was to optimize ion-exchanger regeneration in view of the sub-
sequent electrochemical reduction of nitrates in the spent regenerant so-
lution. The effects of ion-exchanger form, concentration of regenerant
solution, and presence of nitrates, chlorides, and sulphates in the regenerant
solution were studied. The strong base anion exchanger in HCO; ™~ form that
was investigated was able to treat 270 bed volumes of model water solution
containing 124 mg dm™* nitrates. To achieve adequate regeneration of the
saturated anion exchanger, it is necessary to use approximately 30 bed
volumes of fresh 1-M sodium bicarbonate (NaHCO3) regenerant solution.
The presence of residual 50-mg dm ™ nitrates in the regenerant solution,
treated by electrolysis, resulted in an increase in the dose of regenerant
solution to 35 bed volumes and a decrease in the subsequent sorption run of
approximately 13%. The volume of applied regenerant solution was high,
but the consumption of NaHCO; for regeneration was low. Water Environ.
Res., 76, 2686 (2004).

KEYWORDS: nitrate removal, drinking water, ion exchange, integrated
process.

Introduction

The excessive content of nitrate (NO3 ™) in ground and surface
water represents an important problem in most regions with
intensive agricultural activity (Bogardi and Kuzelka, 1991; Roques,
1996; Strebel et al., 1989). Because of the high NO;™ concentration,
it is not possible to use water from different sources directly for
drinking and some preliminary treatment is necessary to fulfill
hygiene parameters. According to the European Union (EU, 1998)
and the U.S. Environmental Protection Agency (U.S. EPA, 2003),
the maximum permissible level of NO;™ concentration in drinking
water is 50 mg dm ™~ and 44.3 mg dm™?, respectively.

Presently, various techniques exist to reduce the NO;~
concentration in water to well below the limit required for drinking
water. Unfortunately, all of them have serious disadvantages (e.g.,
low efficiency or selectivity, large amounts of waste, and violation
of hygiene regulations), which widely preclude their use in drinking
water treatment. The use of strongly basic anion exchangers with
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triethylammonium (—NEt,) functional groups is the most suitable
method for the removal of NO;~ (Matéjka et al., 1999; Pintar et al.,
1999; Pitter, 1990). Ion exchange is a physicochemical process in
which ions are replaced by others with identical polarity. In anion-
exchange resin, NO;~ is exchanged for chlorine (Cl7), hydrogen
sulphate (HSO,4 ™), or bicarbonate (HCO;™). Highly concentrated
sodium chloride (NaCl) solutions (50 to 100 g dm‘3) are commonly
used for ion-exchanger bed regeneration. Because the NO;™ ion is
strongly bonded in the ion-exchange resin, a high excess of
regeneration agent must be used to regenerate it satisfactorily.
Consequently, the large quantities of spent regenerant solution,
containing high concentrations of regenerating anion and NO;~
displaced from the anion exchanger, represent a serious environ-
mental and economic problem. To improve this situation, the reuse
of regenerant solution by reducing the eluted NO;™ anions can be
attained by an additional method. Presently, microbiological,
catalytic, or electrochemical reductions are the most commonly
proposed methods to fulfil this task.

Initially, primarily the microbiological reduction of NO3;™ in
regenerant solution was studied (Hoek and Klapwijk, 1987; Pitter,
1990). The main problems connected with this method are the
occurrence of nitrite (NO,”) in the regenerant solution and the
difficulty of effectively protecting the anion-exchanger bed from
contamination by microorganisms. A further drawback is the
necessity of dosing methyl alcohol (as the carbon source for
reduction). All these factors constitute a serious hindrance to the
application of this process for NO;~ removal from drinking water.

The catalytic reduction of NO;~ by hydrogen in regenerant
solution has also been studied intensively in recent years (Pintar et
al., 1999, 2001). Despite the satisfactory efficiency of this process,
there are significant complications. First, it requires high-purity
hydrogen to prevent poisoning of the platinum, metal-based
catalyst; second, it is sensitive to operating conditions; and third,
it requires a relatively complex device.

An alternative method, which can eliminate most of the
aforementioned drawbacks, is the reduction of NO; ™~ by a selective
electrochemical process (Matéjka et al., 1999; Paidar et al., 1999;
Waite et al., 2000). The electrochemical reduction of the NO3~
anion proceeds fast enough and with reasonable efficiency in an
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Table 1—Anionic constitution of artificial water used
for ion-exchange column saturation. The solution was
prepared from demineralized water and sodium salts
of analytical grade.

Concentration Concentration
Anion (mequiv dm™3) (mg dm~3)
NOs™ 2 124
S0,2~ 4 192
CI- 1 35
HCO3~ 1 61

acidic solution containing an HSO,~ anion. It has already been
demonstrated that sodium hydrogen sulphate (NaHSO,) solution
exhibits adequate efficiency as a regenerant solution for a NO;~
selective anion exchanger (Matéjka et al., 1999). However, the
operation of an anion exchanger in the HSO,~ form increases the
S0, concentration in the treated solution. In some cases, this may
result in exceeding the limit permitted for drinking water. A similar
disadvantage can be observed in the case of the most commonly
‘used regenerant agent, NaCl (i.e., a high concentration of Cl1™ in the
NO; ™ -free drinking water treated). Although the electrochemical
reduction of NO3~ from NaCl regenerant solution is efficient,
highly elaborate and sophisticated measures must be adopted solely
to prevent the contamination of the regenerant solution by Cl,. The
presence of Cl, in the regenerant solution would result in the
destruction of the anion-exchanger resin.

On the other hand, the HCO;™ ion is highly acceptable as
a component in drinking water and its level is not restricted. From
this viewpoint, the HCO; ™~ form of selective anion exchanger would
be suitable for NO;~ removal from drinking water (Matéjka et al.,
1994). However, the regeneration efficiency of HCO;™ is
significantly lower when compared with Cl™ (Mato$i¢ et al.,
2000). This problem can be solved by reusing the regenerant
solution, as will be discussed later. The conditions for efficient
electrochemical reduction of NO3;~ from an alkaline solution
containing HCO3;™ and C032_ anions were determined in the
second part of this work (Paidar et al., 2004)

The aim of this work is to investigate the following:

(1) Efficiency of NaHCOj solution as a primary regenerant agent to
displace NO;~ from a selective anion exchanger;

(2) Influence of the NO3~ concentration remaining in the reused,
electrochemically treated regenerant solution on ion-exchanger
regeneration and on the subsequent sorption run; and

(3) Effect of other factors that can adversely affect the entire
process; for example, (i) the presence of sulphate (80,.>)
anions that have accumulated in the regenerant solution, (ii) the
effect of the composition of the treated water on the possible
formation of precipitate, and (iii) the presence of copper (Cu)
ions in the regenerant solution.

Experimental Methods

Apparatus. For ion exchange, a glass column with an inner
diameter of 1 cm, which contained 30 cm® of settled anion
exchanger (Amberlite IRA 996, Rohm and Haas, Philadelphia,
Pennsylvania), was used in a co-flow mode. For treated water, the
flowrate was maintained at 20 bed volumes per hour (BV hh,
while, for the regenerant solution, it was 3 BV h™!. After
regeneration, the column was rinsed with 5 BV of distilled water
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Table 2—Constituents of three electrochemically treated
solutions, A, B, C, and D, used for ion-exchange column
regeneration.

A B c D
lon (mgdm™3) (mgdm™3) (mgdm™3) (mgdm™3)
HCO3™ 61 000 61 000 61 000 61 000
S0,2~ 0 270 270 270
o 0 240 240 240
NO;~ 0 150 50 30
Cu?* 0 82 106 13

at a flowrate of 3 BV h™'. The flowrate was maintained with
a peristaltic pump. Samples of treated solution were taken for
analysis from the outlet of the column using a fraction collector
(Laboratorni Pristroje FCC 61, Prague, Czech Republic).

Experimental Procedure. The ion-exchange column was
loaded using the model solution described in Table 1. The sorption
run was terminated at the NO3;~ concentration breakthrough of 50
mg dm™>. '

The regeneration of saturated ion exchanger was carried out using
a freshly prepared 1-M NaHCO; solution or an artificial, spent
regenerant solution after electrochemical treatment (see Table 2 for
the composition). The collected fractions of spent regenerant
solutions were analyzed for NO;™, S0,%~, CI™, and HCO5™. In
the case of the electrochemically treated regenerant solutions, the
copper concentration from the dissolution of the cathode material
was also determined.

Analysis. The concentration of anions (NO3;~, NO,™, CI™, and
S04>7) was determined by an ion chromatograph (DX 300 Dionex,
Sunnyvale, California) equipped with IONPAC AG4A-SC and
AS4A-SC (Dionex) columns using a conductivity detector. A
NaHCO3/N2a,COj3 solution was used as a mobile phase for ion
chromatography. The HCO;™ and CO5%>~ concentrations were,
therefore, determined by potentiometric titration with 0.1-M HCl
using automatic titrator (Metrohm Titrino 716 DMS, Herisau,
Switzerland). Fast determination of NO;~ content during the
sorption run was based on light absorption at a wavelength of 210

© nm (Malét, 1973). C6pper content was determined by an atomic

absorption spectrophotometer (AAS) (Carl Zeiss AAS-1, Jena,
Germany) with acetylene—air flame atomization at A = 324.75 nm.

Resuits and Discussion

Nitrate Desorption. Figure 1 shows that approximately 30 BV
of fresh 1-M NaHCO; regenerant solution is required to displace
NO;™ from the resin bed to a residual level, which subsequently
produces acceptable NO; ™ -free drinking water (Figure 2) at a good
breakthrough capacity of 0.52 equivalent per liter (equiv dm™>).
This is in good agreement with results presented by (MatoSi¢ et al.
2000). However, the anion exchanger is not exhausted by NO;~
only. Other anions, namely SO,>~ and C1~, are still present in the
exchanger phase. Consequently, the spent regenerant solution
confains 1000 mg dm=> NOs~, up to 100 mg dm™> CI-, and
a rather high concentration of SO,2~ (up to 400 mg dm™3).

The efficiency of NO; ™ desorption is impaired by the presence of
SO,4%~ anions in the NaHCO, regenerant solution (Figure 1). The
reason is the volume contraction of the polymer matrix of the anion
exchanger caused by partial conversion to the SO, form, making
NO;~ desorption more difficult. This corresponds to a decrease in
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Figure 1—lon exchanger regeneration: NO;~ concentra-
tion vs bed volumes of regenerant solution. Regeneration
by different solutions: O — A,V - B, ® — C,and V — D;
for composition see Table Il.

the NO;~ desorption peak level from 4200 mg dm™ (for pure
NaHCOj; regenerant solution) to 3000 mg dm 3 (for regenerant
solutions containing 270 mg dm™> SO,>7).

It is possible to reduce the NO;~ concentration in the spent
regenerant solution from 1000 mg dm™ to practically zero by
electrochemical reduction under appropriate conditions (Paidar et
al., 2004). However, electrochemical reduction is a heterogeneous
process in which the rate of mass transfer of ions from the bulk of
the electrolyte to the electrode surface plays an important role. It
would be advantageous to terminate the electrochemical NO;~
reduction process at a reasonably high concentration of NO;™,
where the effect of mass-transfer limitation is not too pronounced
and, therefore, current efficiency is still sufficiently high (Paidar et
al., 2004).

At the same time, the increasing concentration of NO; ™~ anions in
the regenerant solution after electrochemical treatment will slightly
slow down the NO;~ desorption rate as the NO;~ desorption peak
shifts toward higher effluent volumes (Figure 1). Consequently, the
volume of regenerant solution has to be increased to reach the point
at which the NO3; ™ concentration in the effluent again approaches its
inlet level in the regenerant solution (B, C, and D). A residual
concentration of NO3~ 50 mg dm ™~ has been chosen as the optimal
concentration. At this concentration, 35 BV of regenerant solution
are required for regeneration. Such a high volume would be
unacceptable economically under a standard working mode; it is
justified only on account of the reuse of spent solution.

Nitrate Uptake by Anion Exchanger in Bicarbonate Form. The
course of a NO3;™ uptake run by selective resin regenerated with
fresh 1-M NaHCO; is shown in Figure 2, curve A. The NO;~
leakage level is low (approximately 1 mg dm™) and 275 BV of
loading water were processed until the NO;~ breakthrough
concentration reached the limit of 50 mg dm ™ (which corresponds
to a breakthrough capacity of 0.55 equiv dm™>).
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Figure 2—Contaminated water treatment by ion exchange
(sorption course): NO;~ concentration vs bed volumes of
contaminated water. lon exchanger after regeneration
by different solutions: O — A, J — B, and V —
C; for composition see Tabile II.

The Effect of Nitrate Contamination in the Bicarbonate
Regenerant Solution on the Subsequent Sorption Run. The
presence of the residual NO3;~ anion in the electrochemically
treated NaHCO; regenerant solution results in slightly elevated
NO;~ leakage levels (2 to 5 mg dm ™) and a lower breakthrough
capacity (0.45 equiv dm™ for regenerant solution containing 150
mg dm~> NO;7), which causes a capacity decrease of 13%
compared to NO;™ -free NaHCOj; regenerant solution (Figure 2,
curves B and C).

During the electrochemical treatment of spent regenerant
solution, the NO3;~ concentration has to be lowered to a level
of at least 150 mg dm™3; this ensures that it can be reused for
regeneration. In the subsequent sorption run, the NO;~ leakage
level is acceptable for industrial operation and, furthermore, the
overall quality of the water produced meets the hygiene standards
for drinking water. Nevertheless, a NO;~ concentration of
50 mg dm~> entails a lower NO;~ leakage level and higher
sorption capacity. At the same time, the efficiency of electro-
chemical NO;~ reduction still remains sufficiently high. There-
fore, this level was taken as the optimal one for further
electrochemical study (Paidar et al., 2004).

The Effect of Sulphate Concentration in the Regenerant Solution
on the Subsequent Sorption Run. At the end of the sorption run
for the removal of NO3 ™, the bottom layers of the anion-exchanger
bed are partially loaded with SO,*~ anions. These anions will be
displaced into the regenerant solution and their concentration wiil
gradually increase if the reuse operation is adopted for the
regenerant solution. The presence of SO,°~ not only adversely
affects the efficiency of NO;~ displacement during regeneration
(Figure 1), but an elevated concentration of $0,*~ in HCO;~
regenerant solution also causes the unwanted partial conversion of
anion exchanger into the SO,>~ form and, consequently, an increase
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Figure 3—The course of anion desorption from a loaded
anion exchanger by 1 M NaHCO;: O — NO;—, 0 — CI~, and
V - S0,2".

in the SO,%>~ concentration in the treated water. This unwanted
presence of S0,2~ in the regenerant solution could be eliminated by
discarding the first 2 BV of spent regenerant. The SO42~ ion, as
illustrated in Figure 3, is quickly desorbed in one sharp peak within
a few bed volumes at the beginning of the desorption run.

The Effect of Copper in Regenerant Solution. Ammonia is the
main product of NO;~ electrochemical reduction (Paidar et al.,
2004). As is widely known, ammonia etches copper to form
complexes. Therefore, in the case of electrolysis malfunction, the
concentration of copper ions in the regenerant solution may exceed
100 mg dm™>. This is induced by the dissolution of the copper
cathode. For this reason, the influence of copper concentration in
regenerant solution on the quality of treated water was studied. The
sorption of copper ions on the anion exchanger was found to be
negligible and did not affect the sorption of NO3;~. The only
drawback to the presence of copper would be its leakage into the
treated water. In the case of regenerant solution C containing 106
mg dm™> of copper ions, the copper leakage into the treated water
was approximately 0.1 mg dm™>. This is still far below the drinking
water limits of 1.3 mg dm™> and 2.0 mg dm™2 established by U.S.
EPA (U.S. EPA, 2003) and the European Union (EU, 1998),
respectively. In the case of solutions B and D (concentration of Cu
= 13.0 mg dm™> and 82.0 mg dm ™3, respectively), the leakage level
of copper was below the detection limit of AAS (<0.01 mg dm™).

The Effect of Hydrogen Carbonate to Carbonate Conversion
during Electrolysis. During electrolytic NO3;~ reduction, one of
the reaction products in the electrolysis step is NaOH (Paidar et al.,
2004). The pH of the treated electrolyte gradually became more
alkaline during electrolysis as NaOH was generated. Typically, its
value changed from 8.3 to 9.5. This resulted in the conversion of
part of the HCO;™ ions (approximately 15%) to CO;2~ during each
electrolysis run. Therefore, a test was performed with 1-M CO5*~
solution as a regenerant. The volume of solution needed for
successful regeneration was close to that of HCO; ™. Additionally,
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Figure 4—Concentration changes of HCO;~ and CO5*~
during regeneration (1-35 BV) and rinsing (36-37 BV)
step: O — HCO;' and V — CO;™.

the composition of the solution resulting after regeneration by 30
BV of 1-M CO52~ (1034 mg dm~> NO; ™, 329 mg dm™> SO,
and 96 mg dm~> CI7) corresponds well to regeneration by HCO;™.
This confirms the fact that the influence of the changing HCO5; ™/
CO5%" ratio on the efficiency of the regeneration cycle is negligible.

Regenerant Loss During the Regeneration Cycle. There are
three main reasons for loss of the regenerant agent (NaHCOs)
during the regeneration cycle: (i) replacement by other anions
during regeneration of the ion exchanger, (ii) losses of regenerant
solution by dilution at the beginning and end of the regeneration
phase, and (iii) discarding of the first 2 BV of regenerant effluent.

The concentration of HCO;~ and CO52 in the first bed volume
of regenerant effluent is approximately 0.1 M because the
regenerant solution is diluted by water present in the bed at the
end of the sorption period. This is documented in Figure 4. An
essential portion of regenerant is also consumed for SO,*~
displacement (Figure 3). In the second bed volume, the concentra-
tion of HCO;™ and CO5%~ is approximately 0.55 M. The loss of
regenerant solution by first discarding 2 BV of regenerant effluent to
reduce the $SO,>~ concentration in the solution collected for reuse
represents just 0.65 BV of 1-M NaHCO;. To keep the volume of the
regenerant solution constant, it is always necessary to collect 35
BYV. Therefore, the first 2 BV are also collected during the rinsing
step of the ion-exchange column to compensate for the volume loss
induced during the regeneration process.

The consumption of the regenerant chemical for NO;~
displacement and losses of regenerant chemical by dilution of
regenerant solution should be compensated by the addition of
NaHCO;. The decrease in regenerant solution concentration because
of the aforementioned losses represents approximately 2% of re-
generant agent used in each regeneration cycle. The remaining 98%
of the regenerant agent can be reused. This documents the signif-
icance of the electrochemical NO;™ reduction step for the eco-
nomic balance of the process.
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The Effect of Nitrate to Nitrite Conversion During Electrol-
ysis. Nitrite, an intermediate of NO;™ reduction, reaches its peak
concentration during the first hours of electrolysis. At the end of
electrolysis (i.e., when the NO;~ concentration is reduced to 50
mg dm™?), the NO,~ concentration in the regenerant solution is
always less than 4 mg dm ™ (Paidar et al., 2004). Because NO, ™ is
a much more dangerous pollutant than NOz™, the possibility of its
penetration from the regenerant solution into the treated water was
verified.

To attain this objective, the ion exchanger was regenerated with
the following 1-M NaHCOj solutions containing different levels of
NO,": solution E, 10 mg dm™>; solution F, 30 mg dm™%; and
solution G, 50 mg dm™>. In all three cases, NO,™ leakage was
observed only at the beginning of the sorption run; afterward, the
NO,~ concentration decreased to below the detection limit. The
peak NO, ™~ concentrations were 0.15 mg dm™ for ion exchanger
regenerated with solution E, 0.5 mg dm™3 for solution F, and 1.2
mg dm™3 for solution G. This corresponds to the average NO,~
concentration in the total volume of treated water of 0.03 mg dm ™,
0.18 mg dm™>, and 0.32 mg dm™? for solutions E, F, and G,
respectively. These results show that NO,™ leakage will stay well
below the EU drinking water limit (0.1 mg dm™3) if the electrolysis
step is operated under optimal conditions (i.e., the NO,~
concentration in the regenerant solution is <4 mg dm™3) (Paidar
et al., 2004). Only an occasional malfunction of electrolysis can
produce a higher concentration of NO, ™, which can adversely affect
the quality of the treated water.

The Problem of Possible Calcium Carbonate Precipitation on
the Ion Exchanger. An anion exchanger in HCO;~ form is
suitable for treating drinking water. However, when hard water
containing higher concentrations of calcium (Ca?") is in contact
with concentrated HCO,;~ and partly with COs®~ solutions,
a precipitation of CaCOs can occur. :

This problem was tested on several real groundwaters with high
levels of hardness and NO;~ concentration. In the case of real
groundwater, its pH stayed in the range of 7.6 to 8.2 after treatment.
However, when an artificial solution prepared from demineralized
water was treated, its pH rose to 9.3. This was probably caused by the
absence of dissolved CO, in an artificial solution. In cases where the
Ca?* concentration was higher than 100 mg dm >, turbidity in the
treated solution was visible at the column outlet. Nevertheless, no
clogging of ion exchanger was observed. The composition of this
example of hard natural water was: 134 mg dm~3Ca**,23.2mgdm™>
magnesium (Mg?*), 318 mg dm > HCO5 ™, 139 mg dm ™SO,
37.4mg dm™3Cl~, 166 mgdm~—>NO; ™, and apH of 6.95. Itis difficult
to set the exact level of Ca>" that can cause problems because the
overall water composition has to be taken into account. The best means
of solving this problem is to place a water-softening unit (strong acid
anion exchanger in Na™ form) before the anion-exchanger column.

Conclusions

The combination of ion exchange with electrochemical treatment
of spent NaHCOj3 regenerant solution provides a powerful tool for
treating NO; ~-contaminated water. Nitrate displaced from the anion
exchanger during regeneration must be removed to permit reuse of
the regenerant solution in a closed circuit.

Additionally, a residual concentration of NO3™ in the regenerant
solution lower than 150 mg dm™> is acceptable to produce NO; ™ -free
water that will meet hygiene regulations. With respect to electro-
chemical reduction and ion-exchange efficiency, 50 mg dm—3NO;~
was established as the optimum residual concentration.
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SELECTIVE UPTAKE AND SEPARATION OF
OXOANIONS OF MOLYBDENUM, VANADIUM,
TUNGSTEN AND GERMANIUM BY SYNTHETIC
SORBENTS HAVING POLYOL-MOIETIES AND
POLYSACCHARIDE-BASED BIOSORBENTS

Zdenek Mat¢jka, Helena Parschova, Pavla Ruszové, Lud¢k Jelinek, Pavla
Houserova, Eva Mistova, Milan Benes§, and Martin Hruby"

1. INTRODUCTION

The contamination of public drinking water resources by oxoanions of metals such
as Mo, V, W, Ge, and As is caused either by industrial activity (i.e., industrial waste
waters penetrating without sufficient and proper treatment into surface and/or ground
waters) or by the contact of water with metal-bearing ores! or solid waste materials such
as deposits of flying ash. These contaminated waters usually contain trace concentrations
(low mg/L level) of metal oxoanions and a large concentration (200-1000 mg/L) of
accompanying non-hazardous anions such as chloride, sulfate, and bicarbonate.

To meet the environmental and WHO-limits on drinking water, these oxoanions
should be removed from water down to low pg/L level. This requirement calls for a very
efficient treatment process for the separation of oxoanions. The whole metal-removal
process should be highly selective toward contaminant oxoanions, for the following
reasons: (i) no substantial change in ionic composition of drinking water is allowed
during the treatment; that is, the accompanying anions such as chloride, sulfate, and
bicarbonate should remain in water to keep mineral content of the drinking water intact
and; (ii) the separated metals such as Ge, Mo, W, and V should be recovered as by-
products.

However, the currently used conventional anion exchangers lack in sufficient
selectivity and separation ability toward above-mentioned oxoanions.

