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Preparation of molecularly imprinted adsorbents

for selective adsorption of phytosterols
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ABSTRACT

This study emphasized on synthesis of stigmasterol imprinted polymer and adsorption
of phytosterols from a solution of sterol mix in heptane which will be used as a pilot study
for recovery of phytosterol from industrial wastes. The experiment is separated into two
parts including, firstly, the synthesis of polymers and, secondly, the evaluation of
phytosterol adsorption efficiency of synthesized polymers which percentage of phytosterol
adsorption and adsorption ratio of phytosterol with respect to stigmasterol will be
considered. In this study, poly(acrylamide-co-ethylene glycol dimethacrylate) (PAM) and
poly(2-(trifluoromethylacrylic acid-co-trimethylolpropane trimethacrylate) (PMAA) were
fabricated under conditions bounded by means of central composite design method (CCD).
The study indicated that the variation of crosslink ratio gave the greatest impact on
percentage of phytosterol adsorption. The imprinted PAM delivered a 37 percent of
phytosterol adsorption which was more than that of non-imprinted PAM, at 33 percent,
approximately 1.13 times. While the imprinted PMAA showed a 55 percent of phytosterol
adsorption which was higher than that of non-imprinted PMAA, at 42 percent, roughly 1.31

times.

Keywords: phytosterol, adsorption, molecularly imprinted polymer, oil palm
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sruuveIAnfeazn1sgaduaIneTen dloU3unas template wazdvhavane
\WasuwUas TneuSunes crosstink asfl Wiy (n) 2.5, () 3 wae (A) 3.5 mmol
gnsdunmgnduratilaaweseaiisuiunisgaduainunaneseaved MIP-A-STD
BunsusnaUnasuves (n) PMAA ldaenuuuaininanesea (1) MAA uay

(m) EGDMA

1A59a519989 TFMAA (418) way EGDMA (131)

1A598519709 PMAA

dunsusaanasuvas (n) PMAA ldasnuuu (1) PMAA asnluvaRninanesea
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JegarInaduameTeaTed PMAA aenuuUaRNINAneseaianITeng 9
Wiguiu PMAA laaenuuu (Fuuszaun)
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TaeU3unm template Asil iy (n) 0.1125, (4) 0.125 uag (A) 0.1375 mmol
srunuvasmmsgedulilnameseailiouiina template wagfvhavansideuly
Tnefiusunas crosslink asfi Wiy (n) 0.75, (¥) 1 wag () 1.25 mmol
dnsdumagedulnlaameseaiisuiunmsgeduainunameseaves MIP-T-STD
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1.1. anandunuazanudfyra sy

Inlnawmesen (Phytosterols) luasnguameseaiiluiiy fMassairsndronsiaainosea
(cholesterol) LLaz“zhEJamﬂﬁ@m%maLaaLma‘saaIﬂEJLawwmﬁm Low Density Lipoprotein (LDL) Tu
$umeayusld Jadnmilulduemadiegua  uenanilWlnameseadsanusatlulddy
ansmadulunsudaeldnanevia  winsduasedlilnaneseaseujisonedddunuauasy
g8 Saimsiaumeluladifieatnlnlnawmesaainitsing 9 11U wheat, rye, cereal, rapeseed
wazwalulaglumsihndulilnamesoasnnsalufudildarnuefdanaulunszuiunisnauiiy
whifu g dades Wudu  dwsuludssmdlnedshifinsanlnlnaweseadenisiisosnindn
NANYTNA

Usemelnefinmaudetnifudiduuianiiiensuilnanasldiduingivlunisuanlulefiea
Wud3unamnn  drdnouiamnnsidenisinens (esdnsuoy) $1e9uiilud wea. 2553 fins
nanlulefiganinds 45.04 dusiu Jsuszanalaindinsaladuundy (Palm Fatty Acid Distillate:
PFAD) fidunanassldannnsnduihdulidninduie 2.25 & wdu 9annsduaiisenunis
Fonuinsalutulduiilnlnamesea (phytosterols) ag¥osay 0.2-15 Tuagfunszuiunisuay
anmrlunianduihsiuindy Wuiidemeinsaluuddadndungjgninluldiduansdaiusan
grlunswdnlulefisa  msamuinszuviunsindulilnameseailolduszlovilugnaimnssy

pnshave A nuAuAduAsYgiansIslianuddg iz isiiugarnsalvduliduwagyili

¥ '
= =

nszvaunslassalunsudmirduuduuiqvsuaglulofiaieruduadaasgmanstaty @
mnfusenounsiidiladiatu masgilionvansulssanadithanganyugnaalulofeandls

nswdnlnlnawmesealuisUszmavilagnisiindulnlaawmeseasnninluiiuaingeame
f1¥anau (Deodorized Distillate; DD) Tunszvaunsuamiiuiumiesuiansidundn Tagih DD
uhuAsenvdsuduansusznouwiiaeames wazihlunduluiana (Molecular Distillation)
doriinanuduturediinawmosoaluwfiaeaned antudwmnnan (Crystallization) n3eadin
sheviazans (Solvent extraction) ileusnlnlnaimeseasen wimaluladfenalsiaanse
thanlduszgndlddunisusnllnameseasonainnsalasiuuiauls iesinnsalusuyidud
osfUsznaundndsnnnaalsufiinaniifudundes ussilyaiBonuisgenigamgdilldnnudn
lullpamesea

AuzdeinnAniziinsgadu-meduanlflumshndulilaameseannsalusiundy
desnnmsgasuilumaiafivanganlunisuenarsiifenudutuiluasazane il
Uixﬁm%m‘wsumﬂﬁzmum'ﬁ%%uagjﬁ’ummmmmiumﬂﬁaﬂ@m%’waﬁaaam%’uﬁﬁuazmm
gndrelunismedulilaawmeseasenainiaggadu

wadianisaenwuuliiana (molecular imprint technique) gnisntdlunisdunsiziians
gadunsefssFAseiifianudumizinnzasiuruin JUs1e uazdnvazvesluianaduuuy
(template) Inefanilsanansausnlolumeiiilassaiendrodunnlsogieiiussansnm - iy
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wdsdinmaifaniidaaneideisilutszgndldlununansdiu iwu mawenasdemaialagun
IansilvesnaIusednsninas (high performance liquid chromatography), N15¥11%n533m
(sensor), N13U"&@3e1 (drug delivery) <@

Nt Uradlunsduanesitaggeduiifianusumnazadunsidengadu
avsngulnlnainesealagliinaiianisasnuuulutana lnevaggaduidaaseildazgninly
AsRdRUANUANINIENIN WasnedeuUseansnmlunsgedu-aeduasnaulilnamesea

1.2. IngUseaeAvanIsivY

1.2.1. fFupseniangadulilaameseamematianisaoniuuluang
1.2.2. Anwdnswavestadelutunisdansizyt (synthesis parameter) Allnauszansainlu
nsgagu-medullnaneseavesiagaadunle

1.3. YAULYAVDINIFIEY

TN LATIZ poly(acrylamide-co-ethylene glycol dimethacrylate) (PAM)
way poly(2-(trifluoromethylacrylic acid-co-trimethylolpropane trimethacrylate) (PMAA) 1ag
léimadianisasnuuulaiana (molecular imprinting technique) tialgniuvesiangadu
duaneiilafianudnmzinzasivluanaveddilaamesealunseuiunisgadu uazaedulils
amosealaog1eiluszansain laslunisdansiziazusuiuasy dnda1uves monomer,
crosslinker, initiator Iumiasmaﬁﬁﬂﬂﬁﬁ%mwaﬁmaiim%’u, gaumgiiuagsreziialunisvin
UFATen 9ntuaziiTangaduiidansed dnneldaniazdne lunsadevaudfinnanienin
(vnoyMA, sz, YUIALATNINTEBUUIATEITNTY), autRvnaadl (myfilsdduiuans
lasaasamandl) uaznegeudsvansamlunsgedu-aedulilaawesealuaisazate 91a0s
(model solution) taeldyanaassuuny AulnArnglunisaadulilnawmeses, Sevavnis
ihndulnlnainesea uazAnisidengadullnaimesea Wisuifisuyssansainvesiand
dnesishomadeasnuuuluana (MIM) Aufaggaduidaaszsilaglald Tuanasduiuy (NIM)



1.4. J/aAiun133Y

miAfeiarduasgitagaoniuuluana (molecular imprinted materials: MiM) anefld
aneeng q 91ntudn MIM Flaludiaseiautanisnenin maedl wasuszansamlunis
thndulslnawmesen TneflseasBonnisiniiuau fil

- msduasziiagaenuuuluiana aviin1susullasy dndiuves monomer,
crosslinker, initiator luansagarsdmiusinujiseanedinelsady, sunglinag
sragIalunsiugisen
nyesgantAinimenn vilegldnisaadudanieninvenialulasiau (BET) 3a
Hufifad UMy PUIAFNTULAENITNTLBVUIATNTY LaENEDI9aNTIAIBIAANTOULUY
d03n519 (SEM) Invunnoynn
- autAmaeiiagimsiinsevingilsdduiinandassairamaaiiiag Témada Fourer

Transform Infrared Spectroscopy (FT-IR)
Usgansnmlunsiindulnlnawmesea asfinnsaunnisgaduuazaedullaanesealay
T¥ansazaiudnass (model solution) InsU3uitsuuszansainves MIM duiagily

anuutluiana (NIM) - n1sdwsenlsgansnnnisihnduihlagtiansazalonouuas
niamsgadusnmuiinalilpawmeseameiriosiinnzsiufalasinlangm (GC) uaglas
lansmlvesnaldsed@nsnings (HPLO) Aulrmiauglunisgadu (Adsorption
Capacity), f-ﬁwmnﬁaﬂam%’ﬂw‘lmamaiaa (Selectivity to Phytosterol Adsorption) wag
Spearn151ndu (% Recovery) lWlnaineasoa

1.5. Uselavinanninazlasu

1.5.1. asdmnufiferfunisdaasgiansmemaianisaonuuuliana asnsathluiamse
soslumsdauaszitaggaduiiieihnduansiniiyargeiinguld

1.5.2. idnwidrsalassmsiianuiiunsdaanesimsmnemaianisasnuuulinana uas
N3RRNLUUNTEUIUNSTINGUaTsAlmemATiaNTSaadu-Aedy

1.5.3. Ilnawmesoaiildfiyadigs Fudunmsifiuyacifuasasmandniifuliduneslulofioa
[GERRH
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2.1. ngunngaItas
2.1.1. Winamasea

TWlnawesea (phytosterols) uansuszneumnaiesessdmulufivinaiy laseadns
aderelaainesaiiiuamsnguaiesossdemuludnd Tassahundnveslilnamesealszneuse
23A5UBY 4 2aTensiofiu duyilsiFu (functional group) fie vflensenda tnnzagiisuma 3 San
(3B-hydroxyl group)

Inlnawmesenlusssumidoginetunansyin aftoglugUamesendase (free sterols) uay
msUsznouleamosvesainesea (sterol esters 3o steryl esters)  Ingaineseanioglugy Tn-d
Inamesoa (B-sitosterol), @fnunamesea (stigmasterol) wavwAuUanesea (campesterol) 1Hu
Ilnameseaifogiduiinasnnlusssnnd uasdouthunliusslovilugramnssuemsuazen

Illpawesoars 3  wlnfflassadmdnmiloutuynusens  uanssuillassadiones
mjaRaruneAuamivon fuanduguil 2-1-1 audhvedlnlnawmesoarisanuuandunsd

Y

2-1-1

HO HO HO

p-Sitosterol

Stigmasterol Campesterol

JUN 2.1-1 Tassasnsvadllnawmeseausiavseinm

M1519% 2.1-1 Aasandivesinlaaweseananiizuinggiv [1-3]

- maimaﬂa 0100 AVROULYRD | AINUAUILUY
ila gosluana \ “ " ,
(g/mol) @) @) (g/cm”)
B-sitosterol CaoHs500 414.71 501.9 139-142 0.970
stigmasterol Ca9Has0 412.69 490.4 161-170 0.953
campesterol CogHagO 400.68 489.5 156-160 0.980




2.1.2. MsdaunsziasiigIsasnuuuliana

[ Y

Janpedudnduasiflasasluanavuininguszneumemiegesruiadnsiuauuin

Faweusofumeiusemuail T3nsunmeluvuaiisiuiuaunn Jageadunliannsduasie

A o

shesl legnihanldiuasgaduiainiinmsgaduuuulsidimnzianzasieanslaasnis

msdunsziianmeiBuuuasnuuuliana (Moleculary Imprinting Technique) 18u
weadandsithanlfiofiurudimevesiigaduivansiifeanisgadu Tnehansiidesnisgadu
svhifuluanafuuuy (template)  wiadatigrldognanrwndunuiifesnseusunizves
lwana 1Wu mMsuenansegmadalasilans i mMsseujisenadl msvivihenaia @a [4-7]
wefatianansnUivanifuesesinenielu (cavities) vasTaggaduliianmlndifeaiuluanaves
ansfifesnispedulifeuunauaysuins uasuulihlunisadedunsiten Vaddnuzvesosind
1§ agguiuiussynaaiinarsunsitonssrindlasadswes faggadunaransiildifuluanafuuuy
(template) AutAkazANAINslumMsInd TaanaduLuLemeRwesAly  uennddsduiy
Sunsisensemrinsansiilulassaandniulianaduuuud Saufuaiinues cross-linker, §avi
avanefidentd warsuuslunsdauasient (synthesis parameters) i Aududuvesans (ulu
w3, Tanasuluy, cross-linker), aaungil wagszevialunsiunse (5]

SUAt 212 uansdumeundnlunsdunseimsdeisaenuuulianadmiunsdidansey
wodwesaonuuuluiana Msdansizsiazi3uain 1th monomer, crosslinker, template wagsaisy
UfRTen (initiaton) smaniufuansazans wdilviaufeunnansazaneiieliansviiufazendu
nanefunedwes anduSeinda template sanannedwedils

Msidn template sonanianaonuuuils o1avildlasnsldfmhasansuzeenvidewmn
la widesnnlneiluluanaduuuusiniduansifisnmunaaslasaimesianilderagniiane
Infledudaiueufoudunau  adoulimsveiesvhazaofiothnduluanaduuuuunly
lumsduaseilul andununsdunseiianasniuuliiana

fvhazarefideuldivasvde leun wudaueanesed (benzyl alcohol), maslslngdu
(chlorotoluene), Aaslsiuudi (chlorobenzene), watieoa (anisol), UMY (heptane) Wainng
Geonfivhazaredndusesmiifsautifivesiagaenuuuluanandnisiidaluanaduuuumelag
swsedligaydvantfinindengedusioansiidiosnis

Functional Polymer _
m?omer matrix Cavity
Removal of
Polymerization template
Template
Imprinted
Self-assembly inatedtal

[
[

JUN 2.1-2 Fumsun1sduasizvinediuesaaniuy (8]
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2.2. uAeNNgI1Ta9

frinunfliAdeinmsfnuimedwesasnuuuluanamsnguanoseasgtnausliynnin
Qiujin wazAme [9] FuiAsngvinedinesasnwuuluianaves 17p-estradiol lneld 2-
(trifluoromethyl) acrylic acid Wulaluwesuay trimethylolpropane trimethacrylate U cross-
linker waziiwedimasasnuuuiiduneililuldiiuiangaduiionsnarslunisiasies
ssdusznauluuselasinlansflveamaiszansniwgs (HPLO) wuindleldwedmesaoniuud
duanghagiiuszavinmanimedwesilildaenuuilinanalasvilyisusisvestasunlaunsuils
Faautuuaznanisdinseilamuuiugn  Kitahara wavane [10] dupasiwinediuesaoniuy
Tuanalaeltalaudululumesuarlaliawududu coss-linker ilosanwedmosndunsgs
nnalefunarlaliiaudull eruamuganiifinediweseindu dealdviludslunisndnsdu
\nIAMIFazMsduazvinedwesaoniuuliana aunsaUiuidsuanylumsdanszils
18 Kitahara uazAzlii1 cholesterol Fuuluanaduuuulusdsuuiiuiavesdanifiiaim
wyuneu uazilUldlumsazasvurinufizomedwelsiotu  wuimedwesaonuuudldd
ANud Iz assielalanaves cholesterol unndmediuesilsilsasnuuuis 5.7 wile
ilulfidutaggedulunediniuenasiioldinneidelasnlansfiveanassavsamgs