" Zdengk Matéjka, Helena Parschova, Pavla Ruszova , Ludék Jelinek ,Pavla Houserova and Eva Mistova,
Inst.Chem.Technol., 16628 Prague 6, Czech Republic. Milan Bene§ and Martin Hruby, Inst. Macromolec.
Chemistry, 16000 Prague 6,Czech Rep
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In this chapter, we have investigated several sorbents in the bead form, having
different polyol moieties, for selective uptake of several metal-oxoanions from water by
diol-complex formation mechanism. It was also investigated: (i) whether steric
configurations of diol groups present in polymeric matrices, such as styrenic and
polysaccharides, are appropriate enough to form stable coordination complexes with
oxoanions; and (ii) whether these polymeric materials can be considered as selective
sorbents for the removal/recovery of oxoanions.

2. MECHANISM OF SELECTIVE SORPTION OF OXOANIONS

It is well known? that low molecular weight substances containing diol-groups such
as hexitols and saccharides can form cyclic complexes with oxoanions in an appropriate
steric conformation. These complexes can be categorized into two types: (a) mono-
nuclear complexes formed by Ge, B, and, As and (b) bi-nuclear or poly-nuclear
complexes formed by V, Mo, and W.

Table 1. Optimum pH-range for diol-complexes

Oxoanion pH Oxoanion pH
V(V) 2-7 B(1I) 7-11
Mo(VI) 1-6 Ge(1V) 6-12
W(VI) 1-6 As(IIT) 9-12
As(V) 1-6

The complexation reactions between oxoanions and diol-compounds are rather pH-
dependent. Table 1 presents® the optimum pH range for the formation of various
oxoanion-diol complexes. Typically, reactions are more pH-sensitive when a proton (H*)
is required for complexation.®

For example, protons are required and spontaneously consumed during the Mo-
oxoanion and diol-complex formation (Eq. 1). Consequently, this reaction results in an
increase in pH of the treated solution to neutral values, which slows down the kinetics of
molybdate complexation. Therefore to keep the complexation reaction in progress, pH-
value of the solution needs to be maintained within the acidic range.

MoO2(OH)4* + 2H(diol-ligand) + 2H* — MoO(diol-ligand),+ 4H,0 [1]

Tungstate and vanadate, on the other hand, are not so sensitive to low pH-value, as
they do not require protons for diol-complex formation. Consequently, the solution pH
remains constant during complex formation. These complexes are stable and can be
formed even in the neutral medium.

The optimum pH for the complexation of oxoanions of B"', Ge'V, and As'"" has been
found in the alkaline range. In these reactions, a proton (H*) is released during the
complexation of oxoanion with diol-ligand, and consequently the pH of the solution
decreases (Eq. 2)

As"(OH)s(H20), + Ha(diol-ligand) — As"(diol-ligand)(OH)" + H* + H,0 2]



SEPARATION OF OXOANIONS 3

The spontaneous changes in solution pH are the reason, for slow complexation
reaction between oxoanion and hydroxy ligand compound (i.e., diol ligand) during the
formation of a low-stability diol-complex of Mo and As. The formation of these
coordination diol or polyol complexes can be utilized for selective uptake of oxoanions
from the water stream, provided that a solid matrix containing diol-ligands with
appropriate sterical configuration of OH-groups is used as a selective sorbent. However,
the complex formation between oxoanion and the low- molecular weight diol-compound,
alone does not guarantee the efficient removal of oxoanion from contaminated stream
down to pg/L level by this selective solid sorbent.

3. REQUIRED CHARACTERISTICS OF A SOLID SORBENT CONTAINING
DIOL-LIGANDS

The removal of oxoanion from contaminated water, containing high excess of
accompanying anions, by a solid sorbent with immobilized diol-ligand is usually carried
out under dynamic column operation. This is the most suitable working condition to
achieve a very low concentration of oxoanion (ug/L-level) in the treated water. There are
two crucial factors, necessary to attain high sorption efficiency: (i) a highly stable
complex of diol-ligand with oxoanion inside the sorbent matrix and (ii) fast overall
kinetics of oxoanion-uptake. These factors will enable efficient uptake of oxoanions
even at pH values outside the optimum pH range. Stable complex formation would also
overcome the competition from accompanying anions. Fast kinetic rate will allow a
decrease in the oxoanion concentration down to pg/L-level within a short period of time
available, when the solution is passed through the sorbent bed in the column.

To achieve highly stable diol-complex formation and the fast kinetics of oxoanion
uptake, an appropriate steric configuration of immobilized —OH groups inside the sorbent
bead is required. The location of -OH groups at the adjacent C-atoms in a cis— position is
a key requirement for the formation of a stable mono-nuclear complex [Structure 1] .

LT Poa
T | T
OH H O O o O o O
\ / \VARIY/

B ( Ge, As ) O0—Me—0—NMe—0
/\ /\ /\
o o HO OH HO OH
[Structure 1]
[Structure 2]

The location of —OH groups at more distant C atoms or in a trans position will result
in a less stable complex. To form a stable binuclear complex [structure 2], which is the
case for Mo, V, and W oxoanions, hydroxy compound should have at least 3 or more —
OH groups available. The more suitable steric configuration of —OH groups in the diol-
ligand will lead to the faster complexation reaction with oxoanions. A highly porous and
hydrophilic sorbent matrix will provide an adequate space, necessary for the formation of
a stable diol- complex, and, at the same time, it will provide high diffusion rate for the
oxoanion inside the sorbent’s particle.



4 MATEJKAET AL.

4. SORBENTS
4.1. Synthetic Sorbents

These sorbents are based on poly (styrene-co-divinylbenzene) copolymer matrix,
functionalized by (i) methyl-amine-glucitol moiety and (ii) di-ethanol-amine moiety. To
produce such sorbents, the polymeric matrix has to be functionalized by a suitable diol-
ligand.

4.2. Polysaccharide-Based Biopolymer Sorbents

The main sorbents in this category are: (i) chitosan (poly-D-glucosamine) beads, (ii)
bead cellulose and (iii) sea-weed Ascophyllum nodosum, a marine brown algea
biopolymer having alginic acid as a main active compound. The whole structure of the
polymeric matrices of these biosorbents consists entirely of functional oligo-hydroxy-
compound units (i.e. diol-ligands); no inert matrix is present in these sorbents.
Consequently, there is no need for any matrix functionalization to create a selective
sorbent. These sorbents contain a highly hydrophilic matrix enabling the fast internal
diffusion-rate of oxoanions. These sorbents are available in abundant quantity, often as
natural waste material from crabs, shrimps, insects, fruit-cores, etc.

5. EXPERIMENTAL METHODS

Dynamic sorption runs were carried out in glass columns (i.d.12 mm) packed with 30
mL of sorbent with solutions containing 0.5-20 mg/L metals (Mo, V, W, Ge, and As) and
100-1000 mg/L accompanying anions (CI- and SO4%). The sorption run was terminated
at metal-breakthrough concentration of 0.05 mg/L in the effluent. Solution flow-rate
through the sorbent bed was kept at 4-6 BVh!. The effect of pH and concentrations of
metals and accompanying anions in the inlet solution on sorption capacity was
determined. The sorption ability of particular diol-ligands with different structures was
mutually compared.

6. UPTAKE OF OXOANIONS BY POLYOL-SORBENTS

6.1. Uptake on Sorbent with 1-deoxy-methyl-amino-glucitol Moiety Immobilized in
Styrene/DVB Matrix (Structure 3)

The metal uptake ability of this sorbent in the protonated hydrogen chloride form,
where primarily a standard anion exchange process takes place, was investigated
previously.®® In the present work, experiments were carried out with commercial
sorbents Purolite D-4123 (Purolite Int.) and Diaion CRB-02 (Mitsubishi Chem.Corp.) in
the free base form, where a standard anion exchange process is completely excluded.
Only complexation reactions took place under these experimental conditions.

This sorbent exhibits a suitable steric configuration of —OH groups to form very
stable mono-nuclear complexes with germanium [Structure 3] and boron oxoanions . The
uptake of Ge from alkaline solution is very efficient. Ge concentration is decreased from
the initial value of 20 mg/L down to less than 0.01 mg/L in the effluent (Figure 1). The
optimum pH range for Ge-uptake is 6-12; no sorption is observed at pH < 6.
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Figure 1. Breakthrough curves of Ge-oxoanion from water of different pH on glucitol sorbent columns. Initial
solutions (feed) contained Ge at 20 mg/L and sulfate at 2000 mg/L (except for solution of pH 9 which contained
5 mg/L Ge and 500 mg/L sulfate).

Arsenic forms a low stability mononuclear complex, [As-glucitol] and the kinetics of
this complexation reaction is slow.? That is why As-oxoanions (As¥ and As'"") are not
taken up efficiently via the mechanism of diol-complex formation.

The structure of methyl-amine-glucitol ligand (where 3 —OH groups are close
together in an appropriate conformation) is able to form a stable binuclear complex with
V, W, and Mo. These oxoanions prefer acidic pH-range during complexation. However,
V and W are taken up efficiently from solution even at neutral and slightly alkaline pH
(Figure 2), as these complexes are very stable and exhibit a low requirement of H* ions.
The efficient sorption of Mo is restricted to solution of pH < 4 only, as protons are
required in complexation reaction (Eqg. 1).
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Figure 2. Breakthrough curves of VV-oxoanion from water of different pH on glucitol sorbent columns. Feed
solution: V =5 mg/L, sulfate = 100 mg/L.

6.2. Uptake on Sorbent with diethanolamine (DEA) Moiety Immobilized in
Styrene/DVB Matrix (Structure 4)

An experimental sample PUROLITE D-3441 in the free base form was used. The
synthesis of sorbent with diethanolamine (DEA) ligand is rather simple and inexpensive
as compared to glucitol sorbent. But the steric configuration of this ligand obviously
does not fully meet the requirements for a stable mononuclear complex as the mutual
distance between —OH groups in the ligand is too large. Therefore, Ge-oxoanion is not
taken up by this sorbent. However, sorption of V, W, and Mo-oxoanions was quite
efficient (Figure 3) at neutral and acidic pH, as they form binuclear-complexes. The
stable binuclear complexes are formed even though this ligand has only two —OH groups
available for complexation. This happens due to matrix-crosslinking effect, which puts
two diethanolamine units from adjacent crosslinked polymer chains close together to

create suitable steric position of —OH groups for complexation.

[1— CH —

/CHZ‘CHZOH
CH~N
CH,~CHOH

|
>

[Structure 4]
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6.3. Uptake on Crosslinked Chitosan (poly-D-glucosamine) Beads

Experiments were carried out with the commercial product Chitopearl CR-CH (Fuji
Spinning Co., Ltd., Japan) in the free- base form, without any functionalization.
To produce water insoluble chitosan beads or fibers, water-soluble chitosan unit
[Structure 5] is crosslinked by ethylenediglycidylether. 7 Inside this crosslinked chitosan
structure positions of 4 —OH groups, from adjacent polymeric chains, are fixed close
together in a cis-position, which enable oxoanions of V, W, and Mo to form bi-nuclear-
diol-complex [Structure 6]. Experimental results have shown (Figure 4) that W-
oxoanion is quantitatively removed from water by crosslinked chitosan in the free-base
form.

0.4

0.3 b4
3 /
E /
= 02 /
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>

0.1 J
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Figure 3. Breakthrough curves of V and W oxoanions from water of pH 6.5 on (diethanolamine) sorbent
columns. Loading (feed) solution: V, W) = 1 mg/L; sulfate = 100 mg/L.

CH,OH .

[Structure 5]
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Figure 4. Breakthrough curves of W oxoanion from water of pH 5.7 and 7.2 on cross-linked chitosan (in free
base form) columns. Loading solution: W = 5 mg/L; sulfate = 500 mg/L.

Ge-oxoanion is not quantitatively removed from water by a crosslinked chitosan.
The steric requirements (the position of —OH groups) for a stable mono-nuclear-complex
of Ge-oxoanion-chitosan are not fulfilled inside the crosslinked-chitosan matrix.

Guibal et. al® investigated the uptake of molybdate by crosslinked chitosan,
preconditioned by mineral acid. Under these conditions, the —NH. group of the
chitosan’s structure gets protonated as -NHs*Cl- and the overall sorption process consists
of two simultaneous reactions: (a) diol-complex formation (i.e., metal-oxoanion-chitosan)
and (b) anion exchange of metal-oxoanion for CI ions.
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In the present work, the quantitative uptake of W-oxoanion by protonated chitosan
was studied and a very high sorption capacity for W has been found (Figure 5). W-
oxoanion prefers the acidic pH for complex formation (Table 1) and protonated chitosan
is very efficient in keeping the loading-solution pH constantly at optimum low pH value
of about 4, due to amine-group hydrolysis (Eq.3).

Chit-NHs*CI" + H20 - Chit-NHz + HCI + H20 [3]

0.25

0.20 |

0.15 |

W [mg/L]

0.10

0.05

0.00

0 1000 2000 3000

BV
Figure 5. Breakthrough curves of W oxoanion from water of different pH on crosslinked chitosan (in NH3s*CI-
form) columns. Loading solution for a) and b): W = 5 mg/L; sulfate = 100 mg/L; Loading solution for c): W =
5 mg/L; sulfate = 500 mg/L.

6.4. Uptake on Crosslinked Bead Cellulose (without functionalization) [Structure 7]

The steric structure of cellulose is very similar to that of chitosan. Crosslinking
process will bring -OH groups close together and bi-nuclear complexes with the
oxoanions of V, W, and Mo can be formed. Figure 6 presents the uptake of oxoanions of
V, W, and Mo. But the —OH groups in a cis-position are not located at the adjacent C-
atoms and therefore they are not close enough even after crosslinking to form mono-
nuclear diol-complex such as Ge-cellulose type.

Cellulose is known as a very porous material with a low total volume sorption
capacity.  For this reason, cellulose sorbents are more suitable for rather low
concentration of metals (around 0.5 mg/L) in a loading solution.

6.5. Uptake on Brown Algea Sea-Weed (Ascophyllum nodosum)

Sea-weed contains a heterogeneous mixture of different polysaccharides (20%
alginic acid, 8% mannitol, 20% other sugars), all of them are able to react with
oxoanions. Typically, the ratio of different hydroxy-compounds in the structure changes
with season, geographical locality and the maturity-level of see-weed plants. Sea-weed is
mostly available as a waste material from production (recovery) of alginate (called as
“partially de-alginated sea-weed ") and as a raw harvested sea-weed material prior to the
de-algination process.
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Figure 6. Breakthrough curves of Mo, V, W -oxoanions on crosslinked bead cellulose sorbent columns.
Loading solution: Mo,V, W = 0.5 mg/L; sulfate = 100 mg/L; c = pH 3.5; . = pH 5.5

Alginic acid exhibits an optimal steric conformation of —OH groups in the molecule
[Structure 8] for diol-complex formation. However, due the dissociation of -COOH
groups to —COO'Na* in sorbent’s free base form would create electrostatic repulsion of
oxoanions.  Consequently, better sorption ability of this sorbent is achieved with
protonated sea-weed, where the carboxylic group remains in the non-dissociated free acid
form, -COOH (Figure 7). Chemical modification of -COOH group (for instance by
esterification) to eliminate the negatively charged repulsive forces may also make this
sorbent more suitable for the uptake of oxoanions.

COOH
o @)
COOH
n

[Structure 8]
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Figure 7. Breakthrough curves of W-uptake on dealginated sea-weed columns. Loading solution: W = 0.9
mg/L; sulfate = 100 mg/L; pH = 5.5; @ = protonated form; A = free-base form.

7. DESORPTION OF OXOANIONS
The formation and a stability of coordination diol-complexes (oxoanion—

hydroxycompound) is pH sensitive. The desorption of VV-oxoanion, which prefers acidic
solutions for sorption, can be easily achieved by NaOH solution (Figure 8)

1400
1200
1000
800 r

600 r

V [mg/L]

400

200

0 1 2 3 4 5 6
BV
Figure 8. Desorption of oxoanion of V loaded on glucitol sorbent by 1M-NaOH.

9. MUTUAL SEPARATION OF OXOANIONS

Separation of oxoanions is based on the different requirements of particular
oxoanions for H* to form stable diol-complexes. Mutual separation of the oxoanions of
Mo and V for instance was achieved using glucitol sorbent in the free base form at a
solution pH of 7.0 (Figure 9). Under these conditions, Mo-oxoanion is not taken up from
solution at all, as it requires pH < 4 for efficient sorption. Sorption of V-oxoanion is
quantitative at pH 7. NaOH as eluent, as shown in Figure 8, can desorb the loaded V-
oxoanion from the column.
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Figure 9. Mutual separation of Mo and V using glucitol sorbent in the free-base form. Loading solution: Mo,
V =5 mg/L; sulfate = 500 mg/L; pH = 7.
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Arsenate sorption onto inorganic and composite inorganic/
organic selective sorbents based on ferric oxide/oxohydroxide
was tested under varying concentration of accompanying anions
(chlorides, sulfates, phosphates, and silicates). Among the stud-
ied anions, phosphates showed the strongest influence on arsenic
removal. Ferric oxide based sorbents were also compared to
weak and strong base anion exchangers and other metal oxide
(ceric oxide, zirconium oxide) based composites under the pres-
ence of accompanying anions (chlorides and sulfates). Their
performance was comparable to ferric oxide composites. Ferric
oxide/oxohydroxide based composites are able to take up arse-
nates (with capacity of tens of mmol-L~') even at the presence
of 100 mg-L~! of chlorides and sulfates where the breakthrough
capacities of weak and strong base anion exchangers dropped to
less than 2% (units of mmol-L~") of the values obtained in the
absence of accompanying anions (hundreds of mmol-L1).

Keywords arsenate;  competitive  sorption;  ferric  oxide/
oxohydroxide; anion exchanger; composite sorbent

INTRODUCTION

Arsenic contamination arising from different sources can be
found in drinking water across the globe. The main natural
sources of arsenic are arsenopyrite (FeAsS) and arsenic con-
taining polymetallic ores. By weathering processes, arsenic is
transformed to the form of oxoanions. Generally, prevailing
species of arsenic in surface waters are pentavalent (arsenates)
while under anoxic conditions, such as in acid mine drainage
(1), trivalent arsenic species (arsenites) may prevail. Apart from
the mining industry, the main anthropogenic source of con-
tamination is arsenic-rich brown coal (2), which is utilized on
a mass scale in power generation. Another specific source of
arsenic contamination is the crystal glass industry. It produces
wastewaters containing hexafluoro arsenate species (3).
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The toxicity of arsenic is documented in many toxicologi-
cal studies which are mainly focused on the well-known area
of the Ganges delta in Bangladesh and India (4, 5). Arsenic
causes skin defects (melanosis, keratosis, hyperkeratosis) (4) at
the concentrations of tenths of mg-L™! (5). Acute toxicity of
trivalent arsenic is higher than that of its pentavalent species.
However, in human body pentavalent arsenic is reduced to triva-
lent and subsequently methylated (6, 7). The exact mechanisms
of arsenic toxicity are, however, still being investigated (8).

Arsenic concentration in drinking water is limited by
national and international bodies to maximum permissible
level of tens or units of ug-L~! with generally adopted value of
10 wg-L~! (9). During the treatment of surface waters, arsenic
is removed by adsorption onto flocks of iron or aluminum
oxides during the clarification (coagulation) process (10,
11). Coagulation can be also used exclusively for the arsenic
removal from ground waters (12). However, coagulation is
a complicated process that requires precious control and
spacious equipment. In a majority of cases a simple method
with minimal control is required. It is especially true in distant
areas without access to electricity where sorption on simple
fixed bed columns containing ferric oxide based sorbent is
preferred (13, 14).

While anion exchangers can be generally used to remove
arsenates from drinking water (15), their sorption capacity is
greatly suppressed by competitive sorption of accompanying
anions such as sulfates (16). The only exception is the case of
hexafluoroarsenates that can be removed efficiently with anion
exchangers (3, 16). Selective resins containing N-methyl-D-
glucamine show much higher selectivity towards arsenic (17)
but their performance in column application is insufficient with
respect to arsenic leakage (16). Thus polymeric ion exchang-
ers and selective resins are not commonly utilized in arsenic
removal.

Sorbents based on ferric oxide/oxohydroxide play a
major role among other metal oxides that can be used for
arsenic removal, such as alumina, titania, ceria, and zirco-
nia. Commercialized sorbent based on ferric oxohydroxide
(B-FeOOR) is available under trade name GEH (18, 19). It was
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thoroughly investigated for arsenic removal but it can also be
used for Sb, Mo, Se, V, and Be (16).

Ferric oxide/oxohydroxide has great selectivity towards
arsenates. Tetrahedral arsenates AsO,°~ are adsorbed
onto Fe(O, OH)¢ polyhedra on the surface of ferric
oxide/oxohydroxide materials forming inner sphere com-
plexes with disputed structure (20). Favored structures can be
bidentate complex sharing edge of Fe(O, OH)¢ octahedron (21)
or bidentate complex sharing apical oxygens of two adjacent
Fe(O, OH)¢ octahedra (22).

In the case of granulated inorganic sorbents their mechan-
ical strength (particle disintegration and attrition) can be of
disadvantage. This is especially important in the case of long-
term column operation as the disintegration of particles can
substantially increase the pressure drop across the column.
Mechanical properties of inorganic sorbents can be greatly
improved by incorporating them into the beads of polymer.
Sorbents based on ferric oxide immobilized within the beads
of ion exchangers were developed (23) and commercialized.
Majority of these composites are based on anion exchangers
because their positively charged functional groups facilitate the
transfer of arsenates into the composite beads (24). The ion
exchange reaction can be described by Eq. (1).

R — CH,NTH(CHs),CI~ JFeO(OH) + H,AsO;

< R — CH,N*H(CHs),/FeO(OH) - H,AsO; + CI~
(D

In our previous work (25), commercially available com-
posite sorbents were compared with granulated iron oxide
GEH sorbent with respect to particle size distribution, pres-
sure drop across the column and effect of chlorides and sulfates
onto sorption properties. Competitive sorption of accompa-
nying anions is critical for removal of arsenates from real
waters. Therefore, we focused on the effect of accompany-
ing anions chlorides, sulfates, phosphates, and silicates on
arsenate sorption onto anion exchangers, inorganic sorbents,
and composites. In contrast to sulfates and chlorides, the effect
of phosphates and silicates on arsenate removal is not men-
tioned in the majority of publications and is therefore the main
objective of this study.

EXPERIMENTAL
Sorbents Used

Several commercial and experimental sorbents were used in
this study (Table 1). Their abbreviations and trade names are
listed below together with their basic characterizations.

GEH - granular ferric oxohydroxide (B-FeOOH) which was
developed for arsenic removal from drinking water.
Produced by Wasserchemie GmbH & Co (26).

Lewatit MP 500 — macroporous strong base anion exchanger
type I having trimethyl benzyl ammonium functional group
on poly(styrene-co-divinylbenzene) matrix. Produced by
Lanxess AG (27).

Lewatit MonoPlus MP 64 — monodisperse macroporous weak
base anion exchanger having tertiary amine (as well
as small portion of trimethyl benzyl ammonium) func-
tional group on poly(styrene-co-divinylbenzene) matrix.
Produced by Lanxess AG (28).

Lewatit FO 36 — monodisperse weak base anion exchanger with
particles of hydrated ferric oxide incorporated in its pores.
Produced by Lanxess AG, it contains about 23 wt.% of
ferric oxide (25, 29).

Arsen X"P - macroporous anion exchanger having poly(styrene-
co-divinylbenzene) matrix with incorporated particles of
hydrated ferric oxide. Produced by Purolite Co. it contains
about 42 wt.% of ferric oxide (25, 30).

CeO/XAD 7 — composite sorbent based on Amberlite XAD
7, acrylate based non-ionogenic sorbent produced by
Rohm and Haas Co., with incorporated particles of ceric
oxide (CeO;). Produced by Dr. T. Suzuki of Government
Industrial Research Institute, Tohoku. The ceric oxide
content is about 85 wt.% (31).

ZrO/PAN - composite sorbent based on particles of zirconium
oxide (ZrO,) covered with polyacrylonitrile (PAN).
Produced by Dr. Ferdinand Sebesta of Prague Technical
University. Zirconium oxide content is about 57 wt.% (32,
33, 34, 35).

Analytical Methods

Arsenic concentrations were measured on atomic (opti-
cal) emission spectrometer with inductively coupled plasma
ICP-OES (Optima 2000-DV, Perkin-Elmer Instruments).
Concentration of arsenic are given in mg-L~!' of As. Limit of
detection for the determination of concentrations of arsenic are
3 mwg-L~!. Concentration of chlorides and sulfates was mea-
sured on ion chromatograph (ICS 1000, Dionex) and are given
in mg-L~! of CI~ and SO,>~. Concentration of phosphates and
silicates was measured with respective colorimetric methods
using UV-VIS spectrophotometer (CE 2041, Cecil Instruments)
and are given as mg-L~! of PO,>~ and SiO,. Oxide content in
the studied composite sorbents was measured via TGA (SDT
Q600, TA Instruments). Iron content in treated and regener-
ant solutions was measured by atomic absorption spectroscopy
(SpectraAA 220, Varian).

Experimental Conditions

All solutions were prepared from demineralized water of
specific conductivity lower than 1 S-cm~'. Arsenic concen-
tration was 5 mg-L~! in all the cases except for ZrO/PAN and
CrO/XAD 7 sorbent where 3 rng-L’1 were used. Arsenic(V)
was added as Na,HAsO,-7H,0. Concentration of investi-
gated accompanying anions (chlorides, sulfates, phosphates,
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TABLE 2
The concentration of ions in the input solutions
Ions Arsenates Chlorides Sulfates Silicates Phosphates
Units mgL™" mmolL™! mgL™' mmolL™' mgL™' mmolL™! mgL™!' mmolL™' mgL~' mmolL™!
Values 3 0.04 100 2.82 100 1.04 12.5 0.21 17 0.18
5 0.07 500 14.1 500 5.20 47 0.78 29 0.31
1000 28.2 1000 10.4 100 1.66 145 1.53
110 1.83 160 1.68
317 5.28 1370 14.4
474 7.89
and silicates) was ranging from about 12.5 to 1370 mg-L~! and 7
is always stated in particular data set (Table 2). Accompanying —4-5,0,0
ions were added as their sodium salts with the exception of 6
phosphates that were added as KH,POj. —O-5, 100, 100
Measured volume of sorbents (10 mL) was packed to glass 5
column of inner diameter 10 mm which corresponded to bed
height of 127 mm. In the case of phosphates and silicates < 4
15 mL of sorbent was used which corresponds to bed height of Eo
191 mm. The volume of sorbent packed in the column will be > 3
denoted hereafter as bed volume, abbreviated as BV, and used <
as a dimensionless measure of volume. Specific flow rate of )
6 BV-h~! was used in all the sorption runs.
Strong base anion exchanger (Lewatit MP 500) was regen- 1
erated with 5 BV of 1 mol-L~"NaOH solution at specific flow
rate of 4 BV-h™! and then washed with demineralized water. 0 ;
Other sorbents were also regenerated with alkaline solutions 0 1000 2000 3000 4000
rinsed with demineralized water and subsequently conditioned Bed volume

with acidic solutions. Weak base anion exchanger (Lewatit
MonoPlus MP 64) was regenerated with 5 BV of 1 mol-L~!
NaOH solution and conditioned with 5 BV of 1 mol-L~!
HCI solution. Same procedure was used for CeO/XAD 7 and
ZrO/PAN solvents only with lower (0.5 M) sodium hydrox-
ide concentration. In the case of ferric oxide based sorbents
(GEH, Lewatit FO 36, Arsen X™) a greater volume (15 BV)
of alkaline brine (2 wt.% NaCl + 2 wt.% NaOH) regenerant
solution was used. Same regenerant solution is recommended
for regeneration of Lewatit FO 36 (29). The rinsing step was
prolonged to 50 BV of demineralized water. Due to the high sol-
ubility of ferric oxide in HCI, conditioning was done under mild
acidic conditions with 15 BV of demineralized water saturated
with CO;.

RESULTS AND DISCUSSION
Anion Exchangers

In the absence of other anions, it would be possible to use
standard anion exchangers to remove arsenates from aqueous
solutions with high anion exchange capacity. In the presence of
accompanying anions such as chlorides and sulfates substantial
decrease of sorption capacity takes place. Sorption of arsenate

FIG. 1. Effect of chlorides and sulfates on arsenate sorption onto proto-
nated form of Lewatit MP 500 at pH 5. Numbers in legend represent inlet
concentrations of As(V), C1~ and SO42~ in mg'L*I.

onto strong base anion exchanger Lewatit MP 500 (Fig. 1)
proceeds with breakthrough capacity of 189 mmol-L~! in the
absence of other anions and drops to 3.47 mmol-L™! in the
presence of 100 mg-L~! of sulfates and chlorides. It represents
decrease to about 2% of the original capacity.

Similar results were reached with weak base anion
exchanger Lewatit MonoPlus MP 64. In the presence of accom-
panying anions, arsenic broke through the column instantly
as shown in Fig. 2. During the regeneration step, recovery of
arsenic was higher than 99% for both strong and weak base
anion exchangers.

Granulated Ferric Oxide — GEH
Effect of Chlorides and Sulfates on Arsenate Sorption

For higher arsenate selectivity, sorbent based hydrates ferric
oxides were used. Maximum sorption capacity of the GEH sor-
bent was estimated to be 732 mmol-L~! from the linearized
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FIG. 2. Effect of chlorides and sulfates on arsenate sorption onto protonated
form of Lewatit MonoPlus MP 64 at pH 5. Numbers in legend represent inlet
concentrations of As(V), CI~ and S042_ in mg-L‘l.
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FIG.3. The linearized Langmuir sorption isotherm depicting arsenate
sorption onto GEH at pH 5.

Langmuir sorption isotherm which is depicted on Fig. 3,
where ¢, denotes the equilibrium arsenic concentration in solu-
tion [mol-L~'] and ¢ is the concentration of arsenic in ion
exchange phase [mol-L™!]. Sorption of arsenic from model
solutions is shown in Fig. 4. When arsenates were adsorbed
in the absence of accompanying anions breakthrough capacity
of 299 mmol-L~!' was reached. It corresponds to about 41%
of the maximum sorption capacity. Addition of 500 mg-L~!
chlorides and sulfates caused a decrease of breakthrough capac-
ity to about 34%. The decrease of breakthrough capacity is
substantially lower than that in the case of anion exchang-
ers. It is because the sorption mechanism is not a simple ion

350
—A—silicates
300[
i —@—phosphates
© 250
g —{chlorides and sulfates
2 200
3
%
8
g 150
3
2
K=
X 100
©
o
)
50
0
0 200 400 600

Accompanying anions [mg-L™!]

FIG. 4. Effect of accompanying anions on arsenic breakthrough capacity onto
GEH at pH 5 and As inlet concentration of 5 mg-L~!.

exchange but formation of complexes between the surface of
ferric oxohydroxide and arsenate anions.

During the arsenic sorption, iron concentration in treated
solution was measured. In all the treated solutions iron con-
centration was lower than 0.1 mg-L~! showing that the GEH
sorbent is stable at pH 5.0 which is suitable for arsenic removal.

Effect of Silicates on Arsenate Sorption

The effect of silicates (Fig. 4) that are common anions
in natural waters was not as strong as in the case of phos-
phates. Rather high silicate concentration of 110 mg-L~!
(1.83 mmol-L~") caused decrease of sorption capacity to about
44%. Further increase of silicate concentration to 317 mg-L™!
(5.28 mmol-L~") decreased the breakthrough capacity to about
24% of the original capacity (without accompanying anions).
It should be noted here that the effect of silicates in short-
term laboratory runs should be perceived with caution due to
the time-dependent formation of polymeric (colloidal) silica
species both in the real waters and onto the sorbent surface.

Effect of Phosphates on Arsenate Sorption

As may be seen in Fig. 4, the effect of phosphates on
arsenates sorption is more pronounced that of sulfates and
chlorides. Concentration of phosphates as low as 17 mg-L~!
(0.18 mmol-L™") caused decrease of breakthrough capacity
to about 30%. Further increase of phosphate concentration to
145 mg-L~" (1.53 mmol-L~") caused a decrease of the break-
through capacity to only 4.1% of its original value. The strong
effect of phosphates can probably be ascribed to the interac-
tion of phosphates with GEH surface that is somehow similar
to arsenic. Phosphates form complexes with ferric hydrox-
ide surface of which monoprotonated monodentate complexes
are preferred (36).
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GEH Regeneration

Regeneration and conditioning of the spent GEH sorbent
was carried out in three consequent steps (elution, rinsing, and
conditioning) as shown in Fig. 5. During the first step 99.5%
of adsorbed arsenic was recovered with a mixture of 2% NaCl
and 2% NaOH. During the rinsing and conditioning step the
remaining 0.5% was eluted.

During arsenic removal, the sorbent was partly dissolved
leading to iron release to the solution. Maximum iron concen-
tration (0.48 mg~L") was detected during elution in the fourth
bed volume. During the next regeneration steps, rinsing and
conditioning, iron leakage was below 0.1 mg-L~!. During the
regeneration, only a negligible amount of iron (0.04 mg) was
dissolved from the 10 mL of sorbent.

Lewatit FO 36

Comparison of the effects of sulfates, chlorides, phosphates,
and silicates is shown in Fig. 6. As can be seen, silicates exhib-
ited the mildest effect, followed with sulfates and chlorides
and finally phosphates that showed pronounced effect. As was
already mentioned, the mild effect of silicates in short term runs
might not be applicable to real cases of drinking water treat-
ment. It should be also noted that concentrations in mg-L~" are
compared.

Effect of Chlorides and Sulfates on Arsenate Sorption

As in the previous cases, the highest breakthrough capacity
(48 mmol-L~') was reached in the absence of accompanying
anions (Fig. 6). It is about a half of its maximum sorption capac-
ity determined from Langmuir isotherm which is 97 mmol-L~!
(Fig. 7). The fact that these numbers are lower than in the case

7000
—@—2% NaCl + 2% NaOH
6000
—O—water
—&— water + carbon dioxide
5000
T 4000
)
ab
£
£ 3000
2000
1000
0 AhAAA
0 10 20 30 40 50 60 70 80 90

Bed volume

FIG. 5. Desorption of arsenate from GEH using NaCl/NaOH solution with
consequent rinsing and conditioning (precedent sorption run at pH 5, As
5mg-L~!, CI~ 500 mg-L~!, SO42~ 500 mg-L~").
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FIG. 6. Effect of accompanying anions on arsenic breakthrough capacity onto

Lewatit FO 36 at pH 5 and As inlet concentration of 5 mg-L~!.
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FIG.7. The linearized Langmuir sorption isotherm depicting arsenate
sorption onto Lewatit FO 36 at pH 5.

of GEH is caused by rather low iron oxide content in the com-
posite (23 wt.%). Addition of 100 mg-L~" of chlorides and
sulfates caused a decrease of breakthrough capacity to about
72%. In the case of 500 mg-L~! of accompanying anions it was
further deceased to 31% of the original breakthrough capacity.

Effect of Silicates on Arsenate Sorption

During the arsenate sorption onto Lewatit FO 36, similar
breakthrough capacities ranging from 40 to 48 mmol-L~! were
measured under the silicate concentrations up to 100 mg-L~!
(1.66 mmol-L~!) (Fig. 6). Only when the inlet silicate con-
centration was increased to 474 mg-L~!' (7.89 mmol-L~"),
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breakthrough capacity of arsenates dropped to about 59% of
the initial value.

Effect of Phosphates on Arsenate Sorption

As in the case of GEH, phosphates showed intense effect
(Fig. 8) onto arsenate sorption onto Lewatit FO 36. Presence
of 29 mg-L~! (0.31 mmol-L~") of phosphates caused decrease
of breakthrough capacity to 25%. In the case of this compos-
ite sorbent, phosphates compete with arsenates for both ferric
oxide/oxohydroxide surface (as in the case of GEH) and for
the functional groups of weak base anion exchange groups (as
in the case of Lewatit MonoPlus MP 64) that facilitate the
transport of anions to the composite particle. Further increase
of phosphate concentration to 160 mg-L~! (1.68 mmol-L™")
resulted in decrease of breakthrough capacity to 7% of its
original value. Under extremely high phosphate concentrations
(1370 mg-L~' = 14.4 mmol-L~"), that may be encountered
in some industrial waste waters, arsenates broke through the
column immediately.

The curve follows the typical sigmoid shape of the break-
through curve. The sorption of arsenic from inlet solution
containing 5 mg-L ™! of arsenic and 29 mg-L~" of phosphates
causes gradual penetration of arsenic in the filtrate. In other
cases, the sorption run was terminated before approaching the
plateau region.

Arsen X"P
Effect of Chlorides and Sulfates on Arsenate Sorption

During the arsenate sorption onto the composite sor-
bent Arsen X7 (Fig. 9), the highest breakthrough capacity
(269 mmol-L~!) was reached in the absence of accompanying
anions. As in the case of Lewatit FO 36, lower breakthrough
capacities of this sorbent compared to GEH are caused by lower

7 -
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6 -0-5,29
——5, 160
5 -5, 1370
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FIG. 8. Effect of phosphates on arsenate sorption onto Lewatit FO 36 at pH 5.
Numbers in legend represent inlet concentrations of As(V), PO43_ in mg-L".
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FIG. 9. Effect of chlorides and sulfates on arsenate sorption onto Arsen X"P
at pH 5. Numbers in legend represent inlet concentrations of As(V), C1~ and
S042~ inmg-L~!.

ferric oxide content in the composite (42 wt.%). Concentration
of accompanying anions in the range of 100 to 1000 mg-L~!
showed similar effect on breakthrough capacities lowering them
to about 20% of the original value.

Final Comparison of Commercial Sorbents

From Fig. 10, it can be seen that standard anion exchang-
ers can reach reasonable breakthrough capacities only in the
absence of accompanying anions. Among the sorbents based
on hydrated ferric oxides that showed high selectivity to arse-
nates, GEH shows the highest capacity per volume of sor-
bent. Comparing the composite sorbents, Arsen X7 had higher
breakthrough capacities per volume of sorbent than Lewatit
FO 36. However, Lewatit FO 36 showed lower variation of
breakthrough capacity with the concentration of accompanying
anions. As was already mentioned, the breakthrough capacities
are proportional to the ferric oxide content.

Experimental Composite Sorbents

Testing of composite sorbents (CeO/XAD 7 and ZrO/PAN)
based on ceric oxide (Table 3, Fig. 11) and zirconium oxide
(Table 4, Fig. 12) showed that a suitable conditioning pro-
cedure is equilibration with 1 mol-L~! HCI solution. When
the conditioning (protonization) step is omitted after sodium
hydroxide regeneration, breakthrough capacities of CeO/XAD
7 and ZrO/PAN drop considerably to 13% and 21%, respec-
tively. Chemical stability of these oxides compared to ferric
oxide, which allows conditioning and regeneration with strong
mineral acids and bases, is of great advantage.

Arsenate removal from model solutions containing
3 mg-L~! (0.04 mmol-L~') onto CeO/XAD 7 was tested in the
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400 TABLE 4
_ - B Arsen XNP Arsenate sorption onto ZrO/PAN
= 300 | & Lewatit MP-500 Cl™ + S04~ Breakthrough
E Olewatit FO 36 [mg-L™"] pH Conditioning  capacity [mmol-L™!]
£ 250 | % GEH 100 3.5 HCI 112.30
£ 20 | OLewatit MP-64 60  HCI 106.80
a ] 6.0 NaOH 22.06
S A [ 500 3.5 HCl 27.70
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FIG. 10. Effect of chlorides and sulfates on arsenic breakthrough capacity
onto various sorbents at pH 5 and As inlet concentration of 5 mg-L~!.

TABLE 3
Arsenate sorption onto CeO/XAD 7
Cl~ + S04 Breakthrough capacity
[mg-L™"] pH Conditioning [mmol-L™1]
100 3.5 HCI 14.47
6.0 HCl 12.35
6.0 NaOH 1.60
500 35 HC1 11.72
25
-@-3, 100, 100

—{+3, 500, 500

As [mg.L™]

0 200 400 600 800 1000
Bed volume

FIG. 11. Effect of chlorides and sulfates on arsenate sorption onto CeO/XAD
7 at pH 3.5. Numbers in legend represent inlet concentrations of As(V), CI~
and SO4%~ inmg-L~!.
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FIG. 12. Effect of chlorides and sulfates on arsenate sorption onto ZrO/PAN
at pH 6. Numbers in legend represent inlet concentrations of As(V), C1~ and
S042~ inmg-L~".

presence of sulfates and chlorides. In the pH range of 3.5-6,
the presence of 100 mg-L~" of sulfates and chlorides had a
positive effect on arsenate sorption increasing the breakthrough
capacity by 17%. Further increase of concentration of accom-
panying anions to 500 mg-L~! however, caused a decrease of
breakthrough capacity to 81%.

Similar results were achieved at ZrO/PAN sorbent. Increase
of the pH from 3.5 to 6 caused only small decrease of break-
through capacities by about 5%. At pH 3.5 the presence of
500 mg-L~! of sulfates and chlorides caused a decrease of
sorption capacity to 25%. However, at pH 6, similarly to
CeO/XAD 7, the breakthrough capacity of ZrO/PAN decreased
only by about 11% in the presence of 100 to 1000 mg-L~" of
sulfates and chlorides.
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CONCLUSIONS

* Although the strong and weak base anion exchange
resins exhibit high anion exchange capacity, their
application for arsenate removal is hindered by com-
petitive sorption of anions found in real water solu-
tions. The functional groups have higher affinity
towards anions with higher charge, such as sulfates,
compared to univalent dihydrogen arsenates. The
capacity of tested anion exchangers (Lewatit MP 500
and Lewatit MonoPlus MP 64) dropped to less than
2% in the presence of 100 mg-L~' of sulfates and
chlorides, compared to the solution of arsenate in
demineralized water.

* Inorganic (GEH) and composite adsorbents (Arsen X"?
and Lewatit FO 36) based on hydrated ferric oxide
showed good selectivity towards arsenates in the pres-
ence of competing anions. The breakthrough capaci-
ties of these sorbents were more or less proportional
to the ferric oxide content. Among the accompany-
ing anions, phosphates showed the strongest effect on
arsenate sorption. In the presence of 0.31 mmol-L~! of
phosphates the breakthrough capacity of arsenates on
Lewatit FO 36 dropped to about 24% (11.7 mmol-L ™)
compared to arsenate solution in demineralized water
(48 mmol-L™"). Silicates showed only a mild effect on
arsenate sorption during the short sorption runs com-
parable to sulfates and chlorides. Selectivity of these
sorbents is satisfactory for application in real drinking
waters.

» Synthetized composite sorbents based on ceric oxide
and zirconium oxide (CeO/XAD 7 and ZrO/PAN)
showed high selectivity towards arsenates in excess
of sulfates and chlorides. Due to their high chemi-
cal stability they can be conditioned with hydrochloric
acid solution. They are promising sorbents for arsenic
removal; however, their applicability can be hindered
by their higher price.
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Abstract Three different sorbents based on hydrated
ferric oxide (GEH, ArsenX"? and Lewatit FO 36) were
compared from the viewpoints of their column oper-
ation. Particle size distribution, pressure drop across
the column and ferric oxide content were measured.
Sorption capacities under the presence of accompany-
ing ions were measured in batch wise and column
experiments.

Keywords Granulated ferric oxide, GEH -
Purolite ArsenX™ - Lewatit FO 36

Introduction

Contamination of drinking water with arsenic causes
skin defects even at low concentrations of tenths of
mg/L as was shown by survey in the Bangladesh and
India (Chowdhury et al. 2000). Arsenic contamina-
tion may also be found in many regions with
occurrence of arsenic containing polymetallic ores.
Another source of contamination is utilization of
arsenic-rich brown coal in power generation (Keegan
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et al. 2006). The wide availability of trace analytical
methods and routine screening of drinking water
allows authorities to identify contaminated sources.
Polluted sources then have to be treated to comply
with standards which are being lowered steadily.
Thus, the demand for technologies capable of selec-
tive arsenic removal is increasing.

Arsenic is partly removed during the clarification
(coagulation) process using ferric and aluminum salts
(Han 2002; Gregor 2001). However, clarification and
its variant electro-coagulation are complicated pro-
cesses that require precious control. Thus, simple
column application of ferric oxide in granulated or
composite form is preferred method. Such treatment
is suitable even for distant areas without electricity
(Sarkar et al. 2007; Sarkar 2008).

Granulated ferric oxide that is commercially
available under the trademark GEH (Driehaus 2000)
was thoroughly investigated. It can be used not only
for arsenic but also for antimony, vanadium, molyb-
denum, selenium and beryllium (Matejka et al. 2003).
The only disadvantage of this sorbent is its mechan-
ical stability. In the column processes, integrity of the
sorbent particles is crucial for the long-term applica-
tion. Attrition and disintegration leads to an increase
of pressure drop across the column.

To improve the properties of granulated sorbents,
composite sorbents based on polymeric ion exchanger
beads with immobilized ferric oxide were developed
(DeMarco et al. 2003) and are now commercially
available. They are mainly based on anion exchangers
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as their positively charged functional groups enhance
the transfer of anionic arsenic species into the beads
(Cumbal and Sengupta 2005).

In this work, several arsenic selective sorbents based
on ferric oxide were evaluated. GEH was compared
with two composite sorbents—Purolite Arsen X"? and
Lewatit FO 36—based on anion exchangers.

Materials and methods

Granulometric analysis of the sorbents was carried
out via sieving the wet sorbents through the set of
sieves and macrophotography combined with image
analysis using NIS-Elements software. Ferric oxide
content in polymeric sorbents was measured via TGA
(SDT Q600; TA Instruments).

Pressure drop across the column for the studied
sorbents was measured in a glass column of inner
diameter of 20 mm and the bed height of 200 mm.
The column was equipped with two pressure trans-
mitters working in the range 0-0.4 bar (CPT-6200;
Wika Instrument) at the head and the bottom.
Pressure transmitters were connected to digital hand
held pressure indicator (CPH 6200-S2; Wika Instru-
ment). Flow rate was measured with a precise rota-
meter (LB/89 La Tecnica-fluidi).

For the sorption tests, a solution containing 5 mg/L
of As(V) (added as Na,HAsO,) and 01,000 mg/L of
both sulfates and chlorides (added as sodium salts,
SO4>": CI” molar ratio 1:2.8) as accompanying anions
was prepared from demineralized water. The pH of the
solution was set to 5.0. As the solution was in balance
with air, As(V) was considered the stable and pre-
vailing specie. As(V) and As(IIl) species were not
distinguished because arsenic concentration was mea-
sured with ICP-OES (Optima 2000DV; Perkin Elmer
Instruments).

About 0.5 mL of sorbent was mixed with 1 L of
solution and stirred for 96 h. Samples were taken
throughout the test to determine the sorption kinetics.
The pH of solution was kept constant by setting it to
5.0 after every sampling.

Results and discussion

All the studied sorbents are suitable for column
application, because they have granular (GEH) or

@ Springer

spherical (ArsenX™, FO 36) form with particle size
close to 1 mm. In Fig. 1, particle size distribution can
be seen. Purolite ArsenX"" has classical particle size
distribution with the majority of particles in the range
of 0.63-0.80 mm. Lewatit FO 36 shows monodis-
perse profile with 98% of the particles lying in the
range of 0.250-0.500 mm. GEH sorbent showed the
widest range of particle sizes. 40% of particles were
bigger that 1 mm.

Surprisingly, the pressure drop of GEH layer (after
backwashing) was lower than that of Lewatit FO 36.
Even if the GEH contains the highest portion of small
particles <0.250 mm among the studied sorbents, its
pressure drop at linear flow velocity of 30 m/h was
only 34 kPa/m. In the case of Lewatit FO 36, it was
72 kPa/m. It can be ascribed to the rather small
particle size of Lewatit FO 36. From image analysis,
the mean particle size was determined to be
~300 pum. Generally, image analysis showed good
correlation with sieve analysis. ArsenX" with wider
distribution of particle size showed the lowest
pressure drop which was 22 kPa/m.