Jin Y. wagane [11] Na1309N150SEUNadilesasNkuUMmeIsNISessNLUUANAzNaY 1ny
monomer wazansiieslesilie TFMAA waz TRIM aaid iy Sumeuusnagaas monomer wag
asdeulondrieiiluesdlalulnsddadusihazans vimnduiafudussufiseady luid
#io ABN dunsusiosnansazansazgnvinliduslnedoufelulanaulnariudunan 5 wifl e
ﬂaﬁuaaa%muﬁmaﬁnﬂﬁﬁ'%mﬁumssm 9 1% ndanifuaglinudoutuansasy mmhua'mfw
Foungaumgiivindu 60 °C mmmsa‘ummu 190 rpm L‘LJ‘LJL’J@’] 24 s wedwosTiAnduay
LL%‘LAﬁ@ﬂ@ﬂMﬁﬁﬁ gany Intulzusniiunediuesoan fumeuaninefenisth Template aan
Tnmediusasnuuusdndsmsavamsimueaifimnududuisansaesdindosas 10 Ts
U3uws e 12 $alus vdemndudeseesalalulasduians dunm 2 $lus

Nor Azah Yusof [12] wazaniz S181uiansisseanedueiuuudad tuneuusnieayas
luiana 2,4-lalulasiifia (2,4-dinitrophenyl) Fa.9u template asludnines V&N T ULAY
monomer @15:doules LLﬁzﬁ’ﬁL’%NUﬁﬁ%m A9 acrylamide EGDMA wag benzoyl peroxide aslu
dnnes ndrntuiluldenmasefglulasawiung 10 uii wodwesfiAnduidnuaue du
fau Tuneuseutuanediuesdi template senlnun1samedweituasaraEIMLea-
nsaez@RnTifienututu 1: 2 aunin template agndtseenauvun

Duan wazAne [13] Anwidnsnavesiuuslunisdunsizinediuesasnuuulodlniuesa
Tuslaenildu (oligomeric procyanidins; OPCs) iinssiesuinanansaldiduansiueyyadase
16 wiilfinduusidemaieuszansamlunisgaduvesedimesasnuuy OPCs flanfenisaing
Wus¥sEWINe template War monomer fitunisduaszvnededanuuusndufiavdods
template Tisnsdumnniuwslunsdunsied oldwodwesiidnaszimuinnsasnuuuli
un  crosslink HuidudnuilstladefidvinadenuuduswesioritiiAinannisaeniuy Wy
Fudsidmusdugiiinevemediued wazldmtslumsfivaaumumudnatazanuiaios
vodlassarmediues fviazaneilldagvhmihdusanansilfasdauynaiauvhufizentu
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wazdafintihnlunisadrsgnguvemefiwesdniy egralsfinudinazaneifngadiniunis
dunsevinedwesaenuuuluananisesiluasiiitates wu Ingdu Wesnanulutivess

hazangenaluyhatedunsisensening template waz monomer (Wunavirliauaiunsalunis
\HongaduraInadileIABNLUUARAY

2.3. 1PNE15919949
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uni 3
A5 UUN15IVY

NuUIRBldLATIZAINOAeTaDNUUUARNINAWIea 2 wlla Ao polylacrylamide-co-
ethylene glycol dimethacrylate) (PAM) ez poly(2-(trifluoromethylacrylic — acid-co-
trimethylolpropane trimethacrylate) (PMAA) — msviaaesuuaiu 3 du Ao

(1) NSFWATILYNBALUDITABNWUY
(2) MFATITENURNIaN18A INLALLAL
(3) myladsyansnmnseadunazAeduaneTen

3.1. AsauATIZINALBTAINLUU

nsduATIEd PAM uaz PMMA vinlneds template monomer crosslink uag initiator
mufifvuen udnihsnazanelusnihazaeiguvnives dedunaldhansaraneduidoifieaiusis
vuaud Fatlouufalulasiawiioldennaeenannuzildlunisduasest (10 wif) anduie
feeBoagfinnuEiseu 220 rom (1 $alug) Wingamagilueiesvgndu 60 ssrnwaies way
UaeglvihuFAzemedwelaistuluieieavgnlunm 24 $alas  leasufmuanaudnimed
wosTldnuasensnuamsuazthludesedindu (250 ml) usnindusenanuswedwesiag
WiBwendiAn13250u 4000 rpm Wunan 20 unit Tnedsuazusntdesin 4 seu  Yikemed
wosildlueulumeuigumnd 110 sariwaidoa um 24 dalas

nsidnansisuiivdeludursunsduaneiuasluanafuuuuoaninnweduesils v
IﬂﬂUiiﬁgwaaLuagadiusqﬂ reflux ﬁUi’iﬁ;miazmﬁ acetonitrile : water : methanol : acetic acid
(Sns1dam 85 : 9.9 : 5 : 0.1 IagU3uns) iunan 48 dalus

3.2. N199NULUUNITNAADY

31971 3.2-1 uansensiediildlunisdansiesdt PAM uaz PMAA - annrlunsdansizsign
VLT INNANITODNLUUNSNARBIRIEATS central composite design (CCD) Tneiisuaunsying,
NIMAABITIAN1IFANATTIINAY 3

AN57 3.2-2 waransnadl 3.2-3 wansdndniildlunisdaaseiansiiangiidunein
35 CCD 993n1589LAT1Z% PAM Wag PMAA snudndiu  nsdainsizinedmweineisunilagliasn
wuulaanasggniinneldaneieiulagliduluanasuiuy WeSsuiiivuiunedesi

dupsgsimeisluanaaoniuy



M5197 3.2-1 @SRl lunSEATIER PAM Lay PMAA

Component PAM PMAA
template stigmasterol
monomer acrylamide TFMAA
crosslink EGDMA TRIM

initiator benzoyl peroxide
solvent acetone

AN 3.2-2 DRS1EUNTIUNTEWATIZI PAM Aneldaniiefnviualaeg CCD

o, monomer crosslink template solvent initiator
(mmol) (mmol) (mmol) (mU) (mmol)
1 1 25 0.15 5 0.32
2 1 3.5 0.15 5 0.32
3 1 25 0.25 5 0.32
a4 1 3.5 0.25 5 0.32
5 1 2.5 0.15 7 0.32
6 1 3.5 0.15 7 0.32
7 1 25 0.25 7 0.32
8 1 3.5 0.25 7 0.32
9 1 2 0.2 6 0.32
10 1 a4 0.2 6 0.32
11 1 3 0.1 6 0.32
12 1 3 0.3 6 0.32
13 1 3 0.2 a4 0.32
14 1 3 0.2 8 0.32
15 1 3 0.2 6 0.32
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AN 3.2-3 DRSEUNITIUNTERATIZ PMMA neldaniieimuuniag CCD

o, monomer crosslink template solvent initiator
(mmol) (mmol) (mmol) (mU) (mmol)

1 1 0.75 0.1125 12,5 0.0852

2 1 1.25 0.1125 12.5 0.0852

3 1 0.75 0.1375 12.5 0.0852

a4 1 1.25 0.1375 12.5 0.0852

5 1 0.75 0.1125 17.5 0.0852

6 1 1.25 0.1125 17.5 0.0852

7 1 0.75 0.1375 17.5 0.0852

8 1 1.25 0.1375 17.5 0.0852

9 1 0.5 0.125 15 0.0852

10 1 1.5 0.125 15 0.0852
11 1 1 0.1 15 0.0852
12 1 1 0.15 15 0.0852
13 1 1 0.125 10 0.0852
14 1 1 0.125 20 0.0852
15 1 1 0.125 15 0.0852

3.3. MangadandAvaanafiuasasnuuu

é’ﬂwmsgﬂiﬁumzﬁuﬁmaﬁa@gﬂmwi’mﬁwwﬁ'aq scanning electron microscope (SEM:
EVO®MA10, ZEISS) fifidavene 500 way 20000 win tneldiadslng (extra high tension voltage
level; EHT) 15.00 kv

vyjilsdtuinandasianonaniiinsziloomadn  fourer  transform  infrared
spectroscopy (FT-IR: IRPrestige-21, Shimadzu, Japan) 1dfns1aialuyu MiRacle ATR (PIKE

Technologies, Inc.) 7 resolution WinAu 4 cm’?

3.4. NMIpAduENRIaR

nsgadukuungilaginsguasarasamesealuelinu (600 ppm) Usums 20 ml Tu
1agUray (50 ml) udufusgeduadumsarans Gevay 1 Taendn)  anduiiluaeily
incubation shaker FsauAugamMIlviasiviiAy 30 ssrwaies Tmnusseulunsivel 220
rpm leasu 6 Flus Fufushegasazangltimszimanududuanesealuasazane

NMTIATIZRALTLTUYRIANaTOAlUA 1 TaYaY Flnewmaiaufalasnlansngden
asviauuuanlooslulwdu (gas chromatograph with flame ionization detector; GC-FID)
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Uszdvdnmvesinadudsziiiuain
(1) Sevarawmeseanignandy (%Adsorption, aun1si 3.1-1)

W, W,
9% Adsorption =———— x 100% (3.1-1)

w A0

(2) AuRUeIiIAgy (Adsorption capacity, aun1sil 3.1-2)

Wao™Wa
9= (3.1-2)

A
v \Hacsarbent

(3) dadhudsnunmsgaduameseaiieuiuliinanisgaduainunanesea (ratio of
sterols adsorption and stigmasterol adsorption, @un159 3.1-3)

% Adsorption of phytosterol
Adsorption ratio = (3.1-3)
% Adsorption of stigmasterol
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uni 4
NaNISNAAILAZIRTa

mATelduasinedwedasnuuuainnamesea 2 wla Ao poly(acrylamide-co-
ethylene glycol dimethacrylate) (PAM) ez poly(2-(trifluoromethylacrylic — acid-co-
trimethylolpropane trimethacrylate) (PMAA) Tuunfl 4 Fraredunenanisnnasuenausiaes
Wodluesiaazyin

4.1. Poly(AM-co-EGDMA); PAM
4.1.1. auUAvad PAM

PAM fidaaszlfiduresudednn Tanvaslunauds ldaraelubuaneumy usgagy
hlddnn Wedudatunnutuluvssenefigumgiviosns fusiududon

U7 4.1-1 (n) wansdunsusnanaiuyes PAM filiiaenuuy it dfaAaTuiidums
3460 cm'!, 1730 cm, 1400 cm™ wag 2960 cm™ [9] Fevisuondeiuszlumnyielus Ae Wusy N-H
sy C=0 fiusy C-N wazstuszlunyiefia léun Wuse C-H mudfu Fsanansaoyanuinin PAM
Juuda 1flesan Nor Azah Yusof uageme [7) sneauiiBunsnsaawnniuves acrylamide
monomer AxUsINgfAvaiusy C=C fisumis 1600 cm® faguil 4.1-1 (A) WWuFeIiuR Jin Y.
uay Ay [6] MenuidunsusaaiUnniuues EGDMA azUsngiiavesiuss C=C fisuia 1637
em’! faguil 4.1-1 ()

5o acrylamide monomer uay EGDMA Fsfllassaiasiaguil 4.1-2 a¥afusziuAndu
wediosuda Wuszafivanednudnevas acrylamide monomer warfiUaneisansiiuyas EGDMA
wswiuAndulassaiesnaundguil 613 shliuszgmeld  Wusaliliausaszyiinves
sy C=C fisuss 1600 cm™ Tuguil 4.1-1 (n) 14t

gﬂﬁ?‘i 4.1-4 (V) wanadunssAanesuves PAM aenuuuainunawesea agiiuiniiia
Aeduisumia 3060 cm™, 1730 cm™, 1400 e uag 2960 cm [9] Fevsvendsituselumyio
L fie Wuse N-H fusy C=0 Wuse CN uaziiusglunyiedia loun Wusy C-H aud1dy usdaed
ALANENaN PAM filsiaenuuuluveuivaauenirduil 2060 cm™ Saduuinuiifiaiuans
fausy C-H wudatunidunsusaanasines PAM liaonuuulugud 4.1-4 (n) 1Wesanilduns
Aemesanuawmeseatunediwesifiaturilinuiusy C-H anniu
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% transmittance

350 -

300 _m -w
| , (n)
N-H GH
250 - 3460 2960 =0 GN
1730\ 1400
200
| ()
50 2959.18 1716.58 1637.09
1144.68
100

(A)

C-H stretch
2802 cm™’

50 4 NH2 stretc

i N-Hoop
0 l 1 l cm’ 1 ‘ 1430cm™’ l 704f:rq"
4000 3500 3000 2500 2000 1500 1000 500

wavenumber (cm™)

gﬂﬁ 4.1-1 dunsnseaunasuves (n) PAM liaenuuuainunanasea (v) EGDMA [6] wag (A) acrylamide monomer [7]
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JUN 4.1-2 1A53@319984 acrylamide monomer (#18) wag EGDMA (¥37) [10], [11]

HaN HoM

8] ]

4 0
o) NH 4
NH,
0
0
D \_\
0
0 0

U7 4.1-3 Taseadraves PAM [12]
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%% transmittance

250 w

(n)

N-H C-H
200 3460 2960 c=0 GN
1730 1400
N\
160
100 —-’—““\-W-/_'_’\f R ()
N-H II /
50 - 3460 o =0 N
22al 1730 1400
\
D 1 1 1 1 1 1 1
4000 3500 3000 2500 2000 1500 1000 500

wavenumber {cm™)

JUN 4.1-4 Bursusaanasuves (n) PAM lilaeniuvaininaimesea (v) PAM aanuwuuaininaineses
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SUT 4.1-5 () wamsnmeneitufiaves NIP-A firhdsenewiifu 500 wh asfuieyaemes
PAM #ildsmsiudunguiou linseaednnn wagivunveseyniasewing 10-150 luasou 5u
7l 0.1-5 (@) uansameeiuRaves NIP-A firndwenewidy 20,000 wh aunduimeduesilats
wyunelumnalngjnszaneeginld Tnsswsuslvuiaidnndn 0.5 luaseu egluuszinn macropore
MANATIYBITEUY IUPAC [13] Ul 4.1-5 (a) wansnwEneuAaTes MIP-A-STD fifidsene
whifu 500 wh it Snuasvemediuesiinisnszaefniy LAZHTUIATDIDUNIATEN TN
10-150 luAsou  JUT 4.1-5 (1) wananmeneiufaves MIP-A-STD fifidswenewinfu 20,000 wih
wiiuimelusyniaves PAM fignguvuisluajnszaiseginly uazdnwazvesgnsuiinnuagusy
Yoas vuAvesgNUAdIERyY NIP-A fimdseneifeadu ud MIP-A-STD fllwsswun 2 luasey
Wity Feuanssedydnual (A)

$Ufl 4.5 Hufvesmedwesiitidmeiesad (n) NIP-A fdsens 500 wih (1) NIP-A fdsens
20,000 Wi (A) MIP-A-STD n&9ae1e 500 Wi (8) MIP-A-STD Anaswene 20,000 LN
(EHT = 15.00 kV)
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4.1.2. ﬁwﬁwa%mﬁmﬂﬂumié’aLﬂ‘mzﬁsiaﬂsz?m%mw’[,umi@,ﬂifuamasaaﬂm PAM

SU#l 4.1-6 LLamiaaavﬂ'ﬁmmual,masaammwaaLuaiwmLﬂiﬂvwmﬂmamavmq 7 9ngd
aufuditinames crosslink fann (iU MIP-A-0) avdawalidosazmageduaineseageiu il
lovn crosstink TuUBinaitmneausetaslneduwesimeiiosuasufusenniy Tusosi
N9kt template (MIP-A-12) laldsnasiodosazmigaduameseauntn fiduduioradumse
Ui template fillumsdansesigaiuninifaauainsalunisasniuuasuunedieiudn

50.00
45.00
40.00

300 -~ R
30.00
25.00
20.00
15.00
10.00
5.00
& 2 b'\qu@o/&,\}\,\,/@
&

% Adsorption

0.00

\9 ]

Conditions

gﬂ fla1-6 sasJaumsm%umaﬂﬂimamasaamm PAM a9nUuUUaRNINELnBs0aidn1I8mIe 9 WigU
AU PAM "Lmaaﬂwuu (FUUTTELAY)
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4.1.3. N15IATIZARANISNAADITIANH

HanIAaaslailaiindensrutuuaniaNduiusserIsaesulsle 9 agvild
N3uUdnSnavesaesLUTiudeTerarn1sgatuaineseald AereduteTeasidunsialudsll

answavasuUsuad crosslink #as template

gﬂﬁ 4.1-7 (n) LLam'ﬁzmwaﬁasJazmi@m%’uamaiamﬁaﬂ%mm crosslink wag template
Wasuld TaefiUnamesiviazaisasiivindu 5 ml mﬂg‘u%Lﬁulﬁ'jmmﬁm%mm crosslink
ylifesarnsgaduawmesoaiindy wimaiiuuTina template awvilifesarnmsgaduainoson
s ﬁm%’uszmwaﬁaaasma@m%ulﬂimamaiaaLﬁam?ﬁ'ammaqﬁmmm crosslink Lag
template Wleldfvhazansasiiyindu 6 ml uaz 7 ml uansfaguil 4.1-7 (@) wag (A) mudu 9w
Fuinamesivharaeiiiuiuhlitesarnsgaduaneseaifindu

answavasUsuias crosslink uasdaviasae

gih?i 4.1-8 (n) LLamizmwaﬁaaazmi@@ei'fuamasaaLﬁ'aﬂ%mm“uaﬂ crosslink uagdvi
avanewUasuly Tneusunawes template AsTIAU 0.15 mmol wuinnnsyiiny3unas crosslink v
I¥erarnagrduamosoaiisdy  duvhinasivhasaneinanesosazmageduanasoaiiios
intoy

gﬂﬁ 4.1-8 (v) way (A) LLamizmwaﬁaUasmiaﬂ%’uamaiaaLﬁ'aﬂ%mmmaq crosslink
warivhazaredeuly TaeUsuna template AsTIAY 0.20 mmol way 0.25 mmolauasiu
wiiuiUinumes template Mifsduriliiosaznisgaduainosoaanas

ansnwavasUsuial template UasAIviIazanry

U 4.1-9 (n) wansszuuvesrnsgaduiliouinas template uaz fviazanetasuly
TneUsunaswes crosslink Sasiitiiifu 2.5 mmol wuindSunames template fidesaciaiiium
ﬁﬂﬁ%’aaazﬂﬁ@jm%’uamaiaaLﬁm%ﬂm%LLUsﬁuﬁUﬁaLLUié’miwﬁﬁu6‘] SouTunasvhazany
dutuarlifesarnisanasasiilnanosoaifisdu

U 4.1-9 (@) uae (A) wansszanUYesAIMIgRduilaUiina template wazdhazane
wWasuld TnsuSua crosslink fasiivindu 3 mmol uag 3.5 mmol madiu wuidleUsuna
crosslink Wisduazhlisosaynispaduameseaifiniu

19



%o Adsorption

Crosslink [mmol]

%o Adsorption

Crosslink [mmol]

Yo Adsorption

Crosslink [mmol]

JUT 4.1-7  58U1UYRIAIN1IRRTUALNDTER WauTun crosslink wae template Wasuwlas Loy
YSinausiiinagangasil v (n) 5, (1) 6 wag (A) 7 ml
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U Adsorption

8
Solvent [mil]
Crosslink [mmol]
(v)
325
% Adsorption 30.0
25 3
Solvent [ml]
Crosslink [mmol]
(@)
1% Adsorption
8
Solvent [ml]

Crosslink [mmol]

JUT 4.1-8  ssuuenfeaznisgaduanesen 1eUsuna crosslink wazvhazaneUfsundas
IneUsuuues template i Wiy (n) 0.15, (4) 0.20 waz (A) 0.25 mmol
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Yo Adsorption

Template [mmol]

(v)
U5 Adsorption
8
Solvent [ml]
Template [mmol]
(A)
U Adsorption
8
Solvent [ml]

Template [mmol]

JUT 4.1-9  syunuvesAsegasMsgaduawesea  Lelsina  template  wawdhavane
Wasukuas tnausunas crosslink @yl windu (n) 2.5, () 3 wag (A) 3.5 mmol
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answavesdwmslunisdunsizinaisanadnsidiunsgady

U7 4.1-10 uansdmsndrumigatuvedllaameseaiiivuiunsgaduainunanoseanes
MIP-A-STD wui1 maidengeduanslaanswilsliunnssfiuanniin insglassainsesansiigngady
uanssiutiossnn wedwesiduasesildmeldannedufnanmeinssuiiunliusudeiug
7l 3.2-10

dothuanismasesiiliimualuinseiideiffioatsuuudiaes avamsovungld
99131d71UVD9 monomer : crosslink : template : solvent Wi 1 mmol : 3.5 mmol : 0.3 mmol
: 7 mUfusanduivanzaiian (optimum) lumsduaszinedmesaoniuy PAM daazlizes
azmsgaduaeseaIniged 37 Andu 1.13 wiwes PAM liaenuuy

1.00
0.80

0.60

Adsorption ratio

0.40
0.20
0.00

Campesterol Stigmasterol Beta-Sitosterol

Component

JUT 4.1-10 Sasrdunsgaduvedlilnameseaisuiunisgaduainunamneseaves MIP-A-STD
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4.2. Poly(TFMAA-co-TRIM); PMAA
4.2.1. duUAVD9 PMAA

PMAA fidainsnzlfidurosudednn ddnwambuneuds llazaeluthuasisn andu
il Wedemslilvidutatuanudulunssenafigamnitess fududuteutig udtesniiPAm

gﬂﬁ 421 () uansdurlssnanaiuues PMAA fildaenuuy asduhdifiefietud
fumis 1710 e, 2960 cm waai 1400-1000 e [9] Fevsueniisiusy C=0 Tumyjansuen
%80 waviiusyluvgiofia léun Wusy C-H wawiusy C-F Saduasusznoungeslsdnudsiy e
AUINIUNUINAA PMAA Puuda 1osnin Jin Y. uazany 6] Meruindunisisalnauves
MAA azUsIngiiavesiusy C=C fidumiis 1632 cm™ uay Bunsisaaunp$uues EGDMA g
Usngilevesiusy C=C fisumis 1637 cm™ §aguil 4.2-1 (@) way (A) Audsy

5o MAA war EGDMA Fafilassadradaguil 4.2-2 \Aaidunedeiudy Wuszgiivane
Fudneves MAA uagiilanevisaesdures EGDMA agsafuindulassadisaundgui 4.2-3
vilviuszgumely Wunalillanunsassyfinveiuss C=C fisums 1600 cm® Tuguit 4.2-1 (n)
Iethues

mﬂgﬂﬁ 4.2-4 () wandulsnInaunaiuues PMAA aenuuuaRnunawmesen sl
fiafsduiidiumisdl 1710 cm™ 2960 cm” wagtae 1400-1000 cm [9] Fevsuondeiusy C=0
uazwusyluvfiofia léuA Wusy C-H wagiuss C-F Judluasuszneungeslsdnudidiu asfianny
UANAT9IN. PMAA luveuwammemnaudl 2960 cm? Faduinadifinfuandeiuss C-H
wuatundnBurisusnaunatuves PMAA luaaﬂLmuamﬂmamaiaaﬁluiﬂm 4.2-4 (n) WWlesandl
Sunsieesanunawmeseatunedimesifiatu vilsiwuiusy C-H anniu
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% transmittance

300 """ (n)
S
250 - &0 1710 CF
2960 \ 1400-1000
()
150 - 2962.57 297963  1689.6. | 163256 120171
100 ——
()
- 2959.18 1716.58 1637.09
1144.68
0 T 1 I 1 1 I
4000 3500 3000 2500 2000 1500 1000
wavenumber (cm™)

SUT 4.2-1 Bususeadnasuues (n) PMAA lslaenuuuaininainesea () MAA [6] uag (A) EGDMA [6]
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O
HEC%
OH %—(O\/\O
o

CF3

U7 4.2-2 Tasaadnsves TFMAA (419) wag EGDMA (¥27) [14], [11]

JUN 4.2-3 Ta59a319v89 PMAA [15]
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% transmittance

250 A

100 -+
C=0

(n)

I C=0

1710
C-H C-F

2960 \ 1400-1000

50 - ! 1710 i
C-H
\\\ 1400-1000
2960
0 I I 1 I I I 1 1
4000 3500 3000 2500 2000 1500 1000 500

3
L]

wavenumber (cm™”)

U 4.2-4 dunsuseaunasuued (n) PMAA luasnuwuuainuidinasea (U) PMAA aanwuuaRnua@nasea
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Ul 4.2-5 (n) wamsamdeiuRaves NIP-T fifidwenewinty 500 wh iulé
dnwaizres PMAA finsnsyaned uaziivunaveseyniaseming 10-100 luasey U7l 4.2-5
(4) uansnmeeiufaes NIP-T fifndsenewinty 20,000 wh whldi ANV UBITNTY
melunediwestivualgnszansegimly vavesgnguiesndn 05 luaseu wwuinasi
99530V IUPAC [13] udifiansanindugnguiuu macropore  5Uf 4.2-5 (a) wansnnang
fufnves MIP-T-STD fifdsenewintu 500 wh asdiuidnunsvemediuesinisnszane
fannTu uazivunaresouAsEring 10-150 lueseu U 4.2-5 (5) uansa e
99 MIP-T-STD fifdsvenewinfiu 20,000 i Wiulédn dnwazveswesgnsunslunedues
fvunslvginszaseginly wazdnvazvesgnuiiamuvgseliosas vuinvegnuad ety
NIP-A Fifdsvenedioat us MIP-A-STD §iwssuwn 4 luasouiiviu Suansedudnuel
(A)

()
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3
U

i

1l

¥

4.2-5 fufvemediesimdmenssing 9 () NIP-T mdwes 500 wih (@) NIP-T
AN899878 20,000 11 (A) MIP-T-STD nasuene 500 1 (9) MIP-T-STD Andsvene
20,000 11 (EHT = 15.00 kV)
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'3 ] 1

4.2.2. answavasdulslumsdunasizvindwanianisgadusainasaavas PMAA

Ul 4.2-6 wans¥esazmIgatuaneseaves PMAA fidauaseineldaniizsing o
MnguaziuiSnamen crosslink fifesas (1Wu MIP-T-9) dwaliesazmsgaduanesea
s FJomneauinsiluenaves  crosslink  wnfuluasdnvinensiindunsizen
523379 monomer way template dwalinisasnuuuidulusgnsldanysal wudeaiunis
anUsIaIazaneas (Wu ey MIP-T-1 fu MIP-T-5) azdwmalnsesasnisanasvedlilng
weseaiiuty  asandinarmeiinasomavuaesgnguremediues  Temerianiy
iasguilddaased PMAA enalivSinamesiuhazanesnnifull dsualdgnguiivulsl
wanzauiuluanavesnlaamesea idoanUSnasvihazasasiaiuimeduesd
Uisﬁﬂ%quﬁu

50.00
45.00

40.00

35.00
30.00
25.00
20.00
15.00
10.00

5.00

NV D * 9 o A 2

% Adsorption

0.00
Conditions

JUN 4.2-6 Soazn13nnduameIeaTes PMAA aaniuuaRnuawmeseananidgng 9 ey
U PMAA lalaanuuu (WEuseduna)
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4.2.3. N15IATIZARANISNAADWTIEDH

diethdeyaiildumasnszuiuiiuansanuduiudsevniniulsaesiwusazyili
N3UBNENaveIMUTIARaTosazn1InAdUAmaTER AIraSUIETIwazIBYAlARIl

answavasUsuiad crosslink 4as template

mﬂgﬂﬁ 4.2-7 (n) LLamixmwaﬁaaasmi@m%’uamaiaalﬁaﬂ%mmsum crosslink
war template WasUl IneUsunaesiviazatensfivindu 12.5 ml wuinu3una crosslink
Pt liTesazmigaduainesoannas dauUIinuves template FfisTuasinlisesas
ms@msﬁuamasaalﬂuﬁu U7 4.2-7 (3) wae (A) wansszuluvesiesaznsgaduaesealile
U3uas crosslink uag template Wasuly TnsUsinamesivhazaiendiviifu 15 ml was
175 ml sy angleziiuinmsfisuTinasuhazaieliievaznisanaswesan
p3eaLiLTY WInEdnsELTUSINa crosslink Toe wazU3una template i

answavasUsuial crosslink uasdavinasaie

mﬂgﬂﬁ 4.2-8 (n) LLamizmwaﬁaﬁJazmi@m%’ual,maiaat,ﬁaﬂ%mm crosslink wag
fvhazatadsuly Tneusina template AsTindU 0.1125 mmol wu1 U3uias crosslink
fianas iliferarnispaduamesoaiiady dutiinumesinhasarsfiuiniy dwaliies
azmiam%’uamaiaaLﬁuﬁumﬂﬂmh*d%mmmaﬁhv‘hasmaﬁﬁaaaq SUT 4.2-8 (v) uae ()
LamssTUNUTRsieEarsgaduamaseaLloUTINM crosslink wagdhazanewdsuld Tng
U3uas template AITiAU 0.125 mmol wag 0.1375 mmol muddu aewiuinuiua
template fifsduilisosazmanaduamesenanasegadfiulddaludnsainyiina
crosslink tos  widsmaliSosazmanaduresaweseaindudntoslusnmaiuvesUium
crosslink 470
nsnavevUsinal template uazivazale

UL 4.29 (n) uamsszunuvesAMsgeduiloUiina template uazdvhazae
Wasuly WeuSin cosslink asivinfu 0.75 mmol 2 nguaznuinU3ana template i
tovasviauiiutu vilidesaznmageduameseaiiutu Tnsasusiufusudsdnaseio q
duUinuvesiiaraeifinty ﬁﬂﬁ%’aaazms@msﬁ’uamaiaaLﬁmﬁ'ﬁu

U 429 () way (A) wansszunuvesAIMIaduiieusina template uaziIv
azanerasuly TneUSunames crosslink Asivinfu 1 mmol uag 1.25 mmol snsdndu a7n
sUasfiuiEn crosslink Aty vilwsosaznsanasedinlnameseaifiuiy
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(]

U Adsorption 43

Template [minol]

Crosslink [mimol]

%% Adsorption

Template [mmol]

Crosslink [mmol]

LA
=)

% Adsorption

0.14

Template [mmol]

Crosslink [mmol]

JUN 4.2-7 ssuuvesimsaeadurasinlaaweseadiesina  crosslink  uag  template
Wasuly IneUsunamesiviarateasil wiriu (n) 12.5, () 15 wag (A) 17.5 ml
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=]

Yo Adsorption 4

Solvent [mi]

sslink [mmol]

Cro

=]

%o Adsorption 4

Solvent [mi]

sshink [mmol]

Cro

L

Yo Adsorption 4

Solvent [ml]

sslink [mmaol]