All studied sorbents were capable of selective
removal of arsenic(V). As can be seen in Fig. 2,
where arsenic concentration g4, in grams per liter of
adsorbent is shown, GEH showed the highest equi-
librium sorption capacity under given conditions. It
can be ascribed to the fact that it is composed purely
of the active substance B-FeO(OH). The effect of

1.0
N <0.125 mm
[ 0.125-0.250 mm
W 0.250 - 0.500 mm
08 [ 0.500- 0.630 mm

I 0.630 - 0.800 mm
3 0.800 - 1.000 mm
N > 1.000 mm
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Fraction

0.4r

02r

0.0

ArsenXnp FO 36 GEH

Fig. 1 Particle size distribution of studied sorbents from sieve
analysis
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Fig. 2 Effect of accompanying anions on As sorption onto
studied sorbents

increasing concentration of accompanying anions
was negligible. In the case of ArsenX", As equilib-
rium concentration in the sorbent decreased with
increasing concentration of accompanying ions. It
should be noted here that the concentration of sulfates
and chlorides (1 g/L) is well above the usual values
of drinking water and was measured only for
comparison. In the case of Lewatit FO 36, capacity
slightly increased with increasing concentration of
accompanying ions. It is known that other anions that
can be present in surface waters such as silicates and
phosphates have a much stronger impact on arsenic
removal, especially during the long-term sorption
runs.

To standardize the obtained data, As(V) break-
through capacities of the sorbents were measured and
calculated with respect of ferric oxide content which
was measured by TGA analysis. The ferric oxide
content of GEH was considered to be 100% and
apparent density (d,) was (1.15 kg/L). ArsenX"? con-
tained about 42 wt% of ferric oxide (d, 0.771 kg/L)
while Lewatit FO36 contained only about 23 wt%
(d, 0.850 kg/L).

Composite sorbents based on anion exchangers
showed an interesting synergistic effect and their
breakthrough capacity with respect to ferric oxide
content was in both cases higher than that of GEH

which was 0.10 mol/kg. In the case of ArsenX" and
FO36, it was 0.14 and 0.23 mol/kg, respectively. The
better results of Lewatit FO36 can be ascribed to its
higher anion exchange capacity 1.56 meq/L com-
pared to ArsenX" 0.92 megq/L.

Our preliminary results and literature data (e.g.,
Cumbal and Sengupta 2005) show that it is possible
to regenerate these sorbents with a mixture of sodium
hydroxide and sodium chloride.

Conclusions

Selective removal of arsenic from excess of accom-
panying anions is possible with all the studied
sorbents. Composite sorbents showed a synergistic
effect of anion exchanger polymeric backbone onto
arsenic sorption onto ferric oxide. However, the
selection of suitable sorbent cannot be based only on
laboratory data. Other factors such as mechanical
strength, column hydrodynamics and water compo-
sition should be taken into account together with the
price.

Regeneration of the sorbents, which is not yet
widespread, should be further studied and optimized,
together with the ways to treat the spent regenerant
solutions to allow cost-effective utilization of these
sorbents.
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ABSTRACT

The aim of this study was to prepare composite sorbents based on hydrated iron oxides. Prepared sorbents XAD4-A33
and XAD16-A33 contained iron oxides probably in the form of magnetite, goethite and maghemite. Sorbents showed
good chemical stability (at pH 5-9), but not so good mechanical stability. It was found that prepared sorbents can be
successfully used for removal of arsenic, beryllium and uranium from aqueous solutions. Removal of beryllium and
uranium was less efficient than that of arsenic. Regeneration efficiency of arsenic and beryllium varied between 80 and

90 % and that of uranium was around 50 %.

Keywords: sorption; iron oxide; arsenic; uranium; beryllium

INTRODUCTION

Composite sorbents consist of two or more
components, the matrix and the active
component. The advantage of using composites
can be higher mechanical and chemical stability
than in case of separate usage.

Composite sorbents based on hydrated
iron oxides can be used for a sorption of toxic
substances, such as arsenic or heavy metals from
water  solutions'. These substances are
carcinogenic, mutagenic or reproductively toxic?,
and accumulate in organisms, consequently
cause serious acute or chronic health problems.

As a matrix for composite sorbents can
be used synthetic organic polymeric sorbents,
ceramic or some other substances, such as
chitosan®, bentonit* or attapulgit®. Iron oxides
can be impregnated into the matrix in different
ways. Iron trichloride can be used followed by
precipitation of iron oxides using some base
(NaOH or NH4OH). Iron oxides can also be
applied straightly, by molding into tablets, etc’.

The aim of this study was to prepare
composite  sorbents for removing toxic
substances from water solutions, to check up
their characteristics (composition, chemical and
mechanical stability, sorption and desorption
characteristics) and to determine optimal
conditions for preparation of composite sorbents.

doi: 10.3260/iel.2013.11.002

EXPERIMENTAL

Nonionogenic sorbents Amberlite XAD 4 and
Amberlite XAD 16 were used as a matrix for
preparation of composite sorbents. At first
nonionogenic sorbents were wetted in ethanol
and after that they were rinsed by demineralized
water. After drying, the matrix was impregnated
by FeCl; solution and mingled on a shaft stirrer.
There was used 10% or 33% solution of FeCl; in
ethanol. After drying, impregnated sorbents were
moved into a beaker and ammonia or NaOH
solution was poured over them. Then they were
shaken. Prepared composite sorbents were rinsed
on a sifter (openings 315 pm) with
demineralized water and afterwards dried on
a Petri dish. If there were still included small
pieces of hydrated iron oxides in the composite
sorbent, they were disposed on the sifter.
Prepared sorbents were stored in dry condition in
polyethylene containers.

Iron content in composite sorbents was
measured on atomic absorption spectrometer.
Sorbents were transferred into a liquid state by
the microwave apparatus before that. The type of
iron oxides was determined using FTIR and
Raman spectroscopy. Before determination it
had to be homogenized by a grinder.

Sorbent stability was determined in
demineralized water that was adjusted to the pHs
of 3,5, 7, 9 and 11. 1 mL of prepared sorbent
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was placed into the sample container with
100 mL of the solution and was shaken. Some
amount of iron oxide was dissolved into the
solution after 24 h, 48 h and 144 h.

Measurement  of  particle  size
distribution was performed with fresh composite
sorbents and also with sorbents after use on
stirrers,  shakers and  columns.  Macro
photography was taken and analyzed by program
NIS-Elements AR 3.0.

Batch and column sorption experiments
were carried out using model solutions of arsenic,
uranium and beryllium in demineralized water
with various amounts of coexisting anions or in
the tap water. The amount of arsenic, uranium
and beryllium in model solutions was determined
on ICP-OES.

Sorbents ~ were  regenerated  in
a multistage process: firstly it was rinsed by
alkaline brine (2% NaOH and 2% NacCl), then by
a demineralized water (firstly slow flow rate,
then fast) and in the end it was conditioned by
demineralized water saturated by CO..

RESULTS AND DISCUSSION

Eight types of composite sorbents were prepared
in which the iron content was measured (see
Table I).

Table | Prepared composite sorbents

Sorbent Used Iron content

chemicals [wt. %]

XAD4-H10 10% FeCl, 7.1
1 M NaOH

XAD4-A10 10% FeCl,4 9.4
25% NH4

XAD4-H33 33% FeCl; 4.2
1 M NaOH

XADA4-A33 33% FeClj 22.9
25% NH;

XAD16-H10 10% FeCl, 8.2
1 M NaOH

XAD16-A10 10% FeCl, 10.7
25% NH;

XAD16-H33 33% FeCl; 5.4
1 M NaOH

XAD16-A33 33% FeCl; 26.1
25% NH;

Two sorbents with the highest amount
of iron were chosen (XAD-A33 and
XAD16-A33) and there were determined some
of their other properties, e.g. the type of
impregnated iron oxide, chemical stability,
sorption and desorption properties or distribution
of particles.

Prepared sorbents contained iron oxides
in form of magnetite, goethite and maghemite
and showed magnetic properties (Figure 1).
Although iron oxides were measured by FTIR
and Raman spectroscopy, reliable data were not
obtained due to their high absorbance.

Figure 1 Magnetic properties of fresh prepared
sorbents

Distribution diagrams of particles are
shown in Figures 2 and 3. Diagrams are quite
similar, only the sorbent XAD16-A33 has in
general larger diameters of particles then
XAD4-A33. For this analysis were used
following sorbents:

1. Fresh sorbent

2. Sorbent after 72 h of sorption of beryllium at
a value of pH 5 on a shaft stirrer

3. Sorbent after 72 h of sorption of beryllium at
a value of pH 3 on a shaker machine

4. Sorbent after sorption of arsenic and
beryllium in a column

After sorption there is an obvious
increase of particles with diameters smaller than
300 um. Degradation of sorbents is major after
using shakers and columns, the least degradation
is after using stirrers.
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Figure 2 Distribution of particles of XAD4-A33
before and after sorption
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Figure 3 Distribution of particles of XAD16-A33
before and after sorption

Since chemical stability of both
sorbents was almost identical, only a figure for
XADA4-A32 is shown in Figure 4 as a typical
result. The sorbents were stable at pH 5-9, while
they were dissolved at pH below 3 and over 11.
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Figure 4 Chemical stability of XAD4-A33
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Selected results are listed in table II.
These experiments were carried out in columns
with model solutions of toxic substances in
drinking water. Initial concentration of arsenic in
model solution was 5 mg-L*, beryllium 1 mg-L™*
and uranium 1 mgL™ Sorption capacity was
calculated for a limit concentration 0.1 mg-L™* of
toxic element. As shown in Table Il prepared
sorbents had the highest sorption capacity of
arsenic, while poor sorption capacities were
observed for beryllium and uranium. Although
the sorption efficiency of sorbent XAD4-A33
was higher than that of XAD16-A33, the
difference is negligible taking account of
insecurity of measurement.

Table 11 Sorption capacities

after sorption of arsenic or beryllium is around
80-90 % as shown in table Ill. Regeneration
efficiency of XAD16-A33 was round 5 % better
than XAD4-A33. In case of sorption of uranium
the regeneration efficiency was only about 50 %.

Table 111 Regeneration efficiency

Element Efficiency of  Efficiency of

XAD4-A33  XAD16-A33
[%] [%]
As 77 83
Be 84 91
U 43 55

Toxic Capacity of Capacity of
element XAD4-A33 XAD16-A33
[mg'mL™] [mg'mL™]
As 2.73 2.20
Be 0.12 0.07
U 0.24 0.19

It was found that sorbents can be quite
well regenerated. The regeneration efficiency

CONCLUSIONS

1. The best conditions for preparation
composite sorbents are (from these that were
carried out in this study): using 33% solution
of FeClz in ethanol for impregnation with
afterwards reaction with 25% ammonia
solution. To dispose little particles it is
necessary to rinse sorbents on a sifter
(openings about 300 pum).

2. Sorbents are stable on values of pH between
5 and 9. Using shaft stirrer had the least
effect on mechanical stability.

3. Sorbents can be successfully used for
sorption of arsenic, with lower sorption
efficiency also for beryllium and uranium.
Arsenic and beryllium can be desorbed from
composite  sorbents, the  regeneration
efficiency is 80-90 %. The bond with
uranium is stronger, so the efficiency is only
about 50 %.
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Nazev vynalezu:
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Anotace:

Pfi zptisobu vyroby kompozitniho sorbentu se do nosiée
na bazi makroporézniho slabé bazického anexu
impregnuje hydratovany oxid Zelezity v nasledujicich
krocich: nejprve se vysugeny makroporézni slabé bazicky
anex prevede roztokem kyseliny chlorovodikové do
hydrochloridové formy, a poté se vioZi do roztoku
ethanolu obsahujiciho chiorid Zelezity, vznikld smés se
micha na tfepacce po dobu jedné hodiny, poté se
nabotnalé perlicky anexu zfiltruji a ususi, suché perlicky
anexu se vioZi do roztoku amoniaku, ktery se micha
pomoci hfidelové michatky po dobu jedné hodiny, po
zfiltrovani se vyrobeny sorbent promyva
demineralizovanou vodou do uplného odstranéni
amoniaku, poté nasleduje kondicionace sorbentu
roztokem kyseliny chlorovodikové o pH 3, ktery se
recirkuluje sorbentem p#i specifickém kolonovém
zatiZeni 4 V/Vyh'!' do doby, kdy dojde u ustaleni pH na
vystupu z kolony na pH 3.
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Zpiisob vyroby kompozitniho sorbentu na bazi hydratovaného oxidu Zelezitého

Oblast techniky

Predkladany vynalez se tyka zplisobu vyroby kompozitniho sorbentu na bazi hydratovaného oxi-
du Zelezitého, jehoZ vyuziti bylo odzkouseno pro ugely odstrafiovani arseni¢nani z vodnych roz-
tok.

Predkladany vyndlez uvadi moZnost zvySeni sorp&ni uginnosti anorganickych i kompozitnich
sorbentd postupem kondicionace, ktera zajistuje zvy3eni jejich sorp&nich Géinnosti pii odstrafio-
vani arseni¢nanti z vodnych roztokd.

Dosavadni stav techniky

Arsen je v pfirodé znaéné rozsifen, je b&znou soulasti podzemnich i povrchovych vod. Podle
vyhlasky, kterou se stanovi poZadavky na pitnou a teplou vodu a Cetnost a rozsah kontroly pitné
vody (vyhlaska €. 252/2004 Sb.), je dana nejvyssi mezni hodnota pro arsen 10 pg/l.

Moznosti, jak arsen ve formé€ oxoaniontu As(V) z povrchovych vod odstratiovat, je hned nékolik.
Klasickym zpiisobem uZivanym v praxi je sraZeni (koprecipitace s oxidy Zeleza pfi &ifeni), které
viak neni vZdy dostatecné a zbytkové koncentrace byvaji vys3i nez koncentrace, které jsou povo-
leny vyhlaSkou. DalSimi moZnostmi jsou membranové technologie nebo pouziti selektivnich
polymernich a anorganickych sorbenti.

Hydratovany oxid Zelezity patfi mezi anorganické sorbenty. Tento sorbent, pfevaZzné pouzivany
pro odstratiovani oxoaniontii arsenu z vod pro pitné ugely, se vyrabi ve form& granulati, jejichz
hlavni nevyhodou je jejich nizkd mechanicka stabilita. Tento problém fesi pravé kompozitni sor-
benty, kde je hydratovany oxid Zelezity impregnovan do porézni polymerni &astice (perlidky)
ionexu, ktera slouzi jako nosié.

Sorbenty vykazuji vii¢i odstrafiovanym iontim z vodnych roztokd urditou sorpéni uzitkovou
kapacitu, coZ je hodnota vyjadiujici mnoZstvi zachycenych iontii na objem sorbentu do dosaZeni
pfedem urcené limitni koncentrace na vystupu z kolony.

C, = (Cg—cCx)'V
Vo

¢, — uzitkova kapacita [mol/I]

¢o — vstupni koncentrace odstraiiovaného iontu [mol/1]

¢x — zbytkova koncentrace odstrafiovaného iontu [mol/1]

V — celkovy objem upravené vody do okamZiku priiniku [m’]

Vs — objem ionexu [m’]

Anorganické sorbenty v disledku S$patné mechanické stability neni vhodné pouzivat
v dynamickém kolonovém uspotadani, jelikoz béhem sorpéni faze dochazi k jejich rozpadu na
prachové podily zplsobujici zvySovani tlakovych ztrat ve vrstvé sorbentu a sniZovani prutoku
roztoku sorbentem.

Stavajici regenerace a kondicionace anorganickych a kompozitnich sorbenti se sklada ze ti stup-
ik
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1) 15 V/V, 2% NaOH + 2% NaCl pfi specifickém zatizeni 4 V/V-h'
2) 10V/V, demineralizovana voda pfi specifickém zatizeni 45 V/V. oh™

3) syceni CO, 15 V/V,, pfi specifickém zatizeni 4 V/Voh™

Podstata vynalezu

Zpusob vyroby kompozitniho sorbentu podle vynalezu fesi vySe uvedené nedostatky.

Pti zpiisobu vyroby kompozitniho sorbentu se do nosic¢e na bazi makroporézniho slabé bazického
anexu impregnuje hydratovany oxid Zelezity v nasledujicich krocich. Nejprve se vysuseny mak-
roporézni slabé bazicky anex pfevede roztokem kyseliny chlorovodikové do hydrochloridové
formy, a poté se vloZi do roztoku ethanolu obsahujiciho chlorid Zelezity. Vznikla smés se micha
na tfepa¢ce po dobu jedné hodiny, a poté se nabotnalé perli¢ky anexu zfiltruji a ususi. Suché per-
licky anexu se vlozi do roztoku amoniaku, ktery se micha pomoci htidelové michacky po dobu
jedné hodiny. Po zfiltrovani se vyrobeny sorbent promyvéa demineralizovanou vodou do uplného
odstranéni amoniaku. Poté nasleduje kondicionace sorbentu roztokem kyseliny chlorovodikové o
pH 3, ktery se recirkuluje sorbentem pfi specifickém kolonovém zatizeni 4 V/Vy-h™ do doby, kdy
dojde k ustaleni pH na vystupu z kolony na pH 3.

Vyhodna koncentrace roztoku kyseliny chlorovodikové, pro pfevedeni slabé bazického anexu do
hydrochloridové formy, je 1 mol/l.

Vyhodné ma roztok ethanolu koncentraci 99,5 %.
Vyhodna koncentrace roztoku chloridu Zelezité¢ho je 20 % hmotn.
Roztok amoniaku ma s vyhodou koncentraci 25 % hmotn.

Vyhodné se 150 g nosice ve vysuSeném stavu vlozi do 1 litru roztoku obsahujiciho chlorid Zelezi-
ty a ethanol.

Vyrobeny kompozitni sorbent je vhodny k odstratfiovani arseni¢nanil z vodnych roztokd. Vyho-
dou tohoto sorbentu je jeho vysoka selektivita vii¢i arseni¢nanim, aniz by doslo v upravovaném
roztoku k ovlivnéni koncentrace ostatnich pfitomnych aniontii.

Zpusob vyroby kompozitniho sorbentu podle vynalezu umoziiuje az n€kolikanasobné zvyseni
uzitkové kapacity pfi odstrafiovani oxoaniontd arsenu z vody.

Vyrobeny kompozitni sorbent je vhodny k provozu v kolonovém dynamickém uspofadani, kdy
vrstvou kompozitniho sorbentu protéka znedistény roztok obsahujici arseni¢nan pfi specifickém
kolonovém zatizeni 6 V/Vy-h™'. Stanovena sorpéni i¢innost kompozitniho sorbentu bez kondicio-
nace (zavéreéného stupné vyroby sorbentu) pfi odstratiovani arseniénanu, vztaZena k limitni kon-
centraci 0,1 mg/l arsenu, je 0,0358 mol As/l sorbentu (4,34 g As/l). Této sorp&ni G¢innosti bylo
dosaZeno s modelovym roztokem obsahujicim 5 mg/l arsenu ve formé arseni¢nanu. Jako dopro-
vodné anionty byly vybrany chloridy a sirany, které se v povrchovych vodach b&zné vyskytuji.
Jejich koncentrace byla zvolena 500 mg/l. Takto vysoké hodnoty koncentraci byly zvoleny
z dtivodu sledovani moZnosti sniZeni sorpéni G¢innosti sorbentu. Vstupni pH roztoku bylo na
zaklad& optimaliza¢nich experimenti nastaveno na hodnotu 5.

Béhem testovani vyrobeného sorbentu bylo zji§téno, Ze za danych provoznich podminek nedo-
chazi k uvolfiovani iontf Zeleza z kompozitniho sorbentu do upraveného roztoku.
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Hodnota pH roztoku kyseliny chlorovodikové 3 byla na zakladé provedenych experimenti zvo-
lena jako optimélni, z toho diivodu, aby béhem kondicionace nedochazelo k rozpousténi sorben-
tu. Pod tuto hodnotu by se pH b&hem kondicionace nemélo snizit. Kondicionaci sorbentu, ktera je
zavérenym stupném vyroby kompozitniho vyrobeného podle vynalezu, se zvysi sorpéni tgin-
nost na 0,138 mol As/l sorbentu (10,3 g As/l).

Objasnéni vvkresi

Na obrazku 1 je znazornén prib&h pH vystupniho roztoku béhem kondicionace sorbentu.

Na obrazku 2 je znazornén vliv kondicionace Sorbentu X73 na sorpci As(V) z modelového rozto-
ku.

Na obrazku 3 je zndzornén vliv kondicionace Sorbentu 1 na sorpci As(V) z modelového roztoku.
Na obrazku 4 je znazornén vliv kondicionace Sorbentu 2 na sorpci As(V) z modelového roztoku.
Na obréazku 5 jsou znazornény uZitkové kapacity sorbentti pti sorpci As(V) z modelového rozto-

ku bez a po kondicionaci.

Piiklad uskuteénéni vyndlezu

Piiklad zpisobu vyroby kompozitniho sorbentu na bazi hydratovaného oxidu Zelezitého

K vyrobé kompozitniho sorbentu na bazi hydratovaného oxidu Zelezitého bylo pouzito 15 g vy-
suSen¢ho makroporézniho slabé bazického anexu, ktery byl ptevedeny do hydrochloridové formy
pomoci kyseliny chlorovodikové o koncentraci 1 mol/l. Vysuseny anex byl vlozen do 100 ml roz-
toku obsahujiciho 20 % hmotn. chloridu Zelezitého a 99,5 % ethanol. Smés byla michana na tie-
pacce po dobu jedné hodiny, a poté se perlicky anexu nabotnalé timto roztokem zfiltrovaly a
ususily. Suché perli€ky se nasledng vloZily do 200 ml 25% hmotn. roztoku amoniaku a michaly
pomoci hfidelové michatky po dobu jedné hodiny. Po zfiltrovani byl vyrobeny sorbent promyvan
demineralizovanou vodou do aplného zbaveni amoniaku. Pro naslednou kondicionaci sorbentu
byl pouzit zasobnik s roztokem kyseliny chlorovodikové o pH 3, ktery byl recirkulovan. 10 ml
sorbentu vloZeného do sklen&né ionexové kolony bylo promyvéano timto roztokem pfi specific-
kém zatiZeni 4 kolonovych objemt za hodinu. Béhem kondicionace bylo méfeno pH kondiciona-
¢niho roztoku na vystupu z kolony a kontinualng udrZovano na pH 3. Kondicionace byla prova-
déna do doby, kdy se pH kondicionaéniho roztoku vystupujiciho z kolony jiZ neménilo a ustalilo
se na hodnoté 3 (obrazek 1).



10

15

20

25

30

CZ 305682 B6

Tab. 1 Mnozstvi kondicionaéniho roztoku béhem kondicionace sorbentii

sorbent Pocet zpracovanych
kolonovych objemu
kondicionaéniho cinidla béhem

kondicionace

Sorbent X73* 1800
Sorbent 1** 330
Sorbent 2** 1000

"Sorbent X73 je sorbent laboratorné vyrobeny podle tohoto vynalezu
"“Sorbent 1 a Sorbent 2 jsou sorbenty komer&né dodavané

Sorpce arseniCnanti z modelového roztoku byla odzkouSena i na komeréné€ dodavanych sorben-
tech (Sorbent 1 a Sorbent 2) s ohledem na moznost zvyseni jejich sorpéni uéinnosti kondicionaci.

Vyrobeny kompozitni sorbent je vhodny k provozu v kolonovém dynamickém uspofadani, kdy
vrstvou kompozitniho sorbentu protéka zne€istény roztok obsahujici arseni¢nan pfi specifickém
kolonovém zatizeni 6 V/Vy-h™. Stanovena sorpéni Géinnost kompozitniho sorbentu bez kondicio-
nace (zavére¢ného stupné vyroby sorbentu) pfi odstrafiovéani arseni¢nanii, vztazena k limitni kon-
centraci 0,1 mg/l arsenu, je 0,0358 mol As/l sorbentu (4,34 g As/l). Této sorpéni u€innosti bylo
dosazeno s modelovym roztokem obsahujicim 5 mg/l arsenu ve formé arseni¢nanu. Jako dopro-
vodné anionty byly vybrany chloridy a sirany, které se v povrchovych vodach bézné vyskytuji.
Jejich koncentrace byla zvolena 500 mg/l. Takto vysoké hodnoty koncentraci byly zvoleny
z divodu sledovani moznosti sniZzeni sorpéni G¢innosti sorbentu. Vstupni pH roztoku bylo na
zakladé€ optimalizaénich experimentl nastaveno na hodnotu 5.