Cro

JUN 4.2-8 szuuvesinisgaduresinlnanaseat

Y

LazsIvinazany

crosslink

JaUsuna

Wasuly Tney

mmol

(n) 0.1125, (v) 0.125 wag () 0.1375

(%)

ate A7 WINAU

U188 templ

a
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(¥

i
u

¥ Adsorption 47

Template [mmol]

%o Adsorption

An
il

Solvent [ml]

Template [mmol]

(¥

4
%o Adsorption

A0
U

Solvent [ml]

Template [mmaol]

JUN 4.2-9 szuuvasinisgaduresinlnawesealioUsuna  template  wagiviazate
wWagull Tneusunad crosslink Asf winiu () 0.75, (1) 1 kag (A) 1.25 mmol
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answavedwslun1saunsIinananasnsIaun15gaTy

U7 4.2-10 wansdndrunsgaduvesamesealiisuiiunisgaduafinnaine seaves
MIP-A-STD wuhnsidengaduanslaansnidliunansafusnntdn mszlassaiavesansiign
paduusnsnstutosuin  uenaind  PMAA  fiduameianelfannigdu g Afuuldu
WuLReiy

dlethmanisnasesiiliimunluieneidaifileadisnuuiinesuansanduiug
seninaUiunmanseneg Aldlunsdauaseitulszansnim PMAA ild szanunsavhungléin
89137871 monomer : crosslink : template : solvent 17U 1 mmol : 0.5 mmol : 0.1 mmol
:12.5 ml dafushnadmiivmnzaniian (optimum) lun1sdansizyt PMAA aenuuuaRnina
wosea Ingliosaznsgeduameseasnniianyiniu 55 Andu 1.31 wiwes PMAA lsiaen
ey

1.20
1.00
0.80
0.60

0.40

Adsorption ratio

0.20
0.00

Campesterol Stigmasterol Beta-Sitosterol

Component

JUN 4.2-10 Samdumsgadullaawmeseaiisuiunsgaduaiininameseaves  MIP-T-
STD
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4.3. d3U

NMIANYIENYLEIINIENIN AMENYLE ARl werUsransnnlunisgadu
Ilnameseaves polylacrylamide-co-ethylene glycol dimethacrylate) (PAM) ag poly(2-
(trifluoromethyl)acrylic acid-co-trimethylolpropane trimethacrylate) (PMAA) HiaonLUY
wazlionuuuaininaineson wud1 wedweifduemeituiiaesinidnuuenisuoniu
vosudedvn Humndoutls ansogaduilalasd PAM azgadurildnnndt PMAA nod
weshsaesialilazaelutvdeswiazaneflilunisinw  mslenengiliituromed
wosansilndeindos FT-IR Whnguaftanunsoeyumildiossudeiliibu PAM way PMAA
W dnvurveseymauazanimiiuiaunsonsialdlaglfiaies  scanning  electron
microscope (SEM) Fuitusfiavosmodiues nanifio ayn1Aves PAM udsanasnuuuidag
n1INsEBfNTY dausymATes PMAA udnasnuuuarsaiaiudungufousnnn
PAM wargwuvaswodmeiaessiandsngnasnuuundaiiinssuwia 1-2 luasouifisty

mnmsAnwiudslumsdieneiifinaeussansnmlunmsgadulnlpamosea
VD4
wedued WU Shsndumes crosslink Mfuadlutuneumsdnasziinaneuszansamly
msgedulnlnamesoavemedmesinniign 1ieswn cosslink  ududdglunisinu
whgsnmvadlasiaianagsniunselnssnglunediues

Tngaguudmodueiisassinausogadulnlnamesealumsaraisamesoanas
Tueuls winedwesfitinasosaznsanasedlulnaimneseaunniign o PMAA fdaAs1es
Fulngldsnsnduwos monomer : crosslink : template : solvent U 1 mmol : 0.5 mmol
1 0.125 mmol : 15 ml awnsagadulinamesealuasazaglaviniviosay 43

agdlsfinuanmsvinnenanveasudvadifselusunsy MiniTab wansliiiuii
PAM aenuuvaRnuaineseaainsaliinaiesaznisanasesiilnamesealigigaiuszanm
37 Jleduaseilagld8nsnan monomer : crosslink : template : solvent Wiy 1 mmol
:3.5 mmol : 0.3 mmol : 7 ml Fasnanin PAM lsiaenuuuussanaidesas 15 Tuvazdl PMAA
aonuuvaRnINameseaannInlinadesaznsanasoslwinamesoaldgegaiiuszina 55
dlodunszilagldidnsnaru monomer : crosslink : template : solvent Wiy 1 mmol :
0.5 mmol : 0.1 mmol : 12.5 ml Gsunnnd1 PMAA lslaenuuudesas 31
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Ui 5
ayunan1siTeuasdatauauue

MNMsANENBIIEINIENN AadnuY anwitui wasUsyAnsaluntsgadu
lilnainasoaues poly(acrylamide-co-ethylene glycol dimethacrylate) (PAM) LLa‘” poly(2-
(trifluoromethyl)acrylic acid-co- tnmethytotpropane tnmethacrylate) (PMAA) maamlfuu
waglinenuuuainnameson nuh nedwesfiduameituriaosiadidnyuznisuendy
voaudedvn Wumndoutls ansogaduilalasd PAM azgaduriilduinndt PMAA nod
weshsaesialiazaelutvieswiazaeflilunisine  mslnsengilaituromed
wostansindeindos FT-R Wnguafianunsoeyumldiossudeliibu PAM wag PMAA
3 dnuarveseymakazanniiuitaansansidldlagldieies  scanning  electron
microscope (SEM) Bufusiiauasmediued ndmie aynaves PAM vidanasnuuuwdid
MInsEaefINnTy dueyATes PMAA wdtanaenuuulrsmiatudunguiousnnnd
PAM uazgnyuesmedmesinaesiavdsningnasnuuuudaiinsuin 1-2 lueseudfisty

Mnnmsfnwsudslumsdaaneiifinaseussansnnlunsgadulnlnamosea
Y29
wediuos wud1 Shardmmes crosslink Mivadludunsumsdueaseifinasoussansnwly
nsgedulnlnamesoavemedwesiniign 1iesn cosslink  ududdglunisin
whgsnmvedassaiaarsniunselnsaniglunediues

TnsagUudmediuoiniaessinauningadulnlnamesealuasazansanesoanas
Tusumulsl uinedwesfifnasevaznsanaswadlilnainoseaunniign Ao PMAA fidaas s
%uiﬂaﬁéjmﬂmuﬁuaﬂ monomer : crosslink : template : solvent W 1 mmol : 0.5 mmol
:0.125 mmol : 15 ml awnsagedullnawesealuasararglavinduosay 43

agslsinuannsinenaniseaesdvadfdaelusunsy MiniTab wansliidiugi
PAM aenuuvaRnuameseaasnsalinaiesaznisanasestilnanesealdgiganuszan
37 Jeduaseilngld8naan monomer : crosslink : template : solvent Wiy 1 mmol
:3.5 mmol : 0.3 mmol : 7 ml Fasnandn PAM lsiaenuuuussanaidesas 15 Tuvazil PMAA
sonuuvaRnIameseaannIninadesaznsanameslWlnanesoaldgiaaiiuszina 55
dleduaszailngldsnsidn monomer : crosslink : template : solvent Wiy 1 mmol :
0.5 mmol : 0.1 mmol : 12.5 ml Fwnnnin PMAA lsiaenuuufesas 31
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M15199 -1 Vayady

PAM

AANUIN N.

v av v
magaw‘lﬂmﬂmwmaaa

4 Ywtnuasansazane ﬁﬁ%ﬁﬂ%ﬂ&h@ﬂ%’ﬂ
Foas
(9) (9)
NIP-A 1.3599 0.0143
MIP-A-STD 1.3645 0.0142
MIP-A-1 1.3750 0.0141
MIP-A-2 1.3601 0.0141
MIP-A-3 1.3601 0.0141
MIP-A-4 1.3638 0.0142
MIP-A-5 1.3686 0.0142
MIP-A-6 1.3665 0.0141
MIP-A-7 1.3661 0.0140
MIP-A-8 1.3733 0.0140
MIP-A-9 1.3663 0.0141
MIP-A-10 1.3635 0.0142
MIP-A-11 1.3805 0.0141
MIP-A-12 1.3615 0.0141
MIP-A-13 1.3600 0.0140
MIP-A-14 1.3663 0.0141
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PMAA

4 vwitinvesansazany ﬁﬁwﬁh%aaﬁdgﬂﬁb
Yoans
() )
NIP-T 1.3738 0.0141
MIP-T-STD 1.3992 0.0141
MIP-T-1 1.3585 0.0141
MIP-T-2 1.3574 0.0141
MIP-T-3 1.3745 0.0140
MIP-T-4 1.3596 0.0141
MIP-T-5 1.3695 0.0140
MIP-T-6 1.3685 0.0142
MIP-T-7 1.3577 0.0140
MIP-T-8 1.3650 0.0140
MIP-T-9 1.3649 0.0142
MIP-T-10 1.3593 0.0140
MIP-T-11 1.3708 0.0142
MIP-T-12 1.3651 0.0140
MIP-T-13 1.3615 0.0141
MIP-T-14 1.3666 0.0142
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A1319% n-2 eerUszneuvesameseanauildiduaisazarenisgadu

Sterol-mix
Component
Concentration | Area ratio Mg ppm
campesterol 0.2363 0.3304 4.4273 34.06
stigmasterol 0.2822 0.3828 5.2342 40.26
B-sitoserol 0.4815 0.6594 8.8872 68.36
Total 1.0000 1.3726 18.5440 | 142.65

v Y U

A13197 N-3 BeAUszNeUYBlAmeTRANaNTIgNaAduMefgaduYling1a9 WeoraHull 6

Flug
- PAM
NIP-A MIP-A-STD

Component
Area ratio pg ppm | Area ratio pg ppm
campesterol 0.3141 4.2192 22.34 0.3300 4.4217 22.65
stigmasterol 0.3725 5.0939 26.97 0.3850 5.2637 26.97
B-sitoserol 0.6400 8.6366 45.72 0.6604 8.9005 45.60
Total 1.3266 17.9429 | 94.99 1.3754 18.5801 | 95.18

MIP-A-1 MIP-A-2

Component
Area ratio pg ppm | Area ratio pg ppm
campesterol 0.2921 3.9384 23.18 0.3104 4.1712 2193
stigmasterol 0.3422 4.6844 | 27.57 0.3616 4.9472 26.01
B-sitoserol 0.5953 8.0574 47.42 0.6313 8.5230 44.81
Total 1.2297 16.6761 | 98.15 1.3033 17.6376 | 92.73

a4




MIP-A-3 MIP-A-4
Component
Area ratio ug ppm | Area ratio pg ppm
campesterol 0.3261 4.3715 23.17 0.2689 3.6419 21.34
stigmasterol 0.3838 5.2472 27.81 0.3135 4.2946 25.16
B-sitoserol 0.6656 8.9685 47.53 0.5506 7.4769 43.80
Total 1.3755 18.5814 | 98.47 1.1329 15.4112 | 90.28
MIP-A-5 MIP-A-6
Component
Area ratio pg ppm Area ratio pg ppm
campesterol 0.3440 4.5998 24.51 0.2781 3.7602 22.82
stigmasterol 0.4299 5.8724 31.29 0.3278 4.4890 27.24
B-sitoserol 0.7026 9.4476 50.33 0.5626 7.6330 46.32
Total 1.4765 19.9012 | 106.03 1.1686 158772 | 96.34
MIP-A-7 MIP-A-8
Component
Area ratio pg ppm | Area ratio ug ppm
campesterol 0.3253 4.3618 23.38 0.2795 4.9888 30.48
stigmasterol 0.3901 5.3326 28.58 0.3501 6.4976 39.69
B-sitoserol 0.6632 8.936 47.89 0.5712 10.2675 62.72
Total 1.3786 18.6220 | 99.80 1.2008 21.7325 | 132.76
MIP-A-9 MIP-A-10
Component
Area ratio Mg ppm Area ratio ug ppm
campesterol 0.3304 4.4273 34.06 0.2841 3.8359 23.05
stigmasterol 0.3828 5.2342 40.26 0.3305 4.5250 27.19
B-sitoserol 0.6594 8.8872 68.36 0.5786 7.8409 47.12
Total 1.3726 18.5440 | 142.65 1.1932 16.1991 | 97.35

a5




MIP-A-11 MIP-A-12
Component
Area ratio ug ppm | Area ratio pg ppm
campesterol 0.3253 3.8359 22.50 0.3180 4.2681 22.14
stigmasterol 0.3901 4.5250 27.50 0.4110 5.6160 29.13
B-sitoserol 0.6632 7.8409 46.09 0.6497 8.7613 45.44
Total 1.3786 16.1991 | 96.04 1.3786 18.6221 | 96.59
MIP-A-13 MIP-A-14
Component
Area ratio pg ppm Area ratio pg ppm
campesterol 0.3287 4.4051 23.98 0.3055 4.1087 22.21
stigmasterol 0.4854 6.6251 36.06 0.3637 4.9755 26.89
B-sitoserol 0.6724 9.0557 49.30 0.6203 8.3813 45.30
Total 1.4865 20.0323 | 109.05 1.2895 17.4580 | 94.37

a6




- PMAA

NIP-T MIP-T-STD
Component
Area ratio Mg ppm Area ratio ug ppm
campesterol 0.2666 3.6135 19.48 0.2989 4.0245 21.29
stigmasterol 0.3126 4.2832 23.09 0.3561 48724 | 25.78
B-sitoserol 0.5462 7.4207 40.00 0.6062 8.1987 43.38
Total 1.1255 15.3144 | 82.56 1.2612 17.0882 | 90.41
MIP-T-1 MIP-T-2
Component
Area ratio us ppm | Area ratio Ms ppm
campesterol 0.3304 3.6097 19.79 0.2616 3.5496 20.48
stigmasterol 0.3828 4.3176 23.67 0.3213 4.4003 25.39
B-sitoserol 0.6594 7.6482 41.93 0.5331 7.2510 41.84
Total 1.3726 15.5731 | 85.38 1.1161 15.1908 | 87.66
MIP-T-3 MIP-T-4
Component
Area ratio us ppm | Area ratio Ms ppm
campesterol 0.2719 3.6808 20.22 0.2284 3.1251 20.99
stigmasterol 0.4056 5.5430 30.46 0.2759 3.7851 25.42
B-sitoserol 0.5557 7.5437 41.45 0.4692 6.4220 43.13
Total 1.2332 16.7222 | 91.88 0.9734 13.3266 | 89.50
MIP-T-5 MIP-T-6
Component
Area ratio us ppm | Area ratio §1 ppm
campesterol 0.2856 3.8547 19.96 0.2771 3.7472 22.30
stigmasterol 0.3732 5.1045 26.43 0.3303 4.5230 26.92
B-sitoserol 0.5814 7.8773 40.79 0.5639 7.6499 45.54
Total 1.2402 16.8139 | 87.07 1.1714 159138 | 94.73
MIP-T-7 MIP-T-8
Component
Area ratio us ppm | Area ratio §1 ppm

ar




campesterol 0.2799 3.7822 21.58 0.2948 3.9724 21.08
stigmasterol 0.3403 4.6576 26.57 0.3525 4.8240 25.60
B-sitoserol 0.5694 7.7218 | 44.05 0.5995 8.1113 | 43.05
Total 1.1896 16.1519 | 92.14 1.2468 16.9000 | 89.70
MIP-T-9 MIP-T-10
Component
Area ratio ug ppm | Area ratio pg ppm
campesterol 0.2365 3.2288 19.24 0.3073 4.1324 | 21.60
stigmasterol 0.2805 3.8470 22.93 0.3631 4.9673 25.97
B-sitoserol 0.4759 6.5098 | 38.79 0.6222 8.4061 43.94
Total 0.9929 13.5811 | 80.94 1.2927 17.4994 | 91.48
MIP-T-11 MIP-T-12
Component
Area ratio ug ppm | Area ratio pg ppm
campesterol 0.2282 3.1235 19.64 0.2923 39413 | 20.38
stigmasterol 0.2693 3.6951 23.24 0.3549 4.8557 25.11
B-sitoserol 0.4685 6.4138 | 40.34 0.5972 8.0821 41.79
Total 0.9660 13.2299 | 83.21 1.2445 16.8693 | 87.22
MIP-T-13 MIP-T-14
Component
Area ratio ps ppm Area ratio ps ppm
campesterol 0.3304 4.4273 34.06 0.2892 39016 | 21.33
stigmasterol 0.3828 5.2342 40.26 0.3426 4.6895 25.64
B-sitoserol 0.6594 8.8872 68.36 0.5895 7.9821 43.64
Total 1.3726 18.5440 | 142.65 1.2214 16.5675 | 90.58
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Kinetics, isotherm and thermodynamics of sterol adsorption on styrene-
divinylbenzene anion exchange resins
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ABSTRACT: Phytosterols can be recovered from natural resources using molecular
adsorption, cold crystallization, which require large energy consumption. Adsorption was
considered as a feasible alternative methods. In this study, kinetics, isotherm and
thermodynamics of phytosterols adsorption on styrene-divinylbenzene with two different
functional groups, strong base (SB-R) and weak base (WB-R), were investigated using a
model solution of stigmasterol in n-heptane. Isothermal adsorption experiments were
performed in temperature range of 298-313 K and concentration range of 0.3 — 6.0 mg/gsol.
For both SB-R and WB-R cases, kinetics of adsorption were analyzed based on pseudo-first-
order and pseudo-second-order models and the results revealed that pseudo-second-order
model agreed with the experimental data much better than pseudo-first-order model.
Analysis of isotherm data based on Langmuir, Freundlich and linear models showed that
Freundlich was the best model that could predict behavior of sterol adsorption for both SB-
R and WB-R cases. In addition, thermodynamics parameters (AG, AH and AS) indicated that
the sterol adsorptions on these adsorbents were spontaneous, exothermic and favorable at
low temperature.