Parametry sorpce médelového roztoku arseni¢nant v kolonovém dynamickém usporadani:
Specifické kolonové zatiZeni s = 6 V/Vy-h™ (poget zpracovanych kolonovych objemii za hodinu).
Kolonovy objem V/V, (objem vstupniho roztoku V déleny objemem sorbentu V, = 10 ml).
Limitni koncentrace pro vypocet uzitkové kapacity = 0,1 mg/l arsenu.

Vstupni roztok As=5mg/l
CI"= 500 mg/l
SO,% = 500 mg/l
pHS5
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Tab. 2. Parametry sorpce As na jednotlivych sorbentech

sorbent zavéreény rozsah pH pocet uzitkova
stupen vyroby upraveného kolonovych kapacita
sorbentu roztoku objemu pro [mol/l]
béhem sorpce | dosazeni limitni
koncentrace
Sorbent X73 | bez 6,54 227,76 598 0,0358
kondicionace
Sorbent X73 | kondicionace 4,73 26,34 1955 0,1382
Sorbent 1 bez 6,82a27,97 566 0,0456
kondicionace
Sorbent 1 kondicionace 4,49 225,94 773 0,0536
Sorbent 2 bez 6,08a26,67 1620 0,1578
kondicionace
Sorbent 2 kondicionace (4,01) 5,31 a2 6780 0,4744
6,21

Na zikladé provedenych pokusii bylo zjisténo, Ze kondicionaci sorbentii (zdvéreénym stupném
vyroby kompozitniho sorbentu) dochazi ke zvyseni jejich sorpéni Gi¢innosti pfi odstrafiovéni ar-
seni¢nanii z vodnych roztokii (obrazek 2 — obrazek 4). Ke zvySeni sorpéni uéinnosti doslo u
vSech tii sledovanych sorbenti (obrazek 5). Oproti sorpci arseniénanii na sorbentech bez kondi-
cionace se kondicionaci zvysila sorpéni t&innost v piipadé Sorbentu X73 na 386 %, u Sorbentu 1
na 117 % a v ptipad€ Sorbentu 2 na 300 %. B&hem testovani vyrobeného sorbentu bylo zjiténo,
Ze za danych provoznich podminek nedochazi k uvolitovani iontil Zeleza z kompozitniho sorben-
tu do upraveného roztoku.

Z téchto pokusii vyplyva, Ze zavéreénym stupném vyroby kompozitniho sorbentu je vhodna kon-
dicionace, ktera az nékolikanasobné zvySuje sorpéni Gi¢innost vyrobeného sorbentu.

Primyslové vyuZiti

Vynalez je zejména vyuzitelny pro odstrafiovani arseninani z vodnych roztoki.

PATENTOVE NAROKY

1. Zpisob vyroby kompozitniho sorbentu na bézi hydratovaného oxidu Zelezitého, vyzmna-
Cujici se tim, Ze se do nosie na bazi makroporézniho slabé bazického anexu impregnuje
hydratovany oxid Zelezity v nasledujicich krocich: nejprve se vysuseny makroporézni slabé ba-
zicky anex pfevede roztokem kyseliny chlorovodikové do hydrochloridové formy, a poté se vlozi
do roztoku ethanolu obsahujiciho chlorid Zelezity, vznikla smés se micha na tfepadce po dobu
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jedné hodiny, poté se nabotnalé perlicky anexu zfiltruji a ususi, suché perlicky anexu se vloZi do
roztoku amoniaku, ktery se micha pomoci hfidelové michagky po dobu jedné hodiny, po zfiltro-
véani se vyrobeny sorbent promyva demineralizovanou vodou do tGpiného odstranéni amoniaku,
poté nasleduje kondicionace sorbentu roztokem kyseliny chlorovodikové o pH 3, ktery se recir-
kuluje sorbentem pii specifickém kolonovém zatizeni 4 V/Vy-h™ do doby, kdy dojde k ustaleni
pH na vystupu z kolony na pH 3.

2. Zpisob vyroby kompozitniho sorbentu podle naroku 1, vyznadujici se tim, Ze
koncentrace kyseliny chlorovodikové, pro pfevedeni anexu do hydrochloridové formy, je 1 mol/l.

3. Zpusob vyroby kompozitniho sorbentu podle narokii 1 a2, vyznadujici se tim,
ze ethanol je 99,5%.

4. Zpisob vyroby kompozitniho sorbentu podle naroki 1 az3, vyznadujici se tim,
Ze koncentrace chloridu Zelezitého je 20 % hmotn.

5. Zpisob vyroby kompozitniho sorbentu podle narckii 1 az4, vyznaéujici se tim,
Ze koncentrace amoniaku je 25 % hmotn.

6. Zpisob vyroby kompozitniho sorbentu podle narokli I az 5, vyzmacujici se tim,

Ze se na 150 g nosice ve vysuSeném stavu pouzije 1 litr roztoku obsahujiciho chlorid Zelezity a
ethanol.

3 vykresy
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Abstract

Fibrous sorbents based on polypropylene and viscose fibers grafted with styrene or glycidyl methacrylate and function-
alized with N-methylglucamine were compared with classical polystyrene/DVB bead sorbent with N-methylglucamine
functional group. Tests were carried out in dynamic column mode. Model solution of reverse osmosis permeate containing
1.5 mg/L of boron was pumped through 5 mL of sorbent packed in glass column. Fibrous sorbents showed much faster
sorption kinetics than bead sorbent, tolerating high specific flow-rates. Compared to bead sorbent, boron regeneration pro-
files of fibrous sorbents were narrower and they could be successfully regenerated with more diluted hydrochloric acid.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Recently, there is growing number of water desali-
nation projects using reverse osmosis to produce
drinking water from seawater or brackish water.
While the rejection of ions by reverse osmosis mem-
brane is efficient, the rejection of poorly dissociated
species, such is boric acid is poor. Boron concentra-
tion in seawater reported by different authors at dif-

* Corresponding author. Tel.: +420 22044 3130; fax: 4420
22044 3898.
E-mail address: Ludek.Jelinek@vscht.cz (L. Jelinek).
¥ This study was originated by late Prof. Zdenék Matéjka who
passed away in midst of the work on October 2nd 2006.

1381-5148/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.

doi:10.1016/j.reactfunctpolym.2007.07.026

ferent places is ranging from 3 to 5 mg/L [1-4].
Average boron concentration in seawater is agreed
to be 4.45 mg/L [5,6].

The resulting boron concentration in one step
reverse osmosis permeate is about 0.7-2.0 mg/L
[7]. This value will be above the limit (0.5 mg/L)
suggested by WHO [8], but would not pose any risk
to human health [9]. Boron toxicity to humans is
still subject of discussion and some countries have
not established drinking waters levels yet. There is
only evidence of reproductive (testicular) toxicity
of high doses of boron [10,11]. Boron is essential ele-
ment for plants but the adverse effect of high boron
concentration is well documented. Some species
such as mandarins [12] are sensitive to mg/L levels
of boron in water used for irrigation.
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Thus, it is important to further purify the reverse
osmosis permeate to down to boron concentration
0.3 mg/L. There are several ways how to achieve
it. It is possible to use two steps [13] of reverse
osmosis, preferably with membranes having high
boron rejection [14]. It is however difficult to reduce
boron concentration below the limit unless the pH
in second step is increased [15].

Another approach is using boron selective ion
exchangers for the purification of permeate. Boron
is known to form stable complexes with polyol com-
pounds. Complex formation with mannitol is used in
analytical chemistry for boron determination via
titration [16]. Formation of polyol complexes in
solution can be used to enhance boron rejection in
reverse osmosis process [17]. However, utilization
of solid sorbent having polyol moieties is much sim-
pler. As a functional group N-methylglucamine is
commonly used in both commercial [18] and experi-
mental [19] boron selective ion exchangers. These ion
exchangers can be used in combination with reverse
osmosis or directly [20,21] for purification of waste
waters. Combination of reverse osmosis with selec-
tive ion exchange in the desalination of seawater
and brackish water was studied recently [22,23].

In this work, novel fibrous sorbent based on poly-
propylene and viscose fibers grafted with polystyrene
and glycidylmethacrylate and functionalized with N-
methylglucamine were compared with commercial
sorbent. Functional groups of fibrous sorbents are
located at only at fiber’s surface. High accessibility
of functional groups should provide fast kinetics.

2. Experimental

Model solution of reverse osmosis permeate was
prepared from sodium chloride and boric acid dis-
solved in demineralized water. Boron concentration
in feed solution was 1.5 mg/L, pH was adjusted in
the range of 7-10 and chloride concentration 100—
500 mg/L. Polymeric bead sorbent Purolite D
4123, which is improved version of commercially
available sorbent Purolite S 108, was used as a rep-

OH OH
OH

| oH on

Fig. 1. Structure of Purolite D 4123.

resentative of commercial sorbent. It has N-methyl-
glucamine functional group on polystyrene/DVB
copolymer macroporous matrix. Structure of this
adsorbent is shown in Fig. 1.

Total capacity is 0.8 eq/L and particle size 18-50
mesh. Fibrous sorbents, developed by Johnson and
Matthey [24], were based on polypropylene and vis-
cose fibers grafted with styrene or glycidyl methacry-
late and functionalized with N-methylglucamine.
They were used in the form of short (0.3 mm) fibers
that allowed their application for column sorption.
These developmental samples are denoted as DS-
247pp DS-248pp and DS-248v where “DS” stands
for Developmental Smopex, “pp” for polypropylene
and “v” for viscose. Properties of fibrous sorbents are
listed in Table 1 and their structure is shown in Fig. 2.

Glass column of inner diameter 1 cm was packed
with 5 mL of sorbent in slurry state. Feed solution
was pumped through the column at a specific
flow-rate ranging from 6-60 BV/h (0.5-5 mL/min).
Effluent fractions were collected by fraction collec-
tor and respective boron concentrations were ana-
lyzed by ICP-OES (Perkin—Elmer Optima 2000).

3. Results and discussion

3.1. Effect of solution pH on boron breakthrough
capacity

Boron uptake efficiency depends on the stability
of complexes between borate oxoanion and N-meth-
ylglucamine functional group. Complex formation
is greatly affected by pH. As all the sorbents had
the same functional group, they behaved similarly.
Highest breakthrough capacity was achieved at
pH 8. Very small difference in boron uptake was
observed within the pH range 7-9. Breakthrough
capacity strongly decreased as the solution pH
increased above the value of 9.

3.2. Effect of boron concentration on boron
breakthrough capacity

As can be seen in Fig. 3, at pH 8.0 breakthrough
capacities for polypropylene fibers DS 247pp and

Table 1

Properties of fibrous sorbents

Name Fiber Grafted Capacity (mol/kg)
DS-247pp Polypropylene Styrene 1.0

DS-248pp Polypropylene GMA 1.2

DS-248v Viscose GMA 1.2
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Fig. 2. Structure of Smopex sorbents: (a) DS-247pp (b) DS-248v and DS-248pp.
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Fig. 3. Effect of boron concentration in the feed solution on
boron breakthrough capacity, Loading solution: CI~ 200 mg/L,
pH 8.0.

248pp and Purolite D 4123 resin are higher for
boron inlet concentrations corresponding to the sea-
water RO-permeate (B 1.5 mg/L) than for model
seawater (B 5mg/L). Different behaviour was
observed for sorbent based on viscose fibers (DS-
248v), where higher breakthrough capacity was
found for boron concentration 5 mg/L.
Polypropylene (DS-248pp) and viscose (DS-248v)
fibers, grafted with glycidyl methacrylate, showed
different boron uptake efficiency. Though both these
fibers have the same total N-capacity 1.2 mol/kg
(~0.36 mol/L), viscose fibers (DS-248v) exhibited
higher breakthrough capacity than polypropylene
fiber (DS-248pp). The structure of grafted and func-
tionalized viscose fibers probably enables better
access of borate ions from solution to the functional
groups compared to the polypropylene fiber.

3.3. Effect of chloride concentration on boron
breakthrough capacity

As may be seen in Fig. 4, the effect of chloride
concentration on boron breakthrough capacity is
also rather unequal. As in the case of boron concen-
tration, sorbents can be divided into two groups
that behave differently. First group included DS-
247pp, DS-248pp and Purolite D 4123, while the
second group comprised only of DS248v.

Breakthrough capacity for the first and second
group was decreasing and increasing, respectively.
However, it can be said that there is no strong effect
of chlorides, which were added as sodium chloride,
onto boron sorption. It corroborates the high selec-
tivity of the functional group.

2500

2000} _O_D:;.\.

—a— DS 248 pp
——DS 248 v
1500 - | —e— Purolite D 4123

1000 |

breakthrough capacity [mg/L]

500 | 0/—0\()

0 1 1 1 1 1
0 100 200 300 400 500 600

CI" [mg/L]

Fig. 4. Effect of chloride concentration on boron breakthrough
capacity, Loading solution B 1.5 mg/L, pH 8.0, s 6 BV/h.
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3.4. Effect of solution flow-rate on boron
breakthrough capacity

Experimental results shown in Fig. 5 and Table 2
are pointing out, that the highest boron break-
through capacities were obtained at moderately
low specific flow-rate of 6 BV/h on all the studied
sorbents.

Breakthrough capacity of Purolite D4123
decreases very rapidly and diminished by 64.2%
within the specific flow-rate range 6-60 BV/h.
Breakthrough capacity of DS-247pp diminished by
35.7%, DS-248pp by 48.9% and DS-248v by 30.3%
within the specific flow-rate range 6-60 BV/h.

It can be seen that in all the cases fibrous sorbents
are able to tolerate higher specific flow-rates than

2500

—o— DS 247 pp

—a— DS 248 pp
——DS 248 v
—e— Purolite D 4123

2000 |

1500 |

1000 -

breakthrough capacity [mg/L]

500 -

0 10 20 30 40 50 60
s [BV/h]

Fig. 5. Effect of solution flow-rate on B-breakthrough capacity
for regeneration 0.5 M HCI, Loading solution B 1.5 mg/L, CI~
200 mg/L, pH 8.0, s 6-60 BV/h.

Table 2

Effect of solution flow-rate on B-breakthrough capacity for
regeneration 10BV 0.5 M HCI, Loading solution: B 1.5 mg/L,
CI™ 200 mg/L, pH 8.0, s 6-60 BV/h

Specific flow-rate  B-breakthrough capacity (mg/L)

(BV/h) DS-247pp DS-248pp DS-248v  Purolite

D 4123
6 573.1 883.1 10450 21613
12 527.9 703.1 - 1975.6
18 402.6 550.4 10780 16048
30 398.2 526.3 9159  1332.0
48 378.2 518.4 8700 10409
60 368.4 4510 7285 7753

classical bead sorbent Purolite D 4123. It can be
ascribed to the particle diffusion which is slowing
down the sorption process onto D 4123 sorbent.
Batch-wise sorption tests were carried out to further
investigate this phenomenon. As can be seen in
Fig. 6, where the concentration of boron in solution
is plotted against contact time, the kinetic of fibrous
sorbent DS 248v is much faster than that of bead
sorbent D 4123.

25

—e— Purolite D 4123

2 4 ---0--- DS 248v

c [mg/1]

"""" m—

0 60 120 180 240 300 360 420 480
time [min]

Fig. 6. Kinetics of boron uptake on bead and fibrous sorbents,
80 mg of sorbent, 20 mL of solution, initial B concentration
1.9 mg/L, pH 8, 200 mg/L CI™.
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Fig. 7. Effect of HCl concentration on boron desorption
efficiency for Purolite D 4123.



1626 H. Parschova et al. | Reactive & Functional Polymers 67 (2007) 1622-1627

3.5. Effect of HCI concentration on boron desorption
efficiency

Desorption curves of Purolite D 4123 (particles),
shown in Fig. 7, are sharp and very similar for HCI
concentrations 1.0 M, 0.5 and 0.25 mol/L, which
means, that even HCI a rather low concentration
of 0.25 mol/L can be used for boron desorption.
The differences between these curves are within the
analytical error. Desorption efficiency of 0.5 mol/L
HCI is better than that of 1.0 mol/L HCI. Desorp-
tion curve of 0.1 M HCl is rather broad and shifted
to right, indicating that this concentration is not sat-
isfactory for boron desorption from resin particles
(Purolite D 4123).
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Fig. 8. Effect of HCIl concentration on boron desorption
efficiency for DS-248pp.
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Fig. 9. Effect of HCl concentration on boron desorption
efficiency for DS-248v.

Boron desorption curves of fiber-sorbents, poly-
propylene fibers DS 248pp (Fig. 8) and viscose fibers
DS 248v (Fig. 9) are rather sharp also for 0.1 mol/L
HCIl which is the advantage in comparison with par-
ticle sorbent Purolite D 4123. It can also be seen
that viscose based sorbent showed better desorption
profiles than polypropylene based sorbent. It can be
probably ascribed to the hydrophilic properties of
viscose compared to polypropylene.

4. Conclusions

Fibrous sorbents showed much faster sorption
kinetics compared to the traditional bead sorbent.
They were able to tolerate very rapid specific flow-
rates with only small drop in boron breakthrough
capacity. Though, sorption capacity was lower than
that of commercial bead sorbent. They were also
much easier to regenerate. Especially viscose based
sorbent was easy to regenerate even with diluted
(0.1 mol/L) hydrochloric acid. Viscose based sor-
bent also exhibited highest boron breakthrough
capacity among the studies fibrous sorbents.

The only problem linked with their industrial
application would be their small particle size and
profile. It would be necessary to evaluate the pres-
sure drop across the column in pilot scale column
or use the sorbent in other than classical column
setup e.g. hybrid system ion exchange / membrane
separation. However, the fast sorption kinetics will
be a big advantage in the technology design allow-
ing using small bed height or short contact time.
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Mutual Separation of Vanadium and Tungsten
from Aqueous Solution via Electrochemical
Reduction and Sorption onto Chelating Resin

Jana ﬁuriéové, Ludék Jelinek, Helena Parschova, and Eva Mistova
Department of Power Engineering, Institute of Chemical Technology,
Prague, Czech Republic

Abstract: The possibility of mutual separation of V and W oxoanions from
aqueous solution was investigated by elecro-reduction of V(V) to V(IV) in a
flow-type electrolyzer combined with column sorption on a selective resin having
1-deoxy-1-(methylamino)-glucitol functional groups. At pH 3, V(V) oxoanion
(VO3) was reduced to V(IV) cation, which passed into the effluent, whereas W,
existing as WOﬁ’, was quantitatively retained by the resin. In this way, complete
separation of V and W was achived. By elution with 1 M HCI, the V(IV) in a form
of VO** was eluted. Tunsgten was eluted quantitatively with 1M NaOH. A
co-removal and co-elution of V with W was observed, which is supposed to be
due to V(IV)/W heteropolyanion formation during the electro-reduction.

Keywords: Chelating resin, electrolytical reduction, separation, tungsten, vandium

INTRODUCTION

Vanadium is often contained in fossil fuels, and in consequence it comes
into wastewaters from assorted branches of power engineering. Due to
the similar chemical properties, vanadium may be accompanied by tung-
sten in ores and fossil fuels. Tungsten is ranked among nontoxic metals,
and vanadium has only low toxicity (1). However, both vanadium and
tungsten are valuable alloying compounds, therefore their recovery from
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wastewaters is desirable. In environmental conditions, vanadium and
tungsten are present in water in a form of oxoanions. That makes them
easily separable from most of other metals by use of ion exchange. Never-
thless, separation of vanadium and tungsten from each other brings some
difficulties. Ion exchange chromatography on strongly basic anion
exchangers was performed by elution with concentrated hydrofluoric acid
(2). Because vanadium(V) can be easily reduced to V(IV) cationic form,
reductive vanadium elution from a loaded anion exchanger was devel-
oped, originally with a reducing agent (3) and later using electrochemical
ion exchange (4).

Besides the ordinary anion exchange resins, selective chelating
sorbents can be used with advantage for metallic oxoanion uptake,
especially when high concentrations of accompanying anions are present
in the treated solution. In this work selective sorbent containing
1-deoxy-1-(methylamino)-glucitol functional groups was used. This
sorbent was originally develped for selective sorption of borates (5). It
can take up borates even from high excess of common anions (Cl,
HCO;, SO;") in difficult matrices such as sea water (6). Apart from
borates it has been shown to selectively adsorb vanadates and other metal
oxoanions (7,8). Sacharide hydroxy groups in the cis positions are able to
form diol complexes, which is useful for the selective separation of weak
acid oxoanions (9). However, tungstate and vanadate oxoanions exhib-
ited almost identical ability to complex formation with methylamino-
glucitol sorbent and therefore their efficient separation was not achieved
(8). With respect to different sorption properties of anionic V(V) and
cationic V(IV), a study on the sorption of electrochemically generated
V(IV) onto I1-deoxy-1-(methylamino)-glucitol sorbent was performed
with the aim to find optimal pH for V(IV) sorption (10).

The present work focuses on vanadium and tungsten separation by
use of electrochemical reduction combined with sorption onto the
methylamino-glucitol sorbent. The combinaton of electrochemical
treatment of the solution with subsequent column sorption has been
formely tested for the separation of Ce oxidized to Ce (IV) and Eu
reduced to Eu (II) from trivalent rare earths (11,12).

EXPERIMENTAL
Reagents and Solution
The test solutions were prepared from NHyVO;, Na,SO4 (Penta),

Na,WOy, - 2H,0 (Merck), all of analytical purity. The salts were dissolved
in demineralized water. The pH was set up with H,SO,.
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Figure 1. Structure of Purolite D 4123.

The accurate metal concentrations were determined by ICP-OES
Optima 2000DV (Perkin-Elmer Instruments, USA). The pH was
measured by pH meter InoLab Level 1 (WTW, Germany).

Sorbents. The chelating resin Purolite D 4123 (Purolite International,
UK) with I-deoxy-1-(methylamino)-glucitol functional groups on a
styrene-divinylbenzene matrix was used as an experimental sorbent,
see Fig. 1. The sorbent was converted into the protonated form by
washing with 1 M HCI and rinsed thoroughly with deionized water.

Electrolysis. The reduction of V(V) was carried out in a two compartment
flow type electrochemical cell. 1 L of the test solution circulated through
a cathode compartment of a volume of 10mL by a flow rate of
100 mL/min. The solution passed through a 3D carbon felt cathode
of a 10mm thickness. A perforated Pt plate was used as a current
feeder for the cathode. The cathodic compartment was separated
from the anodic compartment by a Nafion membrane. The anode
was a Pt wire. 200mL of 0.1 M H,SO,4 was used as an anolyte, and it
circulated through the anode compartment of a volume of 10mL by
identical flow rate as the catholyte. The reference Ag/AgCl electrode
was situated in the cathode compartment. The experimental setup is
shown in Fig. 2a. The reduction proceeded in potentiostatic mode,
the potential at the cathode —1.50 V vs. Ag/AgCl was maintained by a
potentiostat Solartron 1186 (Sycopel Scientific LTD, UK).

Sorption. The sorption tests were carried out in glass columns of an inner
diameter of 10 mm, equipped with a sintered glass support on the
bottom. Bed volume was 10 mL.

Breakthrough curves were measured before and after electro-
reduction. The solution applied on the column contained in all cases V
and W of approximate concentration 0.5mmol/L and a fivefold excess
of Na,SQy, in terms of molar concentration. After pH adjustment with
sulphuric acid resulting SO?[ concentration was 3.7 mmol/L. Relatively
high concentration of salts in solution provides an electric conductivity
of the solution. The pH was adjusted to 3 with sulfiric acid.

The specific flow rate through the column was 6 BV /h in all cases.
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(@) (b)

Figure 2. Experimental setup: (a) Electro-reduction (b) Continuous electro-
reduction and column sorption. 1 catholyte storage; 2 anolyte storage; 3 electro-
chemical cell; 4 potentiostat; 5 circulating pump; 6 feeding pump; 7 column; 8
fraction collector 9; storage of the new solution.

Desorption. Desorption was carried out in two steps. In the first step, the
sorbent was regenerated with 1M HCI, then it was rinsed by
demineralized water, and in the second step it was regenerated with
I M NaOH. The desorption flow rate was 3 BV /h.

RESULTS AND DISCUSSION
Concurrent Sorption of V(V) and W(VI)

Figure 3 shows the breakthrough curves of V and W without the electro-
chemical reduction. Tungsten is taken up quantitatively up to 520 BV.
Vanadium breaks through at 160 BV and further remains at low concentra-
tion of less than 0.1 ¢/c, up until 520 BV, where its concentration increases
along with W. Increase of the outlet concentrations is very slow, especially
that of vanadium. During the sorption, the sorbent color changed from
white to yellow, and from yellow to green gradually from the upper part.
The latter change gives an evidence of the reduction of V(V) to V(IV),
which was catalyzed by the saccharidic functional groups of the sorbent
(13). Formation of mixed-valence oxoanions has probably a positive effect
on the complex formation of vanadium with glucitol sorbent.

With 1 M HCI, the mixed-valence anions of vanadium were released,
as was seen from the washing out of the sorbent, forming a green eluate.
In the HCI fraction 66.7% of total vanadium was eluted. V(V) oxoanion
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Figure 3. Breakthrough curves of V (A) and W (m) on selective sorbent.

was then eluted along with W by 1 M NaOH. The total recovery was
96.6% of vanadium and 100% of tungsten. The course of desorption is
plotted in Fig. 4.

Electro-Reduction and Consecutive Sorption

A solution of 2.5mmol/L of V and W and 12.5mmol/L of sodium sul-
phate was treated by electrochemical reduction for 24 hours, afterwards
it was dilluted five times by demineralized water of pH 3 and applied to
the column.

During the electrolysis, following reactions proceeded on cathode (1)
and anode (2):

VOJ +2H" 4 ¢~ = VO*' + H,0 E’=1.00V (1)
H,0=1/20, + H" +e- E’=123V (2)
VO; +2H" = VO; + H,0 (3)

The redox reaction was accompanied by color change of the solution from
yellow to light brown. The breakthrough curves are plotted in Fig. 5. The
generated vanadium(IV), which is present in aqueous solution in a form of
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VO>" cation, was not taken up by the sorbent. Vanadium(V) is present in
neutral solutions in anionic form while in highly acidic solutions it can
form cationic species (3). Tungsten was adsorbed up to 190 BV. Then
the W outlet concentration increases very slowly, reflecting a remarkably
slow kinetics of the complex formation with the sorbent. The sorbent
colour changed from white to light brown during the sorption.

The elution by 1M HCI gave a blue eluent containing VO*'.
However, a remarkable amount of vanadium was still found in the
NaOH eluate fraction along with tungsten, as can be seen in Fig. 6.
The formation of a heteropolyanion of W and V(IV) was considered,
which is in line with the brown color of the reduced solution, compared
to blue vanadyl and the colorless tungstate. Another possible reason for
the associated elution of V and W could be a back-oxidation (4) of V(IV)
by dissolved oxygen in the feed solution after the reduction process was
turned off (14). The oxidized form of vanadium(V) would then be taken
up by the sorbent.

1/20, +2VO*" + 3H,0 = 2VO;3 + 6H" (4)
100 T | T T | T
| |
| |
80f | | '
ol | HO0 | T NaoH

60 r

¢ [mmol/L]
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>
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Figure 6. Desorption curve of V (A) and W (m) after electroreduction.
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Continuous Electro-Reduction and Sorption

A solution of 0.5 mmol/L V and W was reduced for 24 hours, then it was
pumped from the storage container to the column and a new solution was
fed into the electrolysis circle at the same flow rate, during the continuous
reduction process, see Fig. 2b. Using this new experimental setup, the
separation of V and W was improved. The sorption is shown in Fig. 7.
The vanadium outlet concentration reached the constant maximum value
in 20 BV and within first 300 BV the complete separation from W was
achieved. The peaks at the sorption curves at BV of 450 and 920 were
caused by interception of sorption during weekends. As can be seen,
the establishing of equilibrium resulted in the displacement of vanadium
out of the sorbent by tungsten.

The results of desorption are plotted in Fig. 8. As in the previous
case, vanadium in a form of VO*" was released by 1 M HCI, and all tung-
sten and a part of vanadium was eluted by 1M NaOH. Since the
back-oxidation of V(IV) was suppressed by continouos electrolysis, the
formation of a heteropolyanion of W and V(IV) is plausible. After longer
reduction of the experimental solution (for 40 hours), a brown precipitate
appeared in the catholyte storage container. Its IR spectrum was similar

1 -6 T T T T T T
1.4 @ @ }

o
1.0t
| | 5
| /A—’A/
0.8 %A—A——A————%,_A_A/A——A—A’A’
|
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Figure 7. Breakthrough curves V (A) and W (m) during continuous
electroreduction.
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Figure 8. Desorption curves of V (A) and W (m) after continuous
electroreduction.

to that of VIYW5 0‘1‘9’ reported by Flynn and Pope (15). They also noted a
formation of solid solution of V'YW50Oly and V3 W,Of;, which may
take place in this case during the electro-reduction.

CONCLUSIONS

Electro-reduction/oxidation is one of the possible ways to enhance
mutual separation of metal oxoanions. During the electro-reduction in
the experimental electrolyzer, vanadate(V) was reduced to vanadyl(IV)
cation, which was not taken up by the chelating sorbent having
I-deoxy-1-(methylamino)-glucitol functional groups. Tungsten was
strongly bound to the sorbent both before and after electro-reduction.
In this manner, complete separation of vanadium from tungsten was
achieved.

By elution with 1 M HCI, reduced vanadium was released out of the
sorbent. Tungsten was eluted later with 1 M NaOH. However, in the
hydroxide fraction was also found a remarkable amount of vanadium.
This fact indicates a formation of mixed-compound of V and W during
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the electro-reduction, that makes the two elements inseparable at given
conditions. This finding will be followed to elucidate its mechanism.

The potential of this separation method can be further exploited with
respect of tuning the construction and flow rate through of electrolyzer
and column to achieve their in-line operation.
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Molybdate was adsorbed onto ion exchange resin based on poly
(styrene-co-divinyl benzene) matrix with diethanolamine and
1-deoxy-1-(methylamino)-D-glucitol  functional groups. The
maximum sorption capacity was determined from Langmuir iso-
therms and breakthrough capacity from dynamic column sorption.
The effects of pH, the initial form of the ion exchange resin, and
of competitive sorption of sulphates and chlorides onto sorption
capacities were determined. Ion exchange resin having 1-deoxy-1-
(methylamino)-D-glucitol functional group showed higher break-
through capacity and higher tolerance to competitive sorption of
sulphates and chlorides than ion exchange resin having diethanola-
mine functional group. Molybdate was easily stripped from both
ion exchange resins with 10 bed volumes of 1 mol/L NaOH solution.

Keywords 1-deoxy-1-(methylamino)-D-glucitol; diethanolamine;
molybdate; sorption

INTRODUCTION

Molybdenum is considered to be an essential trace
element for both animals and humans with relatively low
toxicity. Molybdenum is primarily important for its
function in metalloenzymes (1,2).

In the Czech Republic, molybdenum concentration is
monitored in surface water used for the production of
drinking water and its concentration is limited to 35pug/L
(3). However, molybdenum is not limited to drinking water
itself (3,4,5). According to the World Health Organization,
the acceptable concentration of molybdenum in table water
is 7pg/L (6). Molybdenum in surface water usually origi-
nates from glass, metallurgical industry waste, pigments,
and MoS, based lubricants (7).

Molybdates, which are prevailing species in surface
waters, are weak oxidants and show a tendency to form
complex oxo-anions such as [M07024]6* and [M08026]4*,
by condensation at lower pH values. The condensation
degree is dependent on the concentration of molybdenum

Received 10 February 2012; accepted 29 June 2012.

Address correspondence to Pavel Kis, Research Centre Rez
Ltd, Hlavni 130, 250 68, Husinec-Rez, Czech Republic. E-mail:
ksp@cvrez.cz

and the value of pH. At Mo concentration greater than
10~*mol/L and pH = 5-6, the heptamolybdate form dom-
inates, while at pH=3-5, the octamolybdenate prevails.
The further decreasing of pH value below 1 leads to pre-
cipitation of molybdenum oxide MoOj; from solution,
which dissolves to molybdenyl cation with decreasing pH,
as given in the following simplified equations (Eqgs. 1-4) (8).

[MoO,]* (pH = 6 — 14) — [Mo0,04]* (pH =5-6) (1)

[Mo0;0,4]°” (pH = 5 — 6) — [MoyOs]*" (pH = 3 - 5)
2)

[MogO6]*" (pH = 3 — 5) — MoO;(pH = 0.9)  (3)
MoO; (pH = 0.9) — [MoO,*" (pH < 0.9)  (4)

Few experiments for the selective separation of metals
and their oxoanionts (including molybdenum) from special
solutions were performed on sorbents or ion exchangers
with different types of functional groups (9-12). An organic
extractant—primary amine (13) and different types of zeolites
(14,15) were also tested for the sorption of metals.

Special chelating resins with di-ol or poly-ol functional
groups react with molybdenum oxo-anions and are able
to form bi-nuclear or poly-nuclear cyclic complexes (16).

The complexation reactions between oxo-anions and
diol-compounds (polyol-compounds) are highly pH-
sensitive. Optimal pH for molybdenum oxo-anion forma-
tion is the acidic range (12). Protons are required and
spontaneously consumed during the diol-complex formation
(Egs. 5 and 6), where M denotes oxo-anion and L ligand.

mM + nL + hH™ — complex + xH>O (5)
MoO7 +L* +2H" — MoO;L* + H,O  (6)

At lower pH, the nitrogen of the functional group is pro-
tonized and subsequently, ion exchange reaction with

581



Downloaded by [CISVSCHT Praha] at 22:17 08 September 2013

582 P. KUS ET AL.

oxo-anion can take place. This ion exchange reaction lacks
the selectivity of complex formation but has to be taken
into account.

EXPERIMENTAL

Molybdenum sorption was carried out on two types of
experimental ion exchange resins with poly(styrene-co-divi-
nylbenzene) matrix. Ion exchange resin Purolite D3411
with diethanolamine functional group is shown on Fig. 1
and ion exchange resin Purolite D4123 with 1-deoxy-1-
(methylamino)-D-glucitol functional group on Fig. 2.
Purolite D4123 is the experimental version of Purolite
S-108 which was designed for the removal of borates.

Because the suitable pH for complex formation with
functional group is 2-6, both ion exchange resins were
conditioned (protonated) with 10 bed volumes (BV) of
hydrochloric acid solution at specific flow rate s of 3 BV /h.

Both dynamic column experiments and batch-wise tests
were carried on.

Concentration of molybdenum in sorbent phase was
calculated from mass balance (Eq. 7),

”
a = —-
Vo

(ci = co) ()
where a is the adsorption capacity [mol/L], V is volume of
the feed solution [L], ¥, denotes the volume of the sorbent
[L], ¢; is concentration of molybdenum in the feed solution
[mol/L], and ¢, is the equilibrium concentration [mol/L].

The maximal sorption capacity was extrapolated from
the Langmuir isotherm (Eq. 8),

b - ¢
1 +5b - c

/\/OH
\/\OH

®)

a = apy

CH -~

FIG. 1. Structure of PUROLITE D3441 ion exchange resin.

<I:|-|3 H OHH H
N—cH2I l - CH, OH
OH H OH OH

FIG. 2. Structure of PUROLITE D4123 ion exchange resin.

where a,, denotes the maximal adsorption capacity [mol/L]
(absolutely saturated mono-layer) and b represents the
Langmuir equilibrium constant [L/mol].

Maximum adsorption capacity was evaluated exper-
imentally for Purolite D3441 ion exchange resin, a,, for
Purolite D4123 ion exchange resin under the same con-
ditions was adopted from Asresahegnova (17). Experi-
mental evaluation was conducted by the batch technique
with 0.5L of feed solution. The batch contained
0-3500mg/L of molybdenum (VI) in the form of
(NH4)sMo0-0,44H,0. The used sorbent volume was 0.25
and 0.5mL. The value pH was adjusted to pH =4 with
1 mol/L HCIL

The sorption of molybdenum (VI) was evaluated by
dynamic experiments using glass vertical columns. The col-
umn inner diameter was 12 mm, the bed volume was 30 mL
(free base form), and the bed height 26.5cm. The specific
flow rate of solution s was 6 BV /h.

The breakthrough capacities were calculated according
to the following equation,

¢ = (%’) ¢ [mol /1] )

where ¥V} denotes volume of solution at the breakthrough
point [L], V¥, is volume of resin [L], and ¢; concentration
of molybdenum in the feed solution [mol/L]. Limit break-
through concentration for capacity evaluation was set to
0.1 mg/L for molybdenum in the eluate.

In all the experiments, the resin was placed for 24 hours
in demineralized water beforehand. During this time it was
able to swell.

As accompanying anions, such as chlorides and
sulphates in concentration 0-1000 mg/L were used at col-
umn experiments to mimic competitive sorption in real
solutions. The input solutions used were 100, 250, 500, or
1000 mg/L of the accompanying anions (chlorides as NaCl
and sulphates as Na,SO,4) and 20 mg/L of molybdenum
ion ((NHy)sMo07,0,44H50). All employed reagents were of
analytical purity.

ICP-OES method was used for the determination of
molybdenum in the solution. Chlorides and sulphates were
measured by ion chromatography technique called Dionex
3000.

The conditions during the experiment were 20°C and
normal atmospheric pressure.

RESULTS AND DISCUSIONS
Maximum Sorption Capacity
The Langmuir isotherm for molybdenum (VI) sorption

on the ion exchange resin with diethanolamine functional
group (PUROLITE D3441) is depicted on Fig. 3.
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FIG. 3. Langmuir isotherm depicting Mo (VI) adsorption on PURO-
LITE D3441.

The Langmuir isotherm was measured at room tempera-
ture. The initial concentration of molybdenum (VI) was 50
to 4000mg/L and the quantity of the swollen resins was
0.25 and 0.5mL. The Langmuir equation (8) results in
maximum adsorption capacity about 1.46 mol of molyb-
denum (VI) on 1 L of ion exchange resins. It is higher than
maximum adsorption capacity for ion exchange resin with
1-deoxy-1-(methylamino)-D-glucitol ~ group  (Purolite
D4123) cited in literature (17) as 1.22 mol of molybdenum
(VI) on 1L of ion exchange resins.

Breakthrough Capacity—-Dynamic Column Experiments
Purolite D3441

All presented results were obtained from dynamic column
experiments that were carried out using model solution.
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FIG. 4. The effect of accompanying anions on molybdenum break-
through capacity (pH = 3).
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FIG. 5. The effect of accompanying anions on molybdenum break-
through capacity (pH =4).

Dynamic columns experiments were performed at three
different pH values (pH 3, 4, and 6). The highest
breakthrough capacity was achieved in the absence of
accompanying anions. Sorption of molybdenum (VI) on
the Purolite D3441 ion exchange resin at different pH
values is shown on Figs. 4-6.

In all figures the indication of the content of
molybdenum, chloride, and sulphate is used.

These figures also show that the breakthrough capacity
of ion exchange resins is decreasing with increasing salinity
(ionic strength). This effect is shown in Fig. 7. It is also evi-
dent that a higher value of pH and higher concentration of
accompanying anions in feed solution result in molyb-
denum (VI) leakage to the effluent.

. T T
—um—20;0;0

10 - & —0—20;100;100 §
—A—20;250;250
—#—20:500:500

8- [ Limit o 7

0,6 - —

Concentration of molybdenum [mg/L]

0 250 500 750 1000 1250 1500

Bed volume

FIG. 6. The effect of accompanying anions on molybdenum break-
through capacity (pH = 6).
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FIG. 7. Effect of pH on molybdenum breakthrough capacity
(Mo =20mg/L).

The influence of the accompanying anions was stron-
gest at pH =3, where the breakthrough capacity dropped
by 93% after addition of 250mg/L of chlorides and
sulphates. With the solution of pH=4 or pH=6 and
500mg/L chlorides and sulphates added, the break-
through capacity was decreased by 86% and 89%, respect-
ively, in comparison to the solution without the
accompanying anions. The highest capture of molyb-
denum (VI) showed solutions without accompanying
anions. Desorption of molybdenum oxo-anions was car-
ried out by 10 BV of 1 mol/L NaOH at specific flow rate
of 3 BV/h (see Fig. 8). The desorption efficiency was
higher than 99%. Molybdenum residual concentration
after Sth BV was below 10mg/L.
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FIG. 8. Desorption of Mo(VI) from PUROLITE D3441.
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FIG. 9. Sorption of Mo(VI) on PUROLITE D4123 at pH =3.5.

Purolite D4123

The effect of the accompanying anions (chlorides and
sulphates) onto selective sorption of molybdates onto the
Purolite D4123 ion exchange resin with 1-deoxy-1-
methyl-amino-D-glucitol functional group was evaluated.

Column experiments were carried out at two different
pH values of the feed solution 3.5 and 6. The best perfor-
mance in molybdenum (VI) retention was obtained at pH
3.5 (see Fig. 9) and without accompanying anions
(cq=81g/L). After the addition of the accompanying
anions (100 to 1000mg/L), the breakthroughs capacities
remained almost unchanged, and with a difference in order
of grams (see Fig. 12), the breakthrough capacity was
decreased by 15%-23%, respectively, in comparison to
the solution without accompanying anions. The effect of
the accompanying anions on the sorption of molybdenum
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FIG. 10. Sorption of Mo(VI) on PUROLITE D4123 at pH =
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FIG. 11. Influence of input solution pH in the breakthroughs capacities
of PUROLITE D4123 anion exchange resin.

(VD) is smaller than that of ion exchange resin Purolite
D3441.

At pH 6, a significant decrease of molybdenum (VI)
oxo-anion sorption was observed in comparison with the
sorption at lower pH values (see Fig. 10).

As illustrated in Fig. 11, the removal of molybdenum
(VI) is more efficient at lower pH values.

Desorption of molybdenum oxo-anions was carried out
with 20 BV of 1 mol/L NaOH at s 3 BV/h. The efficiency
was higher than 99%. The desorption curve of Purolite
D4123 is shown in Fig. 12.
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FIG. 12. Desorption of Mo(VI) from PUROLITE D4123.

CONCLUSIONS

While maximum sorption capacities of both ion exchange
resins are similar (1.46mol/L and 1.22mol/L (16) for
Purolite D3441 and Purolite D4123, respectively), substantial
differences were observed in dynamic column experiments.

The higher efficiency of sorption was achieved at lower
values of pH (pH 3-4) on both ion exchange resins.

Complete desorption of molybdenum (VI) from ion
exchange resin was achieved with less than 10 bed volumes
of 1 mol/L NaOH solution. Using 10 BV of regeneration
solution shall be enough to recovery ion exchange resin.
The same ion exchange resins may be used for the next
experiment.

Ion exchange resin Purolite D4123 having 1-deoxy-1-
(methylamino)-D-glucitol functional group showed higher
breakthrough capacity and higher selectivity for molybde-
num(VI) oxo-anions than the sorbent with diethanolamine
functional group (Purolite D3441). The breakthrough
capacity of the sorbent with 1-deoxy-1-(methylamino)-D-
glucitol functional group decreased only by 23% at pH 3,
even in the presence of a high excess of accompanying
anions (1000 mg/L). Therefore, the ion exchange resin with
this functional group is suitable for practical application in
the treatment of industrial wastewaters with high salinity.
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ABSTRACT

This work deals with selective removal of Ge oxoanions from contaminated water resources by synthetic resin
having 1-deoxy-1-(methylamino)-D-glucitol functional groups on poly(styrene-co-divinylbenzene) matrix. During
dynamic column experiments, the following general criteria were studied: comparison of germanium sorption on the
sorbent in protonated and free base forms, optimal pH-range for sorption and the effect of concentration of germanium

and accompanying anions on breakthrough capacity.

The optimal pH range for sorption of germanium oxoanions onto the studied resin is 6-9. For selective uptake of
germanium oxoanions sorbent must be in the free base form. Effective desorption of germanium oxoanions was

achieved with 7 BV of 1 mol.L* HCI.

Keywords: germanate; methyl-amino-glucitol resin; sorption

INTRODUCTION

The toxicity of germanium is considered to
be low. However, some germanium compounds
show nephrotoxicity™.

In strongly alkaline*®**  environment
germanium is present in the solution as GeOs*
ion. At pH 6.9 to 9.4 germanium is sorbed in the
form of the pentagermanate ions GesOy,%.

Germanium is recovered from aqueous
solutions by such methods as sorption on ion
exchange resin, solvent extraction, precipitation,
evaporation and flotation.

Sorption of germanium was studied on silica
gel® and cation exchange resins®. Sorption of
germanium from alkaline solutions was studied
on anion exchange resin®.

For selective removal of germanium
compounds, formation of complexes with
saccharides’ is used. Thus, removal of
germanium (IV) was studied such as on
biosorbents®, chitosan®'°, branched-saccharide
chitosan derivatives' and 2,3-dihydroxypropyl
chitosan resin'?. Polymeric sorbents (Wofatit
MK-51"*"  Diaion CRB 02"**°, Purolite S-108*

46

and Purolite D-4123") having 1-deoxy-1-
(methylamino)-D-glucitol functional groups on
poly(styrene-co-divinylbenzene) (PS/DVB)
matrix are commercially available. This group of
sorbents was designed for the removal of boron
oxoanions*®. The functional -OH groups of these
sorbents form a very stable mononuclear
complex with Ge oxoanions®. The optimal pH
range’® to form polyol complexes between
hydroxycompounds and germanium oxoanion is
pH 6-12.

EXPERIMENTAL

This work was concerned with sorption and
desorption of germanium oxoanions on resin
having 1-deoxy-1-(methylamino)-D-glucitol on
PS/DVB matrix Purolite D-4123. It has total N-
capacity 1.2 mol.L™ and particle size of 18-50
mesh. Its structure is shown in Figure 1.
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Figure 1 Structure of Purolite D-4123 resin

All presented results were obtained by
dynamic column experiments that were carried
out using synthetic metal solution containing 5,
10 or 20 mg.L™ of germanium ion and 100, 250,
500 or 1000 mg.L™* of accompanying anions
(chlorides and sulfates). Germanium (I1V)

solutions were prepared from germanium dioxide.

Solutions of sulfates and chlorides were prepared
from their sodium salts. The specific flow rate of
solution was s = 6 BV.h“ Column inner
diameter was 12 mm, bed volume was 30 mL
and bed height was 26.5 mm.

Effluent fractions were collected by fraction
collector and concentrations of germanium were
analyzed by ICP-OES technique (Perkin Elmer
Optima 2000DV).

The sorption run was terminated at
germanium  breakthrough concentration 0.1
mg.L™.

RESULTS AND DISCUSSION
Comparison of free base and protonated form

The resin with 1-deoxy-1-(methylamino)-D-
glucitol functional groups can be used in the
protonated form or in the free base form.
Effective form for the removal of germanium
(IV) is free base form, which the suitable pH for
complex formation with functional group is pH
6-12. For the sorbent protonated form, pH of
effluent would decrease below pH 4 rendering
the conditions unsuitable for formation of polyol
complexes. Sorbent in free base form effectively
removed germanium from loading solution
containing 5 mg.L™ of Ge (Figure 2).

Germanium breakthrough capacities were
0.18 g.L! and 11.58 g.L" for the sorbent in
protonated and free base form, respectively.

—<O— pH 9 free base form
—— pH 6 protonated form

---®--- breakthrough concentration

¢ [mg.L™Y]

0 500 1000 1500 2000 2500
BV

Figure 2 Sorption of germanium onto free base and
protonated form of Purolite D-4123 (Ge = 5 mg.L™,
Cl"=100mg.L™, S0, = 100mg.L™)

Effect of Ge concentration on breakthrough
capacity

Experimental results shown that the highest
breakthrough capacities were obtained with
germanium loading concentration of 20 mg.L™.
With increasing concentration of germanium in
the loading solution in the range of 5-20 mg.L™,
breakthrough capacities increased.