KEYWORDS: phytosterols, separation, adsorption process
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INTRODUCTION

Deodorizer distillate (DD) is a major byproduct from vegetable oil refining process.
It consists of various hydrocarbons including free fatty acids (FFA), monoglycerides (MG),
diglycerides (DG), triglycerides (TG) and small amount of some bioactive compounds . The
amount of FFA in DD varies around 25-82.5 wt% depending on type of vegetable oil,
refining method and condition 2. In recent years, large amount of DD has been annually
generated due to high demand of biodiesel. Based on the amount of crude palm oil produced
in 2014-2016 in Thailand, Indonesia and Malaysia (53 million ton per year), annually
generated amount of palm fatty acid diatillate (PFAD) was about 3 million ton per year 3.
To make overall process of biodiesel production become more economical reasonable and
environmental friendly, DD has been utilized as a low cost raw material for production of
biodiesel * and as a natural resource of phytonutrients such as tocopherols, squalene and
sterols 2.

Sterols have several beneficial bioactivities and have been therefore widely used in
food, cosmetics and pharmaceutical industries '°. As summarized in an excellent review '°,
in an industrial scale production, sterols have been successfully recovered from DD by
several methods. In general, these methods consisted of several steps of chemical and
physical treatments. Since removal of undesired compounds (FFA and glycerides) from DD
by distillation requires relatively high temperature and extremely low pressure, it is
necessary to transform these undesired compounds to the forms that can be separated more
easily. In one approach, FFA in DD was saponified and the resulted soap was removed from
the obtained mixture by simple solid-liquid separation. In the last step, sterols were separated
from the liquid mixture of unsaponifiable components by using either vacuum distillation or
cold crystallization "3, In the other approach, FFA and glycerides were chemically
transformed to fatty acid alkyl esters (FAAE) by esterification and transesterification,
respectively '8, Then, either vacuum distillation or molecular distillation was applied to
remove large fraction of FAAE. In this sterol preconcentration step, multiple steps of these
physical treatments were usually applied to obtain high yield of sterol recovery and to reduce
the size of the equipment used in the downstream process. Similar to the former approach,
cold crystallization was also applied as the last step of sterol isolation.

Moreira and Baltanas '® focused on cold crystallization process and investigated
effects of process variables on the quality and yield of sterol recovered from DD of sunflower
oil. In their work, FFA and TG in DD were transformed to fatty acid ethyl esters (FAEE)
and FAEE was removed by performing vacuum distillation at 1.3 mbar, < 200 °C.
Crystallization of the sterols in the obtained preconcentrated mixture was optimized by
varying type of solvent (hexane single solvent, hexane with cosolvent), type of co-solvent
(water, ethanol or both), mass ratio of solvent to preconcentrated mixture (3 to 5), cooling
rate (-20 °C/h or brisk chilling from 40 to -5 °C), crystallization temperature (-20 to 0 °C)
and ripening time (4 to 96 h). Based on the experimental results, the optimized yield (84%)
with purity (36 %) of sterol was obtained at solvent to preconcentrated mixture mass ratio of
4 with cooling rate of -20°C/h to -5 °C and ripening time = 22 h using co-solvent of 2.5 wt%
of ethanol in hexane. Carmona et al '® pointed that the preconcentration of sterol in FAME
matrices required large amount of energy and also destroyed some sterols present in the
matrices. Therefore, they proposed an alternative method for isolation of sterols from FAME
matrices with no requirement of vacuum distillation. Crystallization was performed in
FAME, which was formed from esterification and/or transesterification, without either
additional FAME or partial distillation. The obtained isolated solid was then washed with
hexane and gave the end-product of sterols. By using this proposed method, at the best
condition of crystallization (-5 °C, 24 h), 35-42% of sterols were recovered from sunflower
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oil deodorizer distillate and had high purity of more than 92 %. In addition, some cases
resulted in the end-product of sterols with the purity higher than 99 %.

Although these approaches have been successfully applied to recover sterols from
DDs, the processes face major problem of extensive energy requirement; vacuum distillation
is usually operated at 1x10 — 1.33 mbar and 140 — 300 °C to vaporize large quantity of the
undesired compounds '* 517 19 and cold crystallization is usually operated at low
temperature in the range of -20 to 15 °C !I- 12, 14182022 Therefore, a method with high
efficiency and more economical value should be developed to serve rapid growth of recent
sterol market.

Adsorption is widely used in separation of minor components from liquid or gas
mixture under mild conditions. It was successfully applied to recovery of sterols from natural
resources 232, Barder et al 2**2° described an adsorption-desorption process using activated
carbon, carbonaceous pyropolymer or magnesium silicate as an adsorbent and
chlorobenzene, toluene or methyl-t-butyl ether as a desorbent. The described process could
recover sterols from feed mixtures with wide range of sterol concentration (14-84 wt%), with
high recovery portion (50-95%). The obtained sterols had reasonably high purity 58-78%,
or even as high as 95% when the feed mixture was appropriately pretreated by liquid-liquid
extraction.

Based on chemical resistance and simplicity of operation, two types of commercial
grade styrene-divinylbenzene copolymer ion exchange resin were considered as attractive
adsorbents in the sterol recovery process. As reported by Anasthas and Gaikar 2°, sterol
adsorption on polymeric adsorbent occurred through a weak hydrogen bond between amino
group on polymer matrix and hydroxyl group of sterol. Therefore, a strong base resin (SB-
R) with quaternary amine functional group and a weak base resin (WB-R) with both
quaternary and tertiary amine groups were selected in this study. The objective of this study
was to comparatively investigate behavior of sterol adsorption on these resins. Isothermal
batch adsorption was performed using stigmasterol in n-heptane as a model solution in order
to evaluate adsorption capacities of SB-R and WB-R. Kinetics of sterol adsorption for both
cases were evaluated based on pseudo-first-order and pseudo-second-order models. In
addition, adsorption data at equilibrium were analyzed based on Langmuir, Freundlich and
linear isotherms and three important thermodynamics parameters (i.e. Gibb’s free energy
change: AG, enthalpy change: AH and entropy change: AS) were calculated and the
adsorption behavior was discussed based on the calculated thermodynamics parameters.

MATERIALS AND METHODS
Materials

To comparatively evaluate performance of phytosterol adsorption on a weak base
and a strong base adsorbents, styrene-divinylbenzene copolymer anion-exchange resins with
quaternary amine (Lewatit® Monoplus MP 800) and tertiary-quaternary amine (Lewatit®
Monoplus MP 68) functional groups provided by Lanxess, Germany were selected as
representatives of a weak- and a strong base ion exchange resins (WB-R and SB-R),
respectively. Table 1 summarized characteristic properties of these two adsorbents. To
remove moisture from the adsorbents, the adsorbents were dried in an oven at 60 °C under
vacuum condition for 6 h and stored in a desiccator before being used in adsorption
experiment. Prior to the adsorption experiment, the adsorbents were washed with n-propanol
and n-hexane.

Stigmasterol supplied by Tama Biochemical Co. Ltd. and n-heptane (AR grade)
supplied by Apex Chemicals Co. Ltd. were used in preparation of a model solution of
phytosterol containing mixture. Cholesterol supplied from Sigma-Aldrich Inc. was used as
an internal standard (ISTD) in quantitative a analysis of stigmasterol. HPLC grade organic
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solvents (methanol, acetonitrile and water supplied from RCI Labscan Ltd. and acetic acid
supplied from Merck Ltd.) were used in the quantification of stigmasterol without
purification.
Batch adsorption

To study kinetics, isotherm and thermodynamics of stigmasterol adsorptions on WB-
R and SB-R, isothermal batch adsorption was performed using a model solution of
stigmasterol in n-heptane. Adsorption temperature and stigmasterol concentration were
varied in the ranges of 298 — 313 K and 0.3 - 6.0 mg/gsol, respectively. The model solution
(50 ml) and the adsorbent (5 wt%) were heated and shaken in an orbital shaker (4000ic; IKA)
at 200 rpm for 2 h. Before and after the adsorption, samples (200 pl) were taken and filtered
through a 0.45 um nylon filter and used for the quantitative analysis of stigmasterol content.
Quantitative analysis

The content of stigmasterol in the sample was analyzed using a high performance
liquid chromatograph (HPLC) connected with a UV detector. An injection valve connected
with a 20 pl of sample loop was used to introduce the sample into the HPLC. Peak separation
was achieved using a reverse-phase column (Inertsil C8-3; 5 um particle diameter, 250 mm
length, 4.6 mm i.d., GL Sciences Inc, Japan). Composition of mobile phase and condition of
analysis were adapted from the work reported by Chang et al >”. Mobile phase was a mixture
of acetonitrile (85%), methanol (5%), and water containing 1% of acetic acid (10%) and
flowed at the rate of 1.3 ml/min, the analysis was performed at the wavelength of 210 nm.

Since the sample was not dissolved well in the mobile phase, n-heptane in the sample
was removed and an appropriate solvent was added to the solid sample as a solvent in the
quantitative analysis. The solvent exchange was performed as follows; n-heptane was
completely removed from the sample by evaporation at room temperature, methanol (800ul)
was then added and the mixture was shaken in the orbital shaker at 200 rpm for 1 h. As an
internal standard, cholesterol in methanol (4.0 mg/gso1, 200 ul) was added in the sample.

Amount of stigmasterol adsorbed on the adsorbent at time “#” (gt) was calculated
according to Eq. (1).

(CO -C, ) W,

4, =W—S°l (D

ads
Where Co and C: are liquid-phase concentration of stigmasterol at initial and at time ¢,
respectively. Wsol is the weight of the solution and Wads is the weight of adsorbent used.

RESULTS AND DISCUSSION
Adsorption capacities

Fig. 1 shows time dependences of adsorption capacity of SB-R and WB-R at 303 K
and 5 wt% of adsorbent loading for various initial concentrations of stigmasterol. For both
SB-R and WB-R cases, adsorption rapidly occurred in the initial period and after 5 minutes
of adsorption the rate of adsorption gradually decreased while the adsorption equilibrium
was approached. In the tested range, adsorption reached the equilibrium within 30 min for
all the initial concentrations. Comparison of the profiles obtained at different initial
concentrations revealed that the rates of adsorption on both resins increased with the increase
of concentration of stigmasterol. This observation could be explained as a result of the
increase of concentration leading to increase in the driving force to overcome overall mass
transfer resistance of adsorption process 2. By increasing the initial concentration of
stigmasterol from 0.3 to 6.0 mg/gsol, in the case of SB-R, the adsorption capacity at the
equilibrium (ge) increased from 2.15 to 39.96 mg/gads. On the other hand, in the case of WB-
R, ge increased from 2.51 to 47.44 mg/gads. The adsorption capacity at the equilibrium of
WB-R was approximately 1.2 times higher than SB-R.
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Adsorption kinetics
To study the kinetics of adsorption, the experimental data were comparatively
analyzed based on pseudo-first-order and pseudo-second-order models which are expressed

as Egs. (2) and (3), respectively 2%,
dq,
dt = k1(‘1e - Qt) (2)
dgq 2
t—k - 3
1 2(g.—4q) (3)

Where ge and gt are the amounts of stigmasterol adsorbed at equilibrium and at time ¢,
respectively. k1 and k2 are the adsorption rate constant of pseudo-first-order and pseudo-
second-order model, respectively. Linearized forms of these two models obtained by
integrating Egs. (2) and (3) with the boundary conditions of gt=0at¢z=0and gt=gtatt=¢
are expressed as Egs. (4) and (5), respectively.

ln(qe _qt) = ln qe _klt (4)
t 1 t
— =t )
qt k2q02 qc

Linear plots corresponding to pseudo-first-order and pseudo-second-order models for SB-R
are shown in Figs. 2(a) and 2(b), respectively. The parameters, k and g., of each model were
calculated from the slope and the y-intercept of the corresponding linear plot and
summarized in Table 2. As shown in the table, the correlation coefficients (R?) of pseudo-
second-order model were higher than those of pseudo-first-order model for all conditions.
The lowest value of R? obtained from pseudo-second-order model was 0.9986 while the
highest value of R? obtained from pseudo-first-order model was 0.9899. Furthermore, ge,cal
from pseudo-second-order model agreed reasonably well with geexp (Age < 7.5%) while
pseudo-first-order model could not well predict the value of ge.exp. Based on the correlation
coefficients and Age, pseudo-second-order model was selected to describe the kinetics of
stigmasterol adsorption on SB-R. In the case of adsorption on WB-R, similar linear plots
corresponding to the two kinetics models were obtained, as shown Fig. 3. The calculated
parameters of each model were also summarized in Table 2. The results revealed that R? of
pseudo-second-order model was higher than R? of pseudo-first-order model and Age, pseudo-
second-order Was less than Age pseudo- first-order for all conditions. Therefore, pseudo-second-order
model was selected as the suitable model for describing the kinetics of stigmasterol
adsorption on WB-R as well.

For both SB-R and WB-R cases, k2 depended on the initial concentration of
stigmasterol (Co). When Co was increased from 0.3 to 6.0 mg/gsol, k2,s8-r decreased from
0.0585 to 0.0115 while k2,wsr decreased from 0.1012 to 0.0115 gads /(mg min). This
dependence of k2 on initial concentration was previously reported in several adsorption
systems 31232, Theoretically analysis by Azizian ** clearly showed that k2 is not an intrinsic
rate constant of adsorption, but it is a complex function of adsorption rate constant,
desorption rate constant and initial concentration of adsorbate.