The maximum increase of 13% was
achieved with loading concentrations of chloride
and sulfate 1000 mg.L™ at pH 9, as can be seen
in Figure 3.

0.17

0.16

0.15 |

Breakthrough capacity [mol.LY]

0.14

0 5 10 15 20 25
Ge [mg.L™]

Figure 3 Effect of germanium concentration on
germanium breakthrough capacity (pH 9; CI" = 1000
mg.L?, SO,% = 1000 mg.L?)



H. Parschova et al.: Ion Exchange Letters 2 (2009) 46-49

Effect of pH on germanium breakthrough
capacity

Germanium uptake efficiency depends on

complex  formation  between  germanium
oxoanion and  1-deoxy-1-(methylamino)-D-
glucitol functional group which is greatly

affected by pH. Thus, breakthrough capacities in
the pH range 6 — 11 were ranging from 0.13 to
0.16 mol.L™

The highest breakthrough capacities were
obtained at pH 9 of the loading solution.
Removal of germanium at pH 6 is slightly lower
(Figure 4).

0.18 A OpH6
EpH9
0.16 - OpH11

0.14 -

0.12 4

0.1 4

0.08 -

0.06 -

0.04 -

Breakthrough capacity [mol.L™]

0.02 -

0 100 250 500 1000

accompanying anions [mg.L™Y]

Figure 4 Effect of pH on germanium breakthrough
capacity (Ge =5 mg.L™)

Effect of accompanying anions on germanium
breakthrough capacity

Figure 5 shows removal of 5 mg.L™?
germanium from solution containing 100-1000
mg.L™* accompanying anions (chlorides and
sulfates). As may be seen, only very small
differences in germanium uptake were observed
within this concentration range.

Breakthrough capacities, corresponding to
the breakthrough concentration of 0.1 mg.L™,
were in the range of 0.14 to 0.16 mol.L™. These
values correspond to the processing of 2040 to
2330 BV of germanate loading solution
containing accompanying anions.

Germanium leakage was very low. With
breakthrough concentration lowered to 0.01
mg.L™, at least 1740 BV of loading solution was
processed in all the cases.

48
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Figure 5 Effect of accompanying anions on
germanium breakthrough capacity (pH 9)

Desorption efficiency

Desorption of germanium oxoanions was
carried out by 7BV of 1 mol.L™ HCI. Desorption
was effective at specific flow rate of 3 BV.h™.
Sorbent conditioning was performed with 7 BV
of 1 mol.L™* NaOH.
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4000 /
2000

Figure 6 Desorption curve after
germanium on sorbent in free base form

sorption of

Desorption efficiency of germanium from
sorbent was higher than 99%. Desorption curve
of Purolite D 4123, shown in Figure 6, is sharp
for 1.0 mol.L™ HCI. Residual concentration of
germanium in the range 6-7 BV fall below 10
mg.L™
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CONCLUSIONS

Dynamic column experiments have shown
that the resin having 1-deoxy-1-methylamino-D
glucitol functional group is able to selectively
remove germanium oxoanions from solution
containing 5-20 mg.L™ of germanium and 100-
1000 mg.L™ of accompanying anions (chlorides
and sulfates) down to concentrations lower than
0.1 mg.L™

Sorption of germanium oxoanions s
effective only on the sorbent in the free base
form with the optimal pH range being 6-9.

Germanium oxoanions can be effectively
desorbed with 7BV of 1 mol.L™ HCI.
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ABSTRACT

Batch and dynamic column experiments on anion exchangers with dimethylamin and trimethylammonium functional
groups (Lewatit MonoPlus MP 64), DETA functional groups (Purolite A 830), trimethylammonium functional groups
(Lewatit MP 500) and aminomethylglucitol functional groups (Purolite S 110) were performed. The influence of pH
and coexisting ions on the efficiency of sorption of Cr was investigated. The ion exchange resin Lewatit MonoPlus MP
64 was also investigated for the effect of a flow rate on the column efficiency of sorption of Cr. Optimal pH for
sorption of Cr¥! using these ion exchange resins was found to be 3-4. The accompanying SO, ions showed strongest
negative influence on the sorption of Cr”'. At column dynamic experiments regeneration of ion exchange resin Purolite
A 830 was unsuccessful. Anion exchanger Lewatit MonoPlus MP 64 is suitable for repeated sorption of Cr"" ions.

Keywords: sorption; chromium; aqueous solutions; ion exchangers

INTRODUCTION

Chromium and its compounds are
widely used in the industry. For example:
elemental chromium is used for the production
of alloy steels, chromium oxide as a coloring
pigment and chromium trioxide for oxidation of
organic substances?® .

Toxicity of chromium compounds
depends on their oxidation state. Metallic
(elemental) and trivalent chromium compounds
are virtually non-toxic. On the contrary all
hexavalent chromium compounds (chromates)
are mutagenic and carcinogenic**®’ .

The aim of this work was to perform
batch and dynamic column experiments with
selected anion exchangers Lewatit MonoPlus
MP 64, Purolite A 830, Lewatit MP 500 and
Purolite S 110. The influence of pH and
coexisting ions on the efficiency of sorption of
Cr was studied. The effect of a flow rate
on efficiency of sorption of Cr was also
monitored on anion exchange resin Lewatit
MonoPlus MP 64.

EXPERIMENTAL

lon exchangers used for the sorption of
chromium ions:
a) Lewatit MonoPlus MP 64 (Fig. 1)
- monodisperse, macroporous medium basic

doi: 10.3260/iel.2013.11.003

anion exchanger with dimethylamine and
trimethylammonium functional groups

CHj

CHg CHg
Figure 1 Dimethylamine and trimethylammonium
functional groups

b) Purolite A 830 (Fig. 2) - weakly basic anion

exchanger with DETA functional groups
NH,

CH,—CH,
R—N
CH,—CH,
NH,

Figure 2 DETA functional groups

c) Lewatit MP 500 - macroporous strongly basic
(type 1) anion exchanger with
trimethylammonium functional groups

H OH H H OH
el T4
R—N OH H OH OH
CHs

Figure 3 Aminomethylglucitol functional groups
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d) Purolite S 110 (Fig. 3) - selective sorbent for
sorption of borates having aminomethylglucitol
functional groups

All the exchangers were converted into
chloride or hydrochloride form. Solution of
NaOH of a concentration 1 mol.L™* was used at
first and subsequently HCI solution of the same
concentration was used. For conditioning of the
anion exchange resin Lewatit MonoPlus MP 64
solution NaCl + HCI (1.5 mol.L* HCI +
1 mol.L™* NaCl) was used.

Dynamic column experiments were
carried out with 10 mL of resin, which was
transferred to a glass column fitted at the bottom
with the fritted glass. Uniform input flow rate
of the solution into ion exchange column was
secured by using a peristaltic pump. Dynamic
column experiments were performed first with
a model solution prepared from demineralized
water and CrY'. The concentration of Cr"'
solution was always around 5 mg.L?
(0.1 mmol.L™) and the input value of pH was not
adjusted.

Further experiments were carried out
with  solutions simulating real conditions
(groundwater contaminated with chromium), the
concentration of Cr in the range of 3-8 mg.L™,
pH 7.5). Solutions for sorption were prepared
from tap water (Table I) and Cr"' concentrations
ranged from 8.6 to 8.9 mg.L' (from 0.165
t00.171 mmol.LY). The pH value of the
solutions (7.7 — 8.0) was not adjusted.

Table 1 Concentrations of selected ions in tap
water (ICT Prague)

lons Fe** | ca* | Mg* | CI NOs | SO~

» 002 | 348 |82 |230 | 232 |524
[mg-L"]

crV' concentration was determined by
atomic absorption spectrometry on Varian
SpetrAA 220. The detection limit of this device
for chromium is 0.05 mg.L™.

RESULTS AND DISCUSSION

Batch experiments showed that the
maximum sorption of Cr"' by ion exchanger
Purolite A 830 was reached at pH 3. lon
exchange resin Lewatit MP 64 MonoPlus
reached the maximum sorption at pH 4 and
reached very good results even at pH 3 (Fig. 4).
The anion exchange resin Purolite S 110 and

Lewatit MP 500 also achieved the maximum
sorption of Cr'' at pH 4. Equilibrium was
reached after 5-6 h of sorption at Lewatit
MonoPlus MP 64 and Lewatit MP 500. At pH 5
partial desorption of Cr¥' occurred on Lewatit
MonoPlus MP 64. The Purolite A 830 occurred
at pH 9 to partial desorption of Cr"' and at pH
3-5 the equilibrium was not achieved even after
24 h of sorption.
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Figure 4 Amount of captured Cr"' to 1 mL resin
Lewatit MonoPlus MP 64 in dependence on time
and pH

The influence of accompanying anions
CI', NO; and SO,* on sorption efficiency of Cr"'
was examined. Molar concentration of CI" and
NO; was 1.92 mmol.L™%, molar concentration
of SO,% was 0.96 mmol.L™. It was found that the
greatest influence on the sorption of Cr¥' have
S0, ions. In the presence of SO, ions at pH 4
the amount of captured Cr"' decreased by
234 - 510 % (Fig. 5-8). The greatest
deterioration selectivity to Cr’' was at this pH
on anion exchange resin Purolite A 830, high
selectivity to Cr" has Lewatit MonoPlus MP 64.

:P

o *
£ )
o Cr
E 30 Cr+NOy
=
o =& Cr+ CF
20 . .
—o— Cr+ SO2
10
0
0 6 12 18 24
Time [h]

Figure 5 Amount of captured Cr"' to 1 mL resin
Lewatit MonoPlus MP 64 in dependence on time
and coexisting ions at pH 4
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Figure 6 Amount of captured Cr" on 1 mL resin
Purolite A 830 in dependence on time and
coexisting ions at pH 4
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Figure 7 Amount of captured Cr"' to 1 mL resin
Purolite S 110 in dependence on time and
coexisting ions at pH 4
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Figure 8 Amount of captured Cr"' to 1 mL resin
Lewatit MP 500 in dependence on time and
coexisting ions at pH 4

By increasing the pH of the input
solution to 7 the adsorption capacity of ion
exchangers was reduced, but the selectivity
of the sorption of Cr increased (Fig. 9-10). It was
probably caused by the presence of Cr'' in
aqueous solutions predominantly in the form
of an anion HCrO, at pH 4, whereas at pH 7 the
CrO,* form predominates. At both values of pH
S¥' occurs in the form of SO,”. Exchangers
generally prefer multivalent ions rather than
bivalent and monovalent. For this reason by
increasing the pH to 7 competitiveness
of chromate ions with sulphate ions increased.
The presence of CI" and NO;s™ ions had little
impact on sorption of Cr¥' by ion exchangers
Lewatit MonoPlus MP 64 and Purolite A 830.

10

Cr
—— Cr+ S04+

0 6 12 18 24
Time [h]

Figure 9 Amount of captured Cr"' to 1 mL resin
Lewatit MonoPlus MP 64 in dependence on time
and coexisting ions at pH 7
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Figure 10 Amount of captured Cr"' to 1 mL resin
Purolite S 110 in dependence on time and
coexisting ions at pH 7

Cr
—8— Cr+ 80

lon exchange resin Lewatit MonoPlus
MP 64 achieved excellent results at the flow rate
of s = 10 BV/h (Fig. 11), there was also the
smallest continuous penetration of Cr at the
outlet of the column. When s = 20 and 30 BV/h
similar results were achieved. With Cr"' input
solution prepared from tap water and s = 10
BV/h the maximum breaktrough capacity of the
resin was 5.12 mg.mL™, which corresponds
t0 23.84 mg.g™ of anion exchange resin in the
free base form. Resin Purolite A 830 reached
relatively good sorption capacity (Fig. 13),
however, its regeneration has managed to
displace only 30% of the captured Cr. The reason
was probably quite strong interaction of Cr¥' on
DETA functional group.
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Figure 11 Penetration of Cr" ions from tap
water during the sorption phase on ionex Lewatit
MonoPlus MP 64, s = 10, 20, 30, 40 BV/h

Green color of Cr saturated Purolite
S110 resin  (Fig. 12) suggests that
aminomethylglucitol functional group probably
reduces Cr¥' to Cr"". For this reason it is possible
to assume that Cr penetrating column is in the
form of Cr'". In column experiments with this

resin there was relatively little ongoing leakage
of Cr concentration at the outlet of the ion
exchange column.

Breakthrough capacities of studied ion
graphically

exchangers are
Figure 13.

compared in

Figure 12 Comparison of color ion-exchange
columns after sorption Cr"'. A - resin with
trimehylamonium functional groups, B - resin
with aminomethylglucitol functional groups

11

30 4

E ¥ Lewatit MonoPlus MP
E 201 64

o H Purolite A 830

E

3 Purolite 5 110

10 -

B Lewatit MP 500

0
Cjyn=0.05 Mg.L*C,=0.1mg.L?

Figure 13 Breakthrough capacities of ion
exchangers at zero cycles with sorption solutions
of Cr' prepared from demineralized water
related to various chromium concentration limits
at output of the ion exchange column

CONCLUSIONS

Optimum pH for sorption of Cr"'
on studied ion exchangers was found to be
between 3and 4. Sorption of Cr'' was most
negatively influenced by SO,* ions compared
with CI" and NOj;". Lewatit MonoPlus MP 64
(dimethylamin and trimethylammonium
functional groups) was shown to be suitable for
repeated sorption of Cr''. Anion exchangers
Purolite S 110 (aminomethylglucitol functional
groups) had high breakthrough capacity, but
recovery ratio was only 87 %. Regeneration of
ion exchange resin Purolite A 830 (DETA
functional groups) was unsuccessful.
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CHAPTER 8

Polymeric sorbents for selective chromium removal

Ludék Jelinek, Helena Parschova & Michal Némecek

8.1 INTRODUCTION

While the problem of water contamination with chromium (Cr) is sometimes narrowed only to
the problem of contamination with hexavalent Cr species, the trivalent species are also important.
The main reason why attention is focused on hexavalent chromium (Cr(VI)) is its toxicity and
suspected carcinogenicity (Bagchi et al., 2002). Trivalent chromium (Cr(III)) was for a long time
considered to be an essential element for mammals, however, recent studies dispute this role (Di
Bona et al., 2011). Nevertheless, it is still used as a dietary supplement and its toxicity was found
to be very low (Staniek ez al., 2011).

Chromium-containing wastewaters usually arise from metal plating (Tenorio and Espinosa,
2001) and tanning (Balasubramanian and Pugalenthi, 1999) industries. Another source of Cr con-
tamination is processing of Cr ores (Geelhoed et al., 2003). Wastewaters from the tanning industry
contain 100-500 mg L~! of trivalent Cr which is accompanied by comparable concentrations of
Ca, Mg and Na cations (Petruzzelli et al., 1996).

Speciation of Cr in waters depends mainly on its oxidation state and the pH. With some
simplification, Cr(III), is present in the cationic form, while Cr(VI), is present in the form of
oxyanions. The speciation will be discussed in detail later. The high charge of the Cr** cation
allows its separation by means of ion exchange. Similarly, chromates, which are analogous to
sulfates, can be removed by anion exchange. The advantage of ion exchange, compared to the
commonly used precipitation, is the attainment of lower concentrations of Cr in the treated
water. In the case of alkaline precipitation, the residual Cr concentration in real solutions can
be at the mg L~! level (Almeida and Boaventura, 1998). Also, during the ion-exchange column
regeneration, solutions containing high concentrations of Cr are obtained. Depending on the
selectivity of the process, Cr species can be separated from accompanying ions, further improving
the reusability of the Cr solution.

8.2 TRIVALENT CHROMIUM

8.2.1 Speciation

The dominant form of trivalent Cr in water at neutral pH is its electro-neutral hydroxo complex
[Cr(OH);]° while at lower pHs of 5-6 it is the [Cr(OH)]** (Icopini and Long, 2002; Richard
and Bourg, 1991). Only at low pHs (<4) is hydrated Cr’* cation predominant (Fukushima
et al., 1995). However, in nature, trivalent Cr is commonly bound to humic substances, form-
ing anionic complexes (Fukushima et al., 1995; Icopini and Long, 2002). In a similar manner,
electro-neutral or anionic chelates with carboxylic acids, such as nitrilotriacetic acid (NTA),
ethylenediaminetetraacetic acid (EDTA) and citric acid are formed (Kornev and Mikryukova,
2004). These complexes usually exhibit color described as violet or purple (Cherney et al., 1954;
Hamm, 1953). Carboxylic acids are used in the electroplating industry (Vinokurov et al., 2005)
and such complexes can therefore be found in industrial wastewaters.

109
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As trivalent Cr can be present in solution in a variety of species of cationic, anionic or electro-
neutral nature, it is necessary to choose suitable sorbent and working conditions to achieve its
removal.

8.2.2 Ion exchangers

8.2.2.1 Strong acid cation exchangers

Strong acid cation exchangers (SAC) would be the logical choice for the removal of Cr cations from
aqueous solution. The selectivity of strong acid cation exchangers is based only on electrostatic
interactions. The selectivity coefficient of the Cr** cation is therefore close to that of Ca’*
(Bonner and Smith, 1957; Bonner et al., 1958). SAC are suitable for removal of target metal from
solutions, which do not contain an excess of accompanying cations (such as Ca>*, Mg?*, Na™)
that would compete with Cr. This is especially true in the case of polishing and reuse of rinse
water in the electroplating industry. In such cases, demineralized water is often used and there
are therefore only trace amounts of accompanying cations.

The strong acid nature of SAC enables operation at low pHs, so acidic waste waters can be
treated directly. The optimum pH for Cr(III) sorption onto the commercial SAC Lewatit S 100
was found to be 3.5 (Gode and Pehlivan 2006), which corresponds to the prevalence of the free
Cr* cation. In another article, which deals with sorption of Cr(I1I) onto SAC Indion 790, removal
of Cr(IIT) was constant in the pH range of 0.5 to 3.5, with a steep decrease of sorption efficiency
observed above pH 3.5 (Sahu et al., 2009).

8.2.2.2 Weak acid cation exchangers

Compared to strong acid cation exchangers, weak acid cation exchangers (WAC) show an ability
to form complexes with transition metal cations. The resulting bond is then a combination of
electro-static and donor-acceptor interactions (Snukiskis ez al., 2000). WAC prefer Cr(III) over
alkaline and alkaline earth metals, which are commonly found in water. However, a disadvan-
tage comes from the weak acid nature of WAC, which prevents them from operating at lower
(roughly < 4) pHs.

Removal of Cr(IIT) using SAC was tested on solutions similar to that of tannery wastewater. It
was capable of Cr removal but the regeneration was difficult. A novel method of oxidative strip-
ping of Cr(III) species by their oxidation with alkaline hydrogen peroxide was found promising
(Kocaoba and Akcin, 2004).

An interesting example of utilization of a weak acid cation exchanger is the use of a typical
mixed bed of WAC Purolite S 106 and the weak base anion exchanger (WBA) Duolite A7 for
removal of Cr from tannery waste water. Also, in this case, the regeneration of weak acid cation
exchanger loaded with Cr(IIT) was proven to be difficult. The WBA resin acted as an acidity buffer
and showed a synergistic effect on the column performance both in the sorption and regeneration
runs (Petruzzelli et al., 1996).

8.2.2.3 Chelating resins

The most common chelating resin having iminodiacetic acid (IDA) as a functional group behaves
similarly to carboxylic resins. Chelating resins are also limited by the dissociation of the functional
group, which is more complicated. The first carboxylic group dissociates at about pH 4, the second
carboxylic group dissociates at pH 7.4 and at an alkaline pH (12.3) the nitrogen in the IDA group
deprotonates (Cohen and Heitner-Wirguin, 1969).

The optimum pH for removal of Cr(III) by the IDA chelating resin Chelex 100 was found to
be 4.5 and the capacity of the resin calculated from the Langmuir isotherm was 0.29 mmol g~!
of resin (Gode and Pehlivan, 2006) The optimum pH corresponds with the dissociation of the
functional group and the speciation of Cr(III).

The same group of authors also investigated a chelating sorbent based on sporopollenin biopoly-
mer functionalized with bis-diaminoethyl glyoxim. However, its sorption capacity was about two
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orders of magnitude lower than that of carboxylic acid functionalized sporopollerin (Gode and
Pehlivan, 2007).

A composite sorbent based on polyvinyl alcohol, citric acid and chitosan was tested for Cr(III)
removal. The optimum pH for sorption was found to be 6. The composite was regenerated with
0.5mol L~! sulfuric acid and was reused (Zuo and Balasubramanian, 2013).

8.3 CHROMATES

8.3.1 Speciation

Chromates are similar to other oxyanions in group 6 of the periodic table of elements. Similarly
to molybdates and tungstates, chromates can polymerate at lower pHs and higher metal concen-
trations. The principal species existing in solution are chromates (CrO2 "), bichromates (HCrO )
and dichromates (Cr,027). Ina 0.145 mol kg~ solution of Cr(VI), chromates prevail at pH higher
than 6, while at lower pHs, dichromates prevail. In diluted acidic solutions, bichromates prevail
(Hoffmann et al., 2001). There are of course other species that can be encountered in industrial
wastewaters.

In solution with a high excess of chlorides and at higher temperatures, CrO;Cl~ species are
present. At a temperature of 150°C in a solution containing 0.01 mol L~' Cr(VI) and 5 mol L™!
of NaCl, CrO;Cl~ are the prevailing species between pH 3 and 6 (Palmer ef al., 1987). Such
species were also reported in hydrochloric acid together with the CrSO7 species that were found
in sulfuric acid (Haight et al., 1964).

8.3.2 Ion exchangers

8.3.2.1 Anion exchangers

Anion exchangers, both strongly and weakly basic, are commercially available with a variety of
functional groups and matrices (gel, macroporous, acrylate, etc.). Strong base anion exchangers
(SBA) interact with the anions only electrostatically and are able to operate in the whole pH range
encountered in wastewaters.

SBA having quaternary ammonium functional groups derived from trimethylamine are called
type I, while SBA having functional groups derived from 2-(methylamino)ethanol are called
type II. Type II SBA resin Purolite A 310E was found to be more effective than type I resin
Purolite A 600 for the removal of low levels (30 ug L™!) of Cr(VI) from water of mineralization
560mgL~! of TDS and pH 7.3 (Bahowick et al., 2007).

Chromate removal can be a very interesting application for nitrate-selective SBA. They are
similar to the type I but contain longer aliphatic chains (ethyl, propyl, or butyl) on the quaternary
ammonium functional group. In a comparison of chromate sorption from tap water containing
3mgL~! of Cr(VI), nitrate-selective SBA Relite A 490 with type I and type II anion exchangers,
the nitrate-selective resin clearly outperforms both types. Sulfates showed a stronger effect on
chromate sorption compared to chlorides. Regeneration was carried out using a reduction step
with sodium bisulfite followed by regeneration with hydrochloric or sulfuric acid. An accelerated
stability test, carried out at 50°C, showed decrease of the resin capacity loaded with a concentration
of Cr(VI) in the range of 10-23 g L~! to about 65% of the original value (Korngold et al., 2003).

Another type of suitable strong base anion exchanger is a quaternized poly(4-vinylpyridine).
These perform well and offer better resistance to oxidation than conventional poly(styrene-
co-divinylbenzene)-based resins. The most important feature of quaternized poly(4-vinylpyridine)
is its selectivity.

Weak base anion exchangers (WBA), which can also be also used for removal of chromates,
are produced with a variety of functional groups and some of them can contain several amino
groups to increase their capacity. Such ion exchangers, having multiple N donors in functional
groups, can form strong chelates with transition metals, such as copper, and can be utilized for
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their removal (Hudson and Matejka 1989). An example can be the weak base anion exchanger
Purolite A 830 with diethylenetriamine (DETA) functional groups. This ion exchanger has a
nitrogen content of 16.88% (Wolowicz and Hubicki 2012). Their main disadvantage is caused by
the necessity of protonation of the functional groups, which narrows the operational pH range.
On the other hand, this problem facilitates their regeneration.