Adsorption isotherm

Adsorption isotherm was investigated at 298, 303, 308 and 313 K and discussed
based on the data taken after 1 h of adsorption, which were reasonably considered as the
performance at the equilibrium of adsorption according to the discussion in section of
adsorption capacities. Fig. 4 shows dependence of adsorption capacity at the equilibrium
(ge) on concentration of stigmasterol at the equilibrium (C.) at 303 K. For both SB-R and
WB-R, in the tested range of C, ¢ increased with C. and saturation of adsorption were not
observed. Fig. 5 shows effect of temperature on ge for various initial concentrations. For both
SB-R and WB-R, ge decreased when the temperature was increased. This result indicated
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that stigmasterol adsorption was exothermic for both SB-R and WB-R cases. It should be
noted that this dependence was significant in the case of high initial concentration and
became less significant when the initial concentration was lower.

Equilibrium adsorption data were analyzed based on Langmuir, Freundlich and
linear isotherm models using the corresponding linearized form of each model, listed in
Table 3. Langmuir model was considered as an inappropriate model for prediction of
isotherm of stigmasterol adsorption for both SB-R and WB-R since the value of R? was
extremely low, the obtained gm (saturated adsorption capacity) and Kia (Adsorption
equilibrium constant in Langmuir model, gsoi/mg) were negative, which had no physical
meaning for adsorption process. Since R? of Freundlich model were larger than R? of linear
model for all conditions, excepting SB-R at 313 K, Freundlich model was considered as the
most suitable model to be used to predict the performance of adsorption at the equilibrium
for both SB-R and WB-R. However, it should be noted that the calculated values of 1/n were
nearly equal to 1 for all conditions, indicating that the concentration of stigmasterol in overall
tested range in this study was low and the adsorption behaved like linear model. In addition,
for both SB-R and WB-R cases, the calculated Kr (Adsorption equilibrium constant in
Freundlich model, mg/(gads(mg/gso)!”) decreased when the temperature of adsorption was
increased.

Fig. 4 shows good resemblances of the calculated curves and the experimental data
for both Freundlich and linear models. Similar plots (not shown) were obtained at the other
temperatures (298, 308 and 313 K) and showed good resemblances of the calculated curves
and the experimental data, as well. In the case of SB-R (Fig. 4a), nonlinear regression
analysis was performed for both Freundlich and linear models and gave the same R?
(0.9438). Based on regression analysis, Freundlich model was the most suitable model for
prediction of effect of Ce on ge in the tested range of 0 < Ce < 4.5 mg/gsol and 298 < T'< 313
K.

In the case of WB-R, similar results were obtained. Fig. 4b shows that both models
show good resemblances of the calculated curves and the experimental data, as well.
Regression analysis revealed that Freundlich model was slightly better than linear model
(Freundlich model: R? = 0.9706; liner model: R> = 0.9557). Therefore, Freundlich model was
also the most suitable model for prediction of effect of Ce on ge in stigmasterol adsorption
on WB-R.

Adsorption thermodynamics

In order to obtain useful information for the design of adsorption process,
thermodynamics parameters of adsorption (Gibb’s free energy change: AG, enthalpy change:
AH and entropy change: AS) were evaluated for both SB-R and WB-R cases. Based on the
discussion in section of adsorption isotherm, adsorption equilibrium constants at various
temperatures were calculated using Freundlich model and AG and AS were calculated using
Egs. (6) and (7), respectively.

AG=-RTInK, (6)
AS AH

Ink, =—-=— 7

F= R TRT (7

By performing linear regression analysis of the plot between InKr and 1/7, as shown in Fig.
6, enthalpy change (AH) and entropy change (AS) were calculated from the slope and the y-
intercept of the obtained straight line. As summarized in Table 4, for both SB-R and WB-R,
adsorption had negative values of AG, AH and AS. The negative value of AG indicates that
the adsorption is spontaneous and feasible. The increase of AG with respect to temperature
indicates that the adsorption is more favorable at lower temperatures *°. Since the calculated
values of AG for both SB-R and WB-R cases were in the range of -20 to 0 kJ/mol,
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stigmasterol adsorption on SB-R and WB-R could be considered as physical adsorption .
The negative value of AH indicates that the adsorption is exothermic and agreed well with
the effect of temperature on adsorption capacity at the equilibrium discussed in section of
adsorption isotherm. Comparison of AHss-r (-24.97 kJ/mol) and AHws-r (-14.03 kJ/mol)
indicates that the interaction between stigmasterol and SB-R is stronger than the interaction
between stigmasterol and WB-R. The negative value of AS indicates associative adsorption

and decrease of the randomness between the solid/liquid interface due to the adsorption ¥’
38

CONCLUSIONS

Analysis of kinetics, isotherm and thermodynamics of stigmasterol adsorption on
commercial anion exchange styrene-divinylbenzene resin with strong and weak base
functional group (SB-R and WB-R) revealed that both SB-R and WB-R were promising for
separation of phytosterols from sterol containing mixture. Adsorption capacity at
equilibrium of stigmasterol on WB-R was higher than SB-R. The adsorption rate of
phytosterols on SB-R and WB-R could be described by pseudo-second-order kinetics model.
Equilibrium data was well fitted with Freundlich isotherm (R’ > 0.9510) and better than
Langmuir and linear isotherm models. The thermodynamics parameters indicated that the
adsorption on both resins were exothermic and spontaneous processes.
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Fig. 1 Adsorption capacities of stigmasterol on (a) SB-R and (b) WB-R versus adsorption

time at 303 K and 5 wt% of adsorbent loading for various initial stigmasterol
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TABLE LEGENDS

Table 1 Properties of adsorbents

0.00315 0.00320 0.00325 0.00330 0.00335 0.00340

UT (K

Properties SA-R WB-R
Lewatit® Monoplus MP
Commercial name Lewatit® Monoplus MP 800
68
Type Strong base macroporous Weak base macroporous
) ) Tertiary/quarternary
Functional group Quaternary amine, type I )
amine

Matrix structure

Bead size (mm)

Total exchange
capacity (min.eq/l)
Operating pH range
Operating temperature

(max.°C)

Crosslinked polystyrene
0.65 (£ 0.05)

0.8
0-12

70

Crosslinked polystyrene
0.54 (+0.05)

1.3
0-7

70
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Table 2 Kinetic parameters of stigmasterol adsorptions on SB-R and WB-R at 303 K with different initial concentrations.

Pseudo-first-order

Pseudo-second-order

Adsorbents Co Tecr k Gecal Age I Gecal Age
(Mg/gsol)  (ME/Zads) ’ R ’ R
(min™") (Mg/Lads) (%) (8aas/(mg min)) (Mg/Lads) (%)

0.3 2.1529 0.0605 1.7319 19.6 0.9475 0.0585 2.3272 7.5 0.9997
0.6 3.1703 0.0911 2.5199 20.5 0.9628 0.0588 3.3898 6.5 0.9988
0.9 5.7515 0.0832 3.9240 31.8 0.9121 0.0446 6.0168 4.4 0.9998
1.2 7.4262 0.0943 6.1688 16.9 0.9804 0.0312 7.7640 4.4 0.9996

SB-R 1.5 9.7616 0.1637 9.0948 6.8 0.9899 0.0531 9.9502 1.9 0.9993
1.8 11.8279 0.0772 8.8401 25.3 0.9413 0.0179 12.4069 4.7 0.9994
3.0 24.0448 0.1209 17.4842 27.3 0.9694 0.0175 24.6914 2.6 0.9986
4.0 32.1690 0.1200 254191 21.0 0.9829 0.0121 33.0033 2.5 0.9995
6.0 39.9560 0.0970 23.3617 41.5 0.8892 0.0115 40.8163 2.1 0.9987
0.3 2.5126 0.0984 2.1308 15.2 0.9607 0.1012 2.6001 34 0.9984
0.6 4.8633 0.2711 7.5210 353 0.9765 0.1199 4.9628 2.0 0.9998
0.9 7.2292 0.1151 5.1841 28.3 0.9623 0.0787 7.2939 0.9 0.9990
1.2 8.8029 0.0635 5.0957 42.1 0.7450 0.0405 8.9445 1.6 0.9973

WB-R 1.5 11.2957 0.1059 8.6331 23.6 0.9437 0.0377 11.4286 1.2 0.9979
1.8 12.8865 0.2255 15.5615 17.2 0.9333 0.0348 13.2450 2.7 0.9994
3.0 27.0299 0.1458 16.2031 40.1 0.9529 0.0263 27.5482 1.9 0.9999
4.0 29.4413 0.1429 15.4113 47.7 0.9208 0.0429 29.5858 0.5 0.9997
6.0 47.4444 0.0792 22.2202 53.2 0.7337 0.0115 48.3092 1.8 0.9998
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Table 3 Parameters and correlation coefficients for Langmuir, Freundlich and linear models for isotherms of stigmasterol adsorption on SB-R

and WB-R.

. q K C Linear:
Models Langmuir: g, = =n—te—e Freundlich: ¢, = K.C"
1+K,,C, q.=K,C,
Linearized Equation; C, 1 1 1
— = +—C€;KL8., qm log(qe):log(KF)Jr_lOg(Ce);KF, l/n qc :KLiCc; KLi
Parameters 9. Ki.dn 4n n
T Kia dm RZ KFr 1/n R2 Ki; R2
Adsorbents y

(K) (gso/mg) (mg/gads) () (mg/(gads(mg/gso1) ™)) () ) (@so1/ads) )

298 -0.0094 -1,250.0 0.0055 12.11 1.0690  0.9698 11.91 0.8822

303 -0.0552 -153.8 0.2036 9.30 1.1333  0.9794 10.09  0.9438
SB-R

308 -0.0524 -158.7 0.1732 9.12 1.1131  0.9744 9.89 0.9121

313 -0.0491 -131.6 0.1356 7.10 1.0337  0.9510 7.88 0.9752

298 0.0104 1,250.0 0.0142 12.83 0.9727  0.9887 12.87  0.9797

303 0.0613 238.1 0.2782 13.48 0.9258 0.9836 12.34  0.9557
WB-R

308 -0.0785 -114.9 0.3173 10.25 1.1785  0.9845 11.53  0.9589

313 -0.0452 -212.8 0.1966 10.35 1.0721  0.9811 11.20  0.9611
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Table 4 Thermodynamics parameters of stigmasterol adsorptions on SB-R and WB-R.

SB-R WB-R
T
© AG AH AS AG AH AS

(kJ/mol)  (kJ/mol) (kJ/(molK))  (kJ/mol)  (kJ/mol) (kJ/(mol K))

298 -6.22 6.20
303 -5.65 -6.43

24.97 -0.06 -14.03 -0.03
308 -5.69 -5.85

313 -5.15 -5.97
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UNANWIVINITANIUN 6.1.2.

Molecular imprinted silica for the recovery of sterols synthesized by the acid-catalyzed
sol-gel gelation method

Abstract

Molecular imprinted silica (MIS) was synthesized by the acid-catalyzed sol-gel
gelation method using sterols as a template molecule. Tetraethyl orthosilicate (TEOS) was
hydrolyzed and polymerized in the presence of sterols and HCI catalyst. The preliminary
experiment show that the adsorption capacity of MISs was higher than nonimprinted silicas
(NISs) when MISs and NISs were synthesized at pH of 0.6, 1.0, and 2.0. It suggested that
the imprinted of sterols created additional pores in silica matrix. The highest imprinting-
induced promotion of binding (IPB) value was obtained from MIS synthesized at pH 2.0.
However, the results show that the sterols could not be desorbed from MIS and NIS
synthesized at pH 2.0, and the highest percentage desorption of sterols was obtained from
MIS and NIS synthesized at pH 0.6. Central composite design was used to determine the
effect of three synthesis factors of MIS such as pH of sol-gel solution, temperature, and the
sterols:tetraethyl orthosilicate molar ratio (S/TEOS). The response surface methodology was
used to optimize the independent factor of MIS synthesis condition for percentage recovery
of sterols. The results revealed that the pH of sol-gel solution and temperature were found to
have significant effect on the sterols recovery, and pH of solution had the largest effect on
the sterols recovery of MIS. The response surface model showed the highest percentage
recovery of sterols was observed for MIS, which was synthesized at pH of sol-gel solution
of 0.6, the temperature of 50 °C and the S/TEOS molar ratio of 6.25x107.

Keywords: Sterols, Molecular imprinted silica, Sol-gel process, Adsorption, Desorption

1. Introduction

Sterols have several beneficial bioactivities that can be decreased the risk of coronary
heart disease and anti-cancer [1]. For this reason, it was employed as starting material in
food, cosmetics and pharmaceutical industries [2]. Sterols are found in small amounts
naturally in many vegetable oils. Over the past several decades, deodorizer distillate (DD)
became one of the most important sources of sterols. DD is a by-product of deodorization.
It is composed of free fatty acids (FFA), monoglycerides (MG), diglycerides (DG),
triglycerides (TG) and small amount of some bioactive compounds [3].

Sterols have been successfully recovered from DD by two main methods. These
methods were designed to remove undesired compounds (FFA and glycerides) from DD,
followed by sterols separation. In one method, FFA in DD was saponified and then the
resulting soap was removed from the mixture by simple solid-liquid separation. After that,
sterols were separated from the resulting concentrate mixture by crystallization or vacuum
distillation [4-6]. The other method, FFA and other glycerides were transformed to fatty acid
alkyl ester (FAEE) by esterification and transesterification, respectively [7-10]. In the sterols
preconcentration step, FAEE fraction was removed by either fractional liquid-liquid
extraction or vacuum distillation to obtain high yield of sterols. And similar to the former
method, crystallization was applied as the last step for sterols separation.

Brow and Smith [7] reported that a process including esterification, fractional liquid-
liquid extraction and crystallization to separate sterols from soybean oil deodorizer distillate
(SODD). FFA was transformed to fatty acid methyl ester (FAME) by esterification. After
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that, fractional liquid-liquid extraction was applied to separate FAME, glycerides, and other
compounds from resulting mixture, and they were presented in the raffinate fraction. The
free sterols presented in the extract fraction were separated by crystallization in acetone at -
20 °C, and total recovery of 73 % could be obtained in final product.

Moreira and Baltanas [8] proposed an alternative method for separation of sterols
from fatty acid ethyl ester (FAEE) matrices by using vacuum distillation. Moreover,
crystallization was performed in the purification of sterols, and they investigated effect of
operating variables on purity and yield of sterols product. In this method, FFA and
triglyceride in sunflower oil deodorizer distillate (SODD) were transformed to FAEE. After
that, FAEE was removed from resulting mixture by vacuum distillation at 1.3 mbar and <
200 °C. Crystallization of sterols in obtained proconcentrated mixture was performed by
varying type of solvent (hexane single solvent, hexane with co-solvent), type of co-solvent
(water, ethanol and both of them), mass ratio of solvent to preconcentrated mixture (3 to 5
mass ratio), cooling rate (-20 °C/h or brisk chilling from 40 to -5 °C), final ripening
temperature (-20 to 0°C), and ripening time (4 to 96 h). By the using this method, sterols
product with a recovery of 84 % and purity of 36 % was obtained by using hexane and 2.5
wt% of ethanol as a co-solvent, the solvent to preconcentrated mixture mass ratio of 4,
cooling rate of 20 °C/h, final ripening temperature of -5 °C, and ripening time of 22 h.
Wollmann et al. [9] described a process for the separation of sterols from soybean oil
deodorizer distillate (SODD). In their process, FFA and glycerides in SODD were
transformed to fatty acid methyl ester (FAME), and then FAME was removed by using
vacuum distillation at 1.0 mbar and 180 °C. After that, the sterol esters concentrated in the
residue of the distillation was transformed to free sterols by transesterification. Finally,
sterols product with a purity of 93.9 % was obtained by crystallization at 15 °C.

Although these methods have been successfully applied to recover sterols from DDs,
whereas the major problem of these methods was the high energy requirement. In general,
vacuum distillation was operated at 1x1073-1.33 mbar and 140-300 °C to removed undesired
compounds in the resulting mixture from chemical treatment [6, 8, 9, 11], and cold
crystallization was used to separate sterols from the remaining mixture at low temperature
between -20 to 15 °C [4, 8-10]. Therefore, the simple, efficient, and economical method
should be developed to serve the growth of sterols demand.

Adsorption has been widely used to separate the minor compound from liquid or gas
phase under mild condition. The important factor for the success of the recovery of sterols
by adsorption is selectivity of the adsorbent towards sterols.

Molecular imprinted technique has been widely used to develop molecular
recognition of adsorbent for the separation of target molecules present in liquid solution.
This technique utilizes the interaction between functional monomer and template molecule
employed in the polymerization, followed by the template removal from the obtained
polymer matrix to create a template fitted cavities. Concerning the development of molecular
imprinted materials with sterols as a template molecule, polymeric materials have been
studied for more recent years.

Zhang et al. [12] synthesized a [3-sitosterol magnetic molecularly imprinted polymer
(B-sitosterol mag-MIP) using a suspension polymerization method through microwave
heating. This method has many advantages, especially the shorter polymerization time as
compared with conventional method. The results showed that the obtained p-sitosterol mag-
MIPs have a higher adsorption capacity and the higher selectivity for 3 -sitosterol than that
of magnetic non imprinted polymers (mag-NIPs).

Hashim et al. [13] reported the comparison of non-covalent and covalent imprinting
methods for the synthesis of stigmasterol imprinted polymers (MIPs). The results revealed
that MIPs synthesized by the non-covalent imprinting method showed the low stigmasterol
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affinity and selectivity regardless. In contrast, the MIPs synthesized by covalent imprinting
method demonstrated much higher stigmasterol selectivity and binding recognition. These
results suggest that the covalent imprinting method has potential for the increased stability
of the interaction between template and functional monomer during the formation of the
binding site cavities.

Although molecular imprinted polymers demonstrated the high affinity and
selectivity for the target molecule. However, polymeric materials have some disadvantage
in the instability caused by pH of solution. Turner et al. [14] reported that the variation of
pH of organic solvent had the effect on the swelling or shrinking of polymer, this result was
a significant effect on the recognition properties of polymer. For this reason, the molecular
imprinting based on silica is an interesting choice due to silica-based materials have a several
advantages over polymer—based materials, such as chemical inertness, negligible swelling in
organic solvents, and high phytochemical and thermal stability [15].

The sol-gel process is a commonly method for synthesis of molecular imprinted silica
(MIS). In this process, the template molecule interacts with alkoxysilanes precursor in
presence of acid or base catalyst and the template molecule was encapsulated in silica matrix.
Then, the specific adsorptive sites are created after the removal of template molecule of the
obtained silica matrix. There are many reports involve the use of sol-gel in producing
molecular imprinted silica for selective recognition of steroid hormones. Fujiwara et al. [16]
reported the synthesis of molecular imprinted silica by sol-gel method using acetic anhydride
as the alternative to water. The result indicated that progesterone and other analogous
compounds were well adsorbed by silicas synthesized in the presence of cholesterol in
organic solution. In addition, the complicated processes that have been used to prepare the
molecular imprinted silica to use as chemical sensor, biosensors, and tailor-made
purification materials.

Hsu and Yang [17] reported the synthesis of cholesterol MIP from a hydrophobic
monomer using covalent method. The monomer, (cholesteryl propylcarbamate)
triethoxysilane (Cho-TEICPS) was prepared by the reaction of cholesterol with triethoxy(3-
isocyanato-propyl)silane to provide the hydrophobic interactions of cholesterol binding.
Cho-TEICPS was polymerized with tetracthyl orthosilicate (TEOS) in the presence of
cholesterol with HCl or NH4OH catalyst. The results demonstrated that, the largest
imprinting-induced promotion of binding value was obtained when cholesterol MIP
synthesized with HCI = 0.01 M in sol-gel solution. In addition, it showed higher selectivity
towards cholesterol in comparison with other steroid compounds.

Gupta and Kumar [18] fabricated a molecular imprinting of cholesterol (cholesterol
MIP) using both non-hydrolytic and hydrolytic method for cholesterol recognition. The
results showed that the percentage of adsorption was found to be higher for the cholesterol
MIP synthesized by hydrolytic method using HCI catalyst with phenyltriethoxysilane
(PhTEOS) as a functional monomer. The studies in literatures indicated that the acid-
catalyzed sol-gel gelation method was an effective way that could produce a material with a
higher surface area. According to the previous reports, this method was satisfactory in the
synthesis of the pharmaceuticals imprinted silica [19, 20].

In this study reported the results on the application of the acid-catalyzed sol-gel
gelation method for the synthesis of molecular imprinted silica with sterols as the template
molecule. The effect of synthesis factors such as pH of sol-gel solution, temperature, and the
template molecule (sterols):alkoxysilanes precursor (tetracthyl orthosilicate) molar ratio
(S/TEOS) were studied simultaneously to obtain a high percentage recovery of sterols from
model solution using central composite design.

2. Materials and method
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2.1. Materials

Sterol mix was supplied from Acinopeptide Co., Ltd., (Chengdu, China, and
composition analysis using a gas chromatograph with flame ionized detector (GC-FID)
revealed that the sterol mix consisted campesterol (24%), stigmasterol (31%), and f-
sitosterol (45%). Tetraethyl orthosilicate (TEOS) and cholesterol were supplied from Sigma-
aldrich chemical Co., Ltd., (Milwaukee, USA). Hydrochloric acid 37% was supplied from
Merck Ltd., (Darmstadt, Germany). Methanol, acetonitrile and water supplied from RCI
Labscan Ltd., (Bangkok, Thailand) and acetic acid supplied from Merck Ltd., (Darmstadt,
Germany) were HPLC grade and used without purification. Ethanol (AR grade) supplied
from RCI Labscan Ltd., (Bangkok, Thailand). N-heptane (AR grade) supplied from Apex
Chemicals Co., Ltd., (Bangkok, Thailand).

2.2. Preliminary molecular imprinted silica synthesis

In this study, molecular imprinted silica (MIS) synthesis method was adapted from
the work reported by Morais et al. [19]. In order to represent the possibility of the synthesis
of MIS using sterols as a template molecule, the preliminary MISs were prepared to employ
in the sterols recovery process comparing with the non-imprinted silicas (NISs). Following
the procedure for MISs synthesis, solution A was prepared by adding 0.14 mmol sterol
mixture into 10 ml TEOS in a 25 ml Erlenmeyer flask. The S/TEOS molar ratio was 3.2x10
3. The mixture was stirred vigorously to completely dissolve sterol mixture and form a
homogeneous solution. Solution B was prepared by adding the desired amount of 37%
hydrochloric acid into deionized water with different concentrations (0.02, 0.2 and 0.5 M).
Solution B (10 ml) was added to solution A and mixed to sol-gel solution at ambient
temperature for 96 h. The effect of pH of sol-gel solution was investigated. The pH of sol-
gel solution was calculated according to Eq. (1).

pH =-1log(Cyy,) (1

Where Cuciis the concentration of hydrochloric acid in the sol-gel solution. After 96 h, the
silica xerogel was dried at ambient temperature for 48 h, and the obtained silica xerogel was
ground by ceramic mortar. The template molecule was removed by solvent extraction using
two steps procedure. The first step, 1 g of silica powder was shaken in 10 g of n-heptane at
ambient temperature for 20 min. Then the sample was centrifuged at 4000 rpm for 10 min
in order to remove n-heptane. This procedure was repeated 4 times, mixing extracted sample
with fresh n-heptane. The second step, the similar procedure was performed using 1 g of the
silica previously extracted and 10 g of ethanol.

To ensure that the template molecule was completely removed, the n-heptane and
ethanol after template extraction were taken for analysis of sterols using a high performance
liquid chromatography. Non imprinted silica (NIS) was prepared in a similar procedure
without the addition of the template molecule.

2.3. The design of experiment for the synthesis of molecular imprinted silica

The design of experiment and statistical analysis of results were investigated using
the software MINITAB (version 16.0). The central composite design (CCD) was used to
design the experiment, and the response surface methodology (RSM) was used to optimize
the independent factor of MIS synthesis condition for percentage recovery of sterols. The
independent factors were pH (A), temperature (B), and S/TEOS molar ratio (C) as shown in
Table 1. The CCD used an alpha value of 2.0 including to the factorial, axial, and center
points for each independent factors were showed in Table 2. The percentage recovery of
sterols was selected as the response factor, and the relationship between response factor and
independent factors were approximated by quadratic model equation. The quality of fitted
quadratic model was express by coefficient of determination (R?), and the terms of model
were selected based on the p-value with 95% confidence. The statistical of fitted quadratic
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model was analyzed by analysis of variance (ANOVA). The optimum condition for MIS
synthesis was estimated using the response optimizing function of the software MINITAB
16.0.

2.4. Adsorption and desorption experiments

The adsorption experiment was carried out in n-heptane solution containing sterol
mixture at concentration 4.0 mg/g-solution as a model solution. In all tests, 2.5 g of model
solution was mixed with 0.133 g of adsorbent (MIS or NIS) and then the mixture was shaken
at 200 rpm and 30 °C for 10 h. At the end of adsorption, adsorbent was separated from
solution by filtration and the concentration of sterols in liquid phase was analyzed by HPLC.
The adsorbent separated from solution was dried at room temperature.

In the desorption experiment, the dried adsorbent was mixed with ethanol with the
ratio of adsorbent to ethanol of 10 g-ethanol/g-adsorbent. The mixture was then shaken in
the orbital shaker at 200 rpm, 60 °C for 2 h. After 2 h of desorption, samples were taken and
heated to 60 °C for 3 h to evaporate ethanol. The mixture obtained after ethanol evaporation
were used for analysis of sterols.

2.5. Analytical method

Concentration of sterol mixture was measured using a high performance liquid
chromatograph (HPLC) connected with a UV detector. An injection valve with a 20 pl of
sample loop was used to introduce a sample into the HPLC. Peak separation was achieved
using a reverse-phase column (Inertsil C8-3; Sum particle diameter, 250 mm length, 4.6 mm
i.d., GL Sciences Inc, Japan). Conditions and mobile phase were adapted from the work
reported by Chang et al. [21]. The measurement condition was at absorbance of 210 nm, and
mobile phase was a mixture of acetonitrile (85%), methanol (5%), and water containing 1%
of acetic acid (10%). Flow rate of the mobile phase was 1.3 ml/min.

Cholesterol in methanol (4.0 mg/g-solution) was used as an internal standard (ISTD)
in the quantification of sterol mixture. The quantification of sterol mixture in both of
adsorbed and desorbed samples, n-heptane or ethanol were evaporated from the 100 ul of
samples in the first step and methanol (800ul) was added into the vial as a solvent. The
sample was shaken at 200 rpm for 1 h, and then 200 pl of ISTD was added. 100 pl of the
prepared solution was injected into the HPLC through the injection valve.

2.6. Evaluation of adsorption and desorption properties of adsorbents

The adsorption performance of adsorbent was evaluated from the adsorption capacity
at equilibrium (ge) followed by Eq (2), and the percentage adsorption of sterols (% Ad) was
calculated according to Eq. (3).

(G, -C )W,

— e SO 2
q. T (2)
%Ad:(co_ce]xloo (3)

0

Where Co and Ce (umol/g-solution) are liquid-phase concentration of sterol at initial and at
equilibrium, respectively. Wsol is the weight of the solution (g) and Wads is the weight of
adsorbent used (g).

In addition, the molecular imprinting effect can be evaluated in terms of the
imprinting-induced promotion of binding (IPB) [22]. The IPB value is calculated by Eq. (4).

(qe,Mls _qe,NIS) (4)

q.nis

IPB =

Where geMmis and genis (umol/g-adsorbent) are the adsorption capacity of MIS and NIS,
respectively.
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The desorption performance of adsorbent was evaluated from the percentage
desorption of sterols (%6 De) followed by Eq (5). The percentage recovery of sterols (% Re)
was quantified according to the following Eq (6).

0 _ VVsl,de
% De = x 100 (5)

st,ad

W;t de
%Re =| —— |x100 (6)
W
Where Wstad and Witde (mg) are the weight of sterols adsorbed and desorbed, respectively.
Wt is the total weight of sterols in the model solution (mg).

3. Results and discussion
3.1. The recovery of sterols using molecular imprinted silica

Sterol consists of a rigid steroid skeleton part and a long alkyl chain part. The steroid
skeleton part was expected to imprint in the silica matrix during the sol-gel process. And
after the removal of sterols by solvent extraction, the specific pores in silica matrix will be
created. Before staring the design of experiment for optimization, the preliminary molecular
imprinted silica (MIS) synthesis was performed to reveal the possibility of the synthesis of
MIS using sterols as a template molecule. The effect of pH of sol-gel solution on the
performance of MIS and non-imprinted silica (NIS) were investigated. Fig. 1 shows the
adsorption capacity of MISs and NISs, synthesized under various pH of sol-gel solution. The
results showed the adsorption capacities of MISs were higher than NISs for all conditions.
It suggested that the imprinted of sterols created additional pores in silica matrix. The
adsorption capacity of MIS synthesized at low pH value was higher than that a high pH
value. However, the imprinting-induced promotion of binding (IPB) for MIS synthesized at
high pH value was higher than that at low pH value. The result showed that the MIS
synthesized at pH 2.0 had the maximum IPB (0.70). It indicated that the MIS had molecular
recognition capability. The IPB decreased when the pH of soli-gel solution was increased,
this result indicated that low imprinting effect due to increasing of the porosity network in
silica matrix. The resemblance of the adsorption capacity of MIS and NIS synthesized at pH
0.6 were probably due to the point that the large portion of non-specific adsorption was
occurred in silica matrix [17]. Table 3 shows the percentage adsorption, the percentage
desorption and the percentage recovery of sterols by MISs and NISs, synthesized under
various pH of sol-gel solution. The results show the percentage adsorption of MISs was
higher than NISs for all conditions, and the MIS synthesized at pH 0.6 had the maximum
percentage adsorption of sterols (89.20%). Considering the percentage desorption of sterols
of MISs and NISs, the results show that the sterols could not be desorbed from the MIS and
NIS synthesized at pH 2.0. Meanwhile, the MIS and NIS synthesized at pH 1.0 were shown
the percentage desorption of sterols at 73.27 and 52.77 %, respectively and the percentage
desorption of sterols increased when the pH was 0.6 especially, in the case of NIS. In
addition, they gave a high percentage recovery of sterols. The results showed more than 67%
of percentage recovery of sterols was obtained by the MIS and NIS synthesized at pH 0.6.

For both the MIS and NIS synthesized at pH 2.0, they were very small adsorption
capacity, and sterols were unable to desorb from these materials. It is possible that the small
pore volume in these materials was formed at the pH reached the point of zero charge (PZC)
of silica (pH ~2) [23]. At the pH lower than the PZC, this may give the larger pore volume
in the materials, as indicated by the increase of adsorption capacity and desorption of sterols
of MISs and NISs synthesized at pH lower than 2.0.
3.2. Effect of synthesis factors on performance of on molecularly imprinted silica
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The preliminary experiment was shown that the possibility of the synthesis of MIS
using sterols as a template molecule by acid-catalyzed sol-gel gelation method. And the
influence of pH of sol-gel solution on the performance of MISs was investigated. In this part,
the effect of synthesis factors such as pH of sol-gel solution, temperature, and the S/TEOS
molar ratio were studies simultaneously to reveal the impact of factor change on performance
of MISs synthesized under various conditions.