Lewatit MP 62, which is a weak base anion exchanger with tertiary amine functional groups,
was compared with Lewatit M 610, which is a strong base anion exchanger (type II). Both anion
exchangers were capable of Cr(IV) removal within the studied pH range 3—5.5. Lewatit M 610
showed stronger affinity towards chromates (Gode and Pehlivan, 2005). Unfortunately, sorption
efficiency in a higher pH region, where the degree of protonation of the weak base anion exchanger
would play a role, was not studied. It should be noted, that some weak base anion exchangers
contain a proportion of strong base (quaternary ammonium) to increase swelling.

This is the case with Lewatit MP 64. It was compared to strong base anion exchanger (type 1)
Lewatit M 500, a high capacity weak anion exchanger with DETA groups Purolite A 830 and
Purolite S 110 with N-methylglucamine. The breakthrough capacity of a model solution con-
taining 5mg L~! of Cr(VI) was compared. As in the previous case, strong base anion exchanger
Lewatit M 500 showed the highest affinity (breakthrough capacity), followed by Purolite A 830,
Lewatit MP 64 and Purolite S 110 (which will be discussed in Section 8.3.2.2).

It is interesting that Purolite A 830 did not outperform the strong base anion exchanger. Adding
to its high capacity, it also obviously formed a very stable complex with the DETA functional
groups. This is shown by the regeneration attempt with 1 mol L~! of NaOH followed by HClI,
which yielded only 30% (Nemecek et al., 2013).

The dominance of strong base anion exchangers is shown also in another study featuring Lewatit
MP 64 and Lewatit MP 500, which is a macroporous variant of Lewatit M 500. Lewatit MP 500
exhibited 6 as the optimal pH for sorption. In the case of Lewatit MP 64 it was 5 (Pehlivan and
Cetin, 2009).

A natural polymer that can be classified as a weak base anion exchanger, chitosan, was also
tested for chromate removal. This polysaccharide, prepared by de-acetylation of chitin, is a close
relative of N-methylglucamine sorbents, which will be discussed later.

Cross-linked chitosan was compared with modified cross-linked chitosan as a sorbent for
chromates. Conditioning (protonating) of cross-linked chitosan with hydrochloric acid was proven
to be an important step in greatly increasing its sorption capacity. Modification of chitosan with
chloracetic acid to create carboxylated chitosan slightly increased its sorption ability. Substantial
improvement of the sorption ability of chitosan was achieved by converting the carboxylic groups
of carboxylated chitosan to amide with ethylenediamine, introducing another amino group to the
structure of chitosan (Kousalya et al., 2010).

In a recent study, chitosan was compared to activated carbon and carbon nanotubes. Its per-
formance was close to that of activated carbon and it outperformed both single and multi-wall
carbon nanotubes. After the sorption only about 2—3% of residual Cr was reduced to Cr(IIT) (Jung
etal.,2013).

8.3.2.2 N-methylglucamine

The N-methylglucamine (syn. methylamino-glucitol) functional group is commonly used for the
removal of borates from aqueous solutions, where it exhibits great selectivity (Parschova ef al.,
2007). It can, however be used for removal of metal oxyanions as well (Matejka et al., 2001;
2004; Schilde and Uhlemann, 1993).

The selective sorbent Wofatit MK 51 having the N-methylglucitol functional group was tested
for removal of various oxyanions of metalloids and metals (B, Al, Ga, Ge, Pb, V, Cr, Mo). With
respect to chromates, the authors state, that chromates “... show no tendency to form complexes
with polyols ...” (Schilde and Uhlemann, 1993).

The article, however, states important findings about color change during the sorption and
desorption, which it ascribes to the redox reaction. Unfortunately, no mechanism of such a reaction
is given (Schilde and Uhlemann, 1993). Also, a recent study states color change from yellow to
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green of chromate during sorption on sorbent Purolite S 110, which has the N-methylglucitol
functional group. Also, the recovery ratio for the sequential regeneration with 1 mol L~! of NaOH
followed by HCI, was found to be 87% (Nemecek et al., 2013).

8.3.2.3 Polypyrrole

Organic/organic composite, nanofibers with core-shell structure based on PAN and PPy, were
tested for chromate removal in the batch process. After electro-spinning of PAN nanofibers, PPy
monomer was polymerized on them. This material showed sorption properties similar to other
PPy-based materials. The amount of Cr(VI) species adsorbed onto the composite decreased with
increasing pH in the range of pH 2 to 5. Reduction of the Cr(VI) species to Cr(IIl) by the PPy
was observed (Wang et al., 2013). It should be noted, that in contrast to other sorbents such
as N-methylglucamine, oxidation of PPy can be easily reversed. It can be electrochemically
reduced/oxidized repeatedly (Weidlich ez al., 2001).

In the above mentioned study, the effect of accompanying ions was tested by additions of NaCl
and Cu?* and Ni?* ions. In the concentration range 0 to 0.1 mol L~! NaCl, the effect of increasing
ionic strength was only mild, decreasing the adsorbed amount to the 88.3% of the amount adsorbed
in the absence of accompanying ions. Cu?>" ions (and to a lesser extent also Ni2* ions) were taken
up by the PPy, decreasing the amount of Cr(VI) adsorbed. Due to the limited chemical stability of
the nanofibers, NaOH solution of rather low concentration of 0.01 mol L~! was found to be best
for the regeneration of the material. The reuse of the material was tested 5 times. The material
retained 80% of its original capacity (Wang et al., 2013).

Polypyrrole (PPy) was also tested in the form of composites with inorganic materials. The
sorption efficiency of a magnetic nanocomposite of PPy-coated Fe; O, decreased almost linearly
in the range of pH 2 to 11. In the regeneration of the composite with 0.5 mol L~! NaOH solution
only 14% of the adsorbed Cr(VI) was recovered. Unfortunately, this finding is not elaborated and
is in contrast to the proposed sorption mechanism, which is simple ion exchange of chlorides in
PPy™Cl~ for the Cr(VI) anionic species (Bhaumik et al., 2011).

Another study deals with PPy-coated palygorskite. The findings are similar the study dealing
with Fe;04 composite. The ion-exchange mechanism was in this case corroborated by the presence
of C1™ ions in the equilibrium solution (Yao ef al., 2012).

8.3.2.4 Bi-functional chelating exchangers

An interesting composite material is one based on silica having thiol and ethylene diamine triac-
etate as a functional groups. The thiol group acts as reducing agent while the ethylene diamine
triacetate acts as chelating moiety for the Cr(Ill) species. It has a big advantage over thiol-
functionalized silica. Interestingly, the optimal pH for chromate sorption is about 2.5 (Zaitseva
et al., 2013). It can be connected to the proposed oxidation mechanism of —SH moieties lead-
ing to strongly acidic —SO3;H functional groups. Similarly to other chelating cation exchangers,
it was difficult to regenerate the sorbent. Moreover, even if the regeneration is successful, the
regenerated sorbent will have part of the thiol moieties oxidized.

Another bi-functional polymer derived from cellulose-containing natural materials, containing
both carboxylic and quaternary ammonium groups was tested for simultaneous removal of chro-
mates and cupric cation. Citric acid, choline and dimethyloldihydroxyethylene urea were attached
to the cellulose backbone. The capacity of materials derived from soybean hulls, corn husks and
sugarcane bagasse was lower than that of poly(styrene-co-divinylbenzene)-based ion exchangers
but comparable or better than the cellulose-based ion exchangers (Whatman QA-52 and CM-52).
The authors state that the price of the modified cellulose-containing waste is 2.16 US$ kg~! and
therefore lower than that of commercial ion exchangers (Marshall and Wartelle 2006).

8.4 CONCLUSIONS

Selection of a suitable ion exchanger for each of the stable oxidations states of Cr represents
a compromise between selectivity, capacity, reusability, price and other factors. When dealing
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with waters containing low levels of other ions both Cr(III) and Cr(VI) species can be easily
removed using commercially available strong acid and strong base ion exchangers. They offer
high capacity, stability, easy regeneration and reasonable price.

In the presence of other ions, which can compete for the ion-exchange sites, we have to look
for selective ion exchangers. The negative side of high selectivity is the stability of complexes of
our target metal with functional groups of the ion exchanger or sorbent. It can result in difficult or
impossible regeneration. The resulting inability to reuse the sorbent increases the price of treated
water.

There is no ideal sorbent for Cr(IIT) or Cr(VI) in every water matrix, but there are plenty of
ingenious ways we can choose from for the removal of Cr species.
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Abstract: The mutual separation of (W, As, Mo, V, Ge, B)-oxoanions using resin
having methyl-amino-glucitol polymeric moiety from bimetallic solution was investi-
gated by means of dynamic column experiments. The effect of solution pH on the sep-
aration efficiency and on the co-removal level of metallic impurities was followed in
this study. The conditions for efficient desorption of metals were determined in order
to get the highly concentrated, impurities free solution suitable for recovery and
reuse of separated metal. Effective separation of molybdenum and vanadium from
boron or germanium and tungsten from arsenic was achieved.
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INTRODUCTION

Oxoanions of metals from the group (W, As, V, Mo, Ge, and B) can be
frequently found as contaminant species in various water streams having
high excess of accompanying anions (mainly chlorides and sulfates).

The mutual separation of metals is becoming very attractive, because it
enables the recovery of pure metals from contaminated water and their
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reuse. It is important to know that the co-removal of unwanted metals will be
very low in order to get the very high purity of separated metals which will
make their efficient reuse easier.

The mutual separation of some metal-oxoanions from other metals in liquid
waste streams was already studied previously applying such processes as precipi-
tation, solvent extraction (1), ion flotation (2) and standard ion exchange.
However, no reliable results have appeared in the literature yet, suggesting,
that none of these techniques exhibited selectivity high enough to achieve the
efficient mutual separation of metals from the group W, As, Mo, V, Ge, and B.

Especially, the separation of W from As—impurity was investigated
thoroughly by Matis using ion flotation (2). The As co-removal level by this
technique was found in the range of 10-20%. Separation of tungstate from
arsenate (or arsenite) is very important from the industrial point of view
because of wide applications of W in the manufacture of steel alloys,
catalysts, pigments, dyestuffs, and electronic parts (3) where the presence of
As compounds deteriorates the quality of products. The goal of separation
in this case is to recover the valuable tungstate anions in a pure As-free form.

Selective separation, i.e. separation efficiency and co-removal level, of
molybdate from arsenate was also studied (4) and was found similar to the
case of W-As separation.

The high co-removal of metal-impurities—in the level of 15-20%—was
always found, resulting in poor selectivity and economic impracticability of
these above-mentioned processes.

In this paper, the mutual separation of metal-oxoanions has been investi-
gated using a commercially available polymeric resin having methyl-
amino-glucitol moiety. This resin has been developed (5) for selective and
efficient sorption of borate anions from solutions rich in chloride and sulfate. It
is known (6-9), that metal-oxoanions form the coordination complexes with
organic molecules containing OH-groups (mainly variable saccharides). The
complex formation ability and reaction kinetics depend on the suitable steric con-
figuration of OH-groups within the saccharide molecule. Usually it is required,
that at least two OH-groups will be located at neighboring C-atoms. However,
complexation of boron with 1,3-dioles was also described (10, 11). The
stability of these complexes, which is responsible also for mutual separation effi-
ciency, depends also strongly on pH values. The optimum pH ranges for the
complex formation of various metals with methyl-amino-glucitol resin are
available in literature (6-9, 12, 13) (Table 1).

This methyl-amino-glucitol resin was also tested for the sorption of other
metal-oxoanions than borate (12—17), but mainly from alkaline solutions and
without any emphasis to achieve the quantitative removal of one metal from
bi-metallic solution, which is of vital importance for mutual separation of metals.

In our previous laboratory experiments it was pointed out (11) that the
kinetics of complex formation of metal-oxoanions with methyl-amino-glucitol
resin is fast enough to achieve the quantitative sorption of metals from
solution at proper pH by dynamic column experiment. Leakage of metals
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Table 1. Optimum pH-range
for diol-complexes of oxoanions

Metal pH-range
\% 2-7
W 1-6
Mo 1-6
Ge 6-12
B 7-11
As (V) 1-6
As (IIT) 9-12

during the sorption run is constantly below 0.1 mg - L™ '. The only exception is
arsenic, where coordination complex with methyl-amino-glucitol moiety and
other saccharides, as well, is very weak, the kinetics of complex formation is
very slow and, consequently, the breakthrough capacity is very small and the
leakage of As is very high at any pH values.

The mutual separation of metal-oxoanions using methyl-amino-glucitol
resin is based on very high pH-sensitivity to form stable coordination
complexes of particular metal-oxoanions with OH-groups of saccharide
molecules. From the data in Table 1 it follows, that for instance Mo will
not form the coordination complex in alkaline solution, while Ge is able to
form a complex in this alkaline environment. It means, that Mo will not be
taken up from the alkaline solution by methyl-amino-glucitol resin, while
Ge will be removed from this solution.

In order to achieve the efficient mutual separation of metals it is required to
apply a suitable pH value where one metal only will be removed from solution
quantitatively, while the other one will pass into the effluent. The quantitative
sorption of metals calls for application of dynamic column sorption.

The goal of this study is to investigate the effect of pH on metal removal
efficiency and, hence, the mutual separation of metals from bi-metallic
solution by methyl-amino-glucitol resin.

EXPERIMENTAL

This work was concerned with separation of oxoanions by methyl-amino-
glucitol resin Purolite D 4123 (Purolite Int., UK) having total N-capacity
1.2mol - L™ (Fig. 1).

All presented results were obtained by dynamic column experiments that
were carried out using synthetic metal solution containing 5 mg - L' of metal
ions and 500 mg - L™ of accompanying anions (chlorides and sulfates). The
specific flow rate of solution was s = 6 BV - h™'. Column inner diameter was
12 mm, bed volume was 30 mL and bed height was 26.5 mm.
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Figure 1. Structure of Ge-complex with methyl-amino-glucitol resin (Purolite D
4123).

Concentrations of metals were analyzed by ICP-OES technique (Perkin
Elmer Optima 2000).

RESULTS AND DISCUSSION
Metal Separation in Acidic Solution using Resin in the Protonated Form
The Separation of W from As

W-As separation using resin having methyl-amino-glucitol moiety in the
protonated form (Purolite D 4123) is demonstrated on Fig. 2. The pH
value of loading solution is 7.0. As the solution passes through the bed
of protonated sorbent, the pH value drops to the level of 4.5 as a
consequence of hydrolysis of functional moiety in the protonated form.
This pH is suitable for rather fast W-complex formation (6, 10) with

—o0— As

W, As [mg.L™]
w

esossssssrsassssnssaans?]

0 300 600 900 1200 1500
BV

Figure 2. 'W-As separation by protonated form of Purolite D 4123 (solution pH 7).
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glucitol moiety and, hence, for the quantitative removal of W from
solution. Leakage of W is constantly less than 0.1 mg-L~'. Arsenate
does not form under this condition a stable complex with functional
moiety of the resin (7) and therefore it is not sorbed from solution at all.
The concentration of As in the effluent is almost equal to that of the load
solution during the whole sorption run. The sorption run was terminated
at 1300 BV of treated solution, when breakthrough of W into the effluent
has appeared.

Desorption of tungstate was carried out using 10 BV of 1 M-NaOH
solution. The concentration of W and As in the spent regenerant solution
was 2600 mg - L' and 7.3 mg - L™, respectively. The concentration ratio
of As/W in the spent regenerant solution is only 0.28%, while the same
ratio in the loading waste water was 25% (W-20mg-L™'; As
—49mg-L7").

The arsenic co-removal level (in%) is defined as the total amount of As in
the whole spent regenerant solution (7.3 mg-L™" x 10 BV = 73 mg As)
divided by total amount of As passed through the resin bed during the
sorption run (4.9 mg-L~" x 1300 BV = 6370 mg As), which equals to
1.15%. Both these values show, that W of high purity is recovered and that
mutual separation of W from As by selective methyl-amino-glucitol resin
in the protonated form is more efficient than the above-mentioned
methods (As co-removal level by two-stage ion flotation (2) is, for instance,
around 17%).

The W-As separation efficiency of standard weak base anion exchanger
(Lewatit MP 62) is also very poor (Fig. 3). W was removed quantitatively,
but about 20-25% of As was constantly co-removed from solution, which
means that a high level of impurity would be found in the recovered W.

4,5

3,5

2 —0—As

W, As [mg.L"]

0 50 100 150 200 250 300 350 400 450
BV

Figure 3. 'W-As separation by protonated weak base dimethyl-amine anion exchan-
ger Lewatit MP-62.
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The reason for the low separation efficiency of this resin is the fact, that
complexes with oxoanions, responsible for separation, are not formed at all
on this kind of anion exchanger.

Based on the results, received with selective methyl-amino-glucitol
polymeric resin in the protonated form, it can be concluded, that also the sep-
aration of molybdates from arsenates, described in the literature as rather com-
plicated (4), can be carried out efficiently by methyl-amino-glucitol polymeric
sorbent in the protonated form.

Metal Separation in Alkaline Solution using Resin in the Free Base
Form

Mutual Separation V-Mo or W-Mo

Mutual separation can be achieved in neutral or slightly alkaline solution (pH
7.0-8.0) using methyl-amino-glucitol resin in the free base form only. Under
these conditions, V and/or W are removed from solution while Mo was not
sorbed (Fig. 4). Desorption of vanadate or tungstate is carried out by 1 M
HCI solution. The spent regenerant solution is Mo-free and contains high con-
centration of V or W.

In the medium acidic bimetallic solution (pH < 4.5) all these metals
(V, W, Mo) are quantitatively removed from the solution with leakage level
<0.0lmg-L~" by a protonated form of methyl-amino-glucitol resin
(Fig. 5). Under these conditions, the simultaneous sorption of both metals
from bi-metallic solution is achieved, i.e. Mo and V or W, but no separation
is taking place. Desorption of sorbed metals can be carried out by 1 M-NaOH
solution.

Mo, V [mg.L™"]
w

0 0000——O- or—0-0—=0—0—20
0 400 800 1200 1600 2000 2400
BV

Figure 4. V-Mo separation by free-base form Purolite D 4123 (solution pH 7).
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Figure 5. Simultaneous sorption of (Mo, V) from bimetallic solution by protonated
form of Purolite D 4123 (solution pH < 4.5).

It was found, however, that at still lower solution pH 2.0 some kind of
metal separation was observed (15): Mo is taken up by this resin in the pro-
tonated form while V fully remains in the solution. The reason for this
change in V sorption behavior is the conversion of vanadate anion V(V)
to the cationic form of VO** at very low pH (18). This VO*" species is
no more able to form complex with OH-groups in functional moiety of
resin.

Tungstate and vanadate oxoanions exhibited almost identical ability to
form complexes with saccharides and therefore their efficient separation
using methyl-amino-glucitol resin was not achieved.
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Figure 6. Mo-Ge separation by protonated form of Purolite D 4123 (solution pH 3.5).
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Figure 7. Mo-desorption from Purolite D 4123 by 1 M NaOH solution.

The Separation of Metals (Mo, V, W) from Ge and B
in the Bi-Metallic Solution

For the separation of metals in this system the methyl-amino-glucitol resin in
the protonated form, and in the free base form, as well, is efficient.

All metals from this group are able to form the coordination complexes
with methyl-amino-glucitol moiety of resin, but the stability of particular
complexes is highly pH sensitive. Consequently, the proper solution pH is
required to achieve the quantitative sorption of one metal only (while the
other one has to pass into the effluent), which will guarantee the efficient
mutual separation of metals in the bi-metallic solution.

It is known (10), that Mo, V, and W prefer acidic pH for complex
formation, while Ge and B require the alkaline pH:
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Figure 8. Ge-Mo separation by free-base form of Purolite D 4123 (solution pH 8).
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Figure 9. Mo-B separation by protonated form of Purolite D 4123 (solution pH 3.5).

a. atlow pH 3.5 Mo, V and W are removed from solution quantitatively and
with a high breakthrough capacity by resin in the protonated form while
Ge fully passes into the effluent with Ge co-removal level of 0% (Fig. 6).
Desorption of Mo and V from the resin by 1 M-NaOH solution is very
efficient (Fig. 7) producing concentrated Mo-solution which is free of Ge.

b. atalkaline pH 8.0 (and higher) Ge only is removed from solution by resin
in the free base form and Mo co-removal level is close to 0% (Fig. 8).
Desorption of Ge from the resin is carried out by 1 M-HCI solution.

In the case of Mo-B separation, Mo is removed from solution by the pro-
tonated form of resin at pH 3.5 and B fully passes into the effluent (Fig. 9).
Resin in the free base form at pH 9 is effective for B removal while Mo
fully passes into the effluent (Fig. 10).
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Figure 10. B-Mo separation by free base form of Purolite D 4123 (solution pH 9).
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Figure 11. Effect of pH on V-breakthrough capacity (limit concentration
0.1mg-L™h.

It is true, that V and W —oxoanions are also taken up by the free base form
of methyl-amino-glucitol resin, but only from neutral or slightly alkaline
solution (pH 7-8). Therefore, the efficient separation of vanadate and
tungstate from germanate in this pH range can not be achieved (contrary to
the efficient separation of Mo-Ge).

The stability of V (and W) complexes with methyl-amino-glucitol
moiety, and, hence, also the breakthrough sorption capacity, decreases with
increasing pH (Fig. 11). Consequently, the efficient separation of vanadate-
germanate requires the high pH of 10.5 where V is already not taken up and
Ge is still exhibiting a fairly high sorption efficiency with acceptable
breakthrough capacity (Fig. 12). Ge is displaced from saturated resin by
HCl-solution (Fig. 13).
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Figure 12. Ge-V separation by free-base form of Purolite D 4123 (solution pH 10.5).
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Figure 13. Ge-desorption from Purolite D 4123 by 1 M HCI solution.

CONCLUSIONS

Mutual separation of metal-oxoanions is becoming more attractive, because it
is a method enabling recovery of pure valuable metals from multi-metallic
waste water for reuse.

The mutual separation of (W, As, Mo, V, Ge, and B)-oxoanions using
resin having methyl-amino-glucitol moiety is based on very high pH sensi-
tivity of complex formation between OH groups of glucitol moiety of resin
and particular metal-oxoanion. Bi-metallic solutions were used and a proper
pH of loading solution enabled that one metal passed fully through the
column into effluent while the other metal was quantitatively taken up by
selective resin and subsequently was desorbed (by NaOH or HCI solution),
concentrated into the spent regenerant solution and thus recovered in a very
pure state. Very efficient separation of both metals was thus achieved.

Three groups of experiments were carried out and the following results
were found:

a. metal separation using protonated form of resin and solution pH 4.5-7.0.
It was found that this experimental condition is suitable for mutual separ-
ation of W from As. Tungsten only was removed from solution and
recovered in concentrated, As-free spent regenerant solution. Arsenic
was not taken up and passed into the effluent. No separation of
tungstate from arsenic was achieved using free base form of this
selective resin.

b. metal separation using free base form of resin with solution pH 7-8 (but
not higher !) is suitable for separation in the system (V, W)—Mo.
Molybdate requires the acidic pH for complex formation and therefore
remains completely in the solution. Vanadate and tungstate were sorbed
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by methyl-amino-glucitol moiety of resin, efficiently separated from
molybdate and concentrated in a regenerant effluent solution. During the
operation of this sorbent in protonated form, i.e. at pH approx. 4.5 means,
all metals from the system (V, W)-Mo were removed from solution, so
that simultaneous sorption but not mutual separation is achieved.

c. for the separation of Ge and B from (Mo, V, W) oxoanions both forms of
methyl-amino-glucitol moiety of resin can be successfully applied.

Protonated form will keep the solution pH around the value of 4.0 which
is suitable for sorption of (Mo, V, W)-oxoanions, while Ge and B passes into
effluent and is thus separated.

Free base form at solution pH around 10.5 (but not less !), will take up
Ge-oxoanion only (pH 9 is suitable to take up B), and all three other metals
(Mo, V, W) will remain in solution and are separated, because their
complexes with saccharides can not be formed in a such highly alkaline
environment.

Desorption of Metals

It was found, that all metal-oxoanions, investigated in this study, can be effi-
ciently displaced from methyl-amino-glucitol moiety of resin by NaOH or
HCI solution, concentrated in regenerant effluent and recovered as very pure
metals for reuse.
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