Fig. 2 shows a comparison of the percentage adsorption and percentage desorption
of sterols by MISs synthesized under various conditions. Considering the effect of pH of sol-
gel solution, the condition number of 9, 10, 15, 16, and 17 were chosen. These MISs were
synthesized with a similar temperature (37.5 °C) and S/TEOS (3.24x107). The condition
number 9 synthesized at pH 0.6 was shown highest percentage adsorption of sterols and has
highest adsorption capacity at 175.85 umol/g-adsorbent as show in Fig.3. In addition, it was
provided the high sterols desorbed that resulted in the high recovery of sterols. On the other
hand, the condition number 10 synthesized at pH 2.0 was showed lowest percentage
adsorption of sterols, and sterols desorption was not found. It accorded with the results in
section 3.1.. The condition number of 11, 12, 15, 16, and 17 synthesized at a similar pH (1.3)
and the S/TEOS molar ratio (3.24x10°) were chosen to investigate the effect of temperature.
The result showed that the condition number 12 synthesized at temperature 50 °C was shown
highest percentage adsorption (adsorption capacity = 165.42 pumol/g-adsorbent) and the
highest percentage desorption. Meanwhile, the condition number 11 synthesized at
temperature 25 °C was shown lowest percentage adsorption and the lowest percentage
desorption. The condition number of 13, 14, 15, 16, and 17 synthesized at a similar pH (1.3)
and temperature (37.5 °C) were chosen to investigate the effect of S/TEOS. The result
showed that the condition number 14 synthesized at high S/TEOS molar ratio (6.25x107?)
was shown higher percentage adsorption. The result indicated that more template molecule
gave a greater chance to create a lot of additional pores in silica matrix. In addition, it was
showed highest percentage desorption.

3.3. Statistical analysis

The result of the percentage recovery of sterols from central composite design (CCD)
was selected to statistical analysis in order to identify significant effect of factors on the
percentage recovery of sterols by synthesized molecular imprinted silica (MIS). The CCD
with three factors in three levels was shown in Table 2. An approximate regression model of
the percentage recovery of sterols based on the experimental results was expressed by
following equation:

Recovery (%) = 91.70—63.74A —1.16B+5,228.84C+11.71A” +0.04B" +

1,324,892C* —0.20AB - 3,549.74AC - 215.99BC

(R*=90.32 %, R? (adj) = 77.78 %)
where A, B, and C are corresponding coded factor of pH, temperature and S/TEOS molar
ratio, respectively.

The regression coefficient, standard error, and p-value for Eq. (7) were shown in
Table 4. It was found that the quadratic model fitted the experimental result with R* of 90.32
%. This result indicated that the regression model had a satisfactory for prediction of the
percentage recovery of sterols. In addition, the R? (adj) value was 77.78 %, indicating that
the three factors could explain 77.78 % of the variation in the percentage recovery of sterols.
The statistical testing of regression model was justified by the analysis of variance (ANOVA)
as shown in Table 4. The p-value showed that the linear term of pH (A) and temperature (B)
were significant (p-value < 0.05). Nevertheless, the linear term of S/TEOS molar ratio,
quadratic term, and interaction term were insignificant (p-value > 0.05). Insignificant terms
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were eliminated, and the significant terms were use in the regression model. However, the
linear term of S/TEOS molar ratio and the interaction term between pH and temperature
could not be eliminated from the regression model. Therefore, the regression model of the
percentage recovery of sterols can be expressed by the following equation:
Recovery (%) = 43.90—-44.78A+1.39B+1,090.69C—0.20AB (8)
(R*=86.93 %, R* (adj) = 82.58 %)

The prediction values of the percentage recovery of sterols from Eq. (8) were also
performed together with the experimental values in Table 2. The new regression model Eq.
(8) was showed the R? value of 86.93 % and R® (adj) of 82.58 %. It indicated that the
regression model was able to predict the percentage recovery of sterols. The fitted model
was evaluated by ANOVA and shown in Table 5. The p-values indicated that the linear term
of pH (A) and temperature (B) were significant, while the linear term of S/TEOS molar ratio
(C) and the interaction term between pH and temperature were insignificant.

According to ANOVA, the normal-probability plot of residuals of the percentage
recovery of sterols was showed in Fig.4. The resulting plot was approximately along straight
line indicated that the data is normally distributed. The plot of residuals versus fitted value
was showed in Fig.5. It shows that the points on the plot show no pattern or trend indicated
that the mean of the residual to be zero. These results showed that the experimental data was
distributed as well, and it can be inferred that the data had accuracy and reliability.

3.4. Main and interaction effects of factors on the percentage recovery of sterols

The main effect of the independent factors on the percentage recovery of sterols was
shown in Fig. 6. The results showed that increasing of pH of sol-gel solution had a negative
effect on sterols recovery. The percentage recovery of sterols was decreased when the pH
increased. The present result indicated that the pH of sol-gel solution played an important
role in the performance of synthesized MIS. As it has reported that the different of amount
of cholesterol adsorbed by the cholesterol-imprinted microporous silica synthesized under
various catalytic conditions [17]. In addition, temperature is also an important synthesis
parameter affecting on the sterols recovery. The results showed that increasing of
temperature had a positive effect on sterols recovery. The percentage recovery of sterols was
increased when the temperature increased. The effect of temperature could be explained by
the increase of the porous texture of silica when the temperature was increased. The higher
temperature encourages hydrolysis reaction, and result in the shorter gelation time in the sol-
gel process. Therefore, the network structure of silica is less compact structure, and the
larger pore is occurred [24]. It has significantly influenced on the quantity of adsorption and
desorption of sterols. The S/TEOS molar ratio effect has shown a slight effect on the
percentage recovery of sterols. The results showed that the increasing of S/TEOS molar ratio
had a positive effect on the sterols recovery. The percentage recovery of sterols was
increased with an increasing of the S/TEOS molar ratio.

According to the coefficient of Eq. (8), the response surface plot and contour plot of
the percentage recovery of sterols as a function of pH of sol-gel solution and temperature
were shown in Fig. 7a-b. It indicated that the pH of sol-gel solution had a large effect on the
sterols recovery efficiency of MIS. The percentage recovery of sterols increased when
decreasing of pH of sol-gel solution. The relationship between prediction and experimental
values of the percentage recovery of sterols were shown in Fig 7a. It indicated that the
prediction result of the percentage recovery of sterols was in good agreement with the
experimental values. The contour plot (Fig. b) showed that the high percentage recovery of
sterols was obtained when MIS was synthesized at a pH lower than 0.68 and temperature
higher than 47 °C.

3.5. Optimization of MIS synthesis condition
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The optimization of MIS synthesis condition can be evaluated by the percentage
recovery of sterols. The three synthesis factors were optimized to determine the optimal
condition. According to the obtained results, the percentage recovery of sterols increased
when MIS was synthesized at low pH and high temperature. In addition, the high S/TEOS
molar ratio led to increase the sterols recovery of MIS. Therefore, it was possible to suggest
the optimal condition to be synthesis of MIS for using in sterols recovery process. The
optimum condition of MIS synthesis was the pH of sol-gel solution of 0.6, the temperature
of 50 °C and the S/TEOS molar ratio of 6.25x1073. According to the prediction result, the
percentage recovery of sterols was obtained at the highest recovery as the criterion of target
(100 %).

4. Conclusions

Acid-catalyzed sol-gel processing was shown to be efficient for the production of
molecular imprinted silica (MIS) using sterols as a template molecule. In analysis of
response surface, the pH of sol-gel solution and temperature played an important role in the
performance of synthesized MIS. The pH of solution was found to have the largest effect on
the recovery of sterols of MIS. The response surface model showed the highest percentage
recovery of sterols was observed for MIS, which was synthesized at pH of sol-gel solution
of 0.6, the temperature of 50 °C and the S/TEOS molar ratio of 6.25x1073.
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Table 1. Factor levels in the central composite design.

Factors Name Low High
A pH 0.60 2.00
B Temperature (°C) 25 50
C S/TEOS molar ratio 2.23x10* 6.25x1073
Table 2. The experimental designs of central composite design (alpha value = 2.0).
Recovery (%)
Order pH T (°C) S/TEOS
Experiments Prediction
1 0.95 31.25 1.73x1073 45.12+£0.75 41.25
2 1.65 31.25 1.73x1073 7.11£0.57 4.60
3 0.95 43.75 1.73x1073 56.11 £0.93 55.39
4 1.65 43.75 1.73x1073 17.68 £ 0.45 18.72
5 0.95 31.25 4.74x1073 53.65+1.16 44.53
6 1.65 31.25 4.74x1073 9.51+0.73 7.87
7 0.95 43.75 4.74x1073 57.86 £ 0.69 58.67
8 1.65 43.75 4.74x1073 10.58 £0.28 22.00
9 0.60 37.50 3.24x1073 62.74 £ 1.40 68.29
10 2.00 37.50 3.24x1073 0.00 £ 0.00 -5.04
11 1.30 25.00 3.24x1073 10.85+0.80 17.49
12 1.30 50.00 3.24x1073 53.98 £10.23 45.76
13 1.30 37.50 2.23x10* 3249 +£2.62 28.34
14 1.30 37.50 6.25x1073 42.84 £1.46 3491
15 1.30 37.50 3.24x1073 33.93+£3.92 31.62
16 1.30 37.50 3.24x1073 32.60+0.75 31.62
17 1.30 37.50 3.24x1073 10.59 £ 0.98 31.62
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Table 3. The percentage adsorption, the percentage desorption and the percentage recovery

of sterols by MISs and NISs, synthesized under various pH of sol-gel solution.

pH condition Type of adsorbent % Adsorption % Desorption % Recovery
0.6 NIS 86.88 +0.56 77.19+0.70 67.07+1.04
MIS 89.20 +1.01 78.31+2.59 69.89 +3.10
1.0 NIS 5822 +0.86 52.77+1.20 30.73+1.15
MIS 82.31 +0.80 73.27+0.20 60.31+0.75
2.0 NIS 12.30 £2.13 0.00 = 0.00 0.00 £+ 0.00
MIS 21.70 £2.44 0.00 = 0.00 0.00 £ 0.00

Table 4. The estimated response surface coefficients for the percentage recovery of sterols
by MIS.

Terms Coefficient S.E. coefficient p-value
Constant 91.70 5.488 0.002
pH (A) -63.74 2.487 0.000
Temperature (B) -1.16 2.487 0.025
S/TEOS (C) 5,228.84 2.487 0.530
AxA 11.71 2.260 0.546
BxB 0.04 2.260 0.546
CxC 1,324,892.00  2.260 0.225
A xB -0.20 3.517 0.903
AxC -3,549.74 3.517 0.611
BxC -215.99 3.517 0.581

Table 5. The estimated response surface coefficients for new model equation of the
percentage recovery of sterols by MIS.

Terms Coefficient S.E. coefficient p-value
Constant 43.905 2.141 0.000
pH (A) -44.785 2.207 0.000
Temperature (B) 1.394 2.207 0.008
S/TEOS (C) 1,090.69 2.207 0.471
AxB -0.203 3.121 0.889
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Fig. 1. A comparison of the adsorption capacity and the imprinting induced promotion of
binding (IPB) by the molecular imprinted silica (MIS) and the non-imprinted silica
(NIS) synthesized under various pH of sol-gel solution.
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Fig. 2. A comparison of the percentage adsorption and percentage desorption of sterols by

MISs synthesized under various conditions.
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Abstract

Molecular imprinted polymer (MIP) was prepared by bulk polymerization using 2-
(trifluoromethyl)acrylic acid as a functional monomer, trimethylolpropane trimethaacrylate
as a crosslinker, stigmasterol as a template, benzoyl peroxide as an initiator and acetone as
solvent. Different MIPs were synthesized by varying ratios of crosslinker, template and
solvent to functional monomer according to Central Composite Design method, in the ranges
of 0.5 —-1.5: 1.0 (mmol : mmol), 0.1 — 0.1375 : 1.0 (mmol : mmol) and 10 — 20 : 1 mmol :
ml, respectively. For comparison, a nonimprinted polymer (NIP) was also synthesized by
the same procedure under the standard condition without adding template. Properties of the
obtained MIPs were characterized by SEM, FT-IR and BET techniques. Adsorption of
phytosterols in heptane was performed to investigate the efficiency of each MIP and NIP.
Statistical analysis revealed that the amounts of crosslinker and template strongly affected
the performance of MIP whereas the amount of solvent slightly affected the performance of
MIP. Optimal condition for the synthesis of MIP was monomer : crosslinker : template :
solvent = 1 mmol : 0.5 mmol : 0.1 mmol : 12.5 ml. The MIP synthesized at the optimal
condition had phytosterol adsorption capacity about 1.31 times 1.13 times of NIP.

Keyword: Molecularly Imprinting Polymer, Adsorption, Sterol Separation
1. Introduction

Phytosterols have several biological activities including cholesterol lowering effect,
anti-inflammatory, anti-atherogenicity, anti-cancer and anti-oxidation. Application of
phytosterols in pharmaceutical, food and cosmetics industries is therefore promising [1].
Phytosterols are a group of several sterols with similar structures and present as minor
contaminants in natural resources. Several processes including chemical transformation and
physical separation steps have been developed mainly to recover phytosterols from soybean
oil fatty acid distillate and tall oil [2]. However, these processes usually include the step with
high energy consumption such as molecular distillation, crystallization, recovery of solvent
from the solvent extraction and supercritical fluid extraction. It is necessary to develop the
more environmental friendly and energy saving process for recovering phytosterols from
natural resources.

Adsorption is widely applied in an industrial process to separate minor
contaminants from liquid and gas. One of the key factors for the success of separation by
adsorption is selectivity of the adsorbent towards the desired component. Molecularly
imprinted polymers have been applied in various fields requiring high selectivity to
particular molecules such as biosensor development, chromatography and catalysis [3-4].
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Since fatty acid distillates, by-product from vegetable oil refinery process, consist
of several fatty acids, glycerides and other contaminants [2], recovery of phytosterols is
impossible by application of non-selective adsorbent. In the present work, molecularly
imprinted polymers (MIPs) were synthesized by bulk polymerization of acrylamide
functional monomer and ethylene glycol dimethacrylate crosslinker using stigmasterol as a
template under various conditions. Amounts of crosslinker, template and solvent were varied
as synthesis parameters. Performance of the obtained MIP in sterol adsorption was
investigated using a model solution of phytosterols in heptane and compared with a non-
imprinted polymer (NIP).

2. Experimental

2.1 Synthesis of Molecularly Imprinted Polymers

2-(trifluoromethyl)acrylic acid (monomer), trimethylolpropane trimethaacry-
late (crosslinker), stigmasterol (template), benzoyl peroxide (initiator) and acetone (solvent)
were mixed in a glass bottle. Nitrogen gas was purged through the solution to remove
oxygen. The solution was shaken in an orbital shaker at 220 rpm. After 1 h of
prepolymerization, the temperature in the shaker was raised to 60 °C and the polymerization
was allowed to proceed at this condition for 24 h. The obtained solid was washed with
distilled water to remove all unreacted reagents. To extract the template from the obtained
solid, a solution consisting of acetonitrile (85 vol%), water (9.9 vol%), methanol (5 vol%)
and acetic acid (0.1 vol%) was used. To ensure that all the unreacted reagents and the
template were completely removed from MIP, the obtained MIP was stirred in heptane for 3
h and the heptane solution was taken for analysis of these contaminants using a gas
chromatograph with flame ionized detector (GC-2010plus; Shimadzu).

Different MIPs were prepared by varying ratios of crosslinker, template and solvent
to functional monomer in the ranges of 0.5:1 to 1.5:1 (mol:mol), 0.1:1 to 0.1375:1 (mol:mol)
and 10:1 to 20:1 (l:mol), respectively. Amount of benzoyl peroxide was fixed at 0.32 per
mole of monomer. Conditions for MIPs synthesis were determined according to Central
Composite Design method (CCD). For further discussion, MIP synthesized using
monomer:crosslinker:template:solvent ratio of 1:3:0.2:6 was named as “MIP-STD”. The
solid sample obtained under this condition before extraction of template was named as “T-
MIP-STD”. Nonimprinted polymer (NIP) was prepared using this ratio by the same
procedure without addition of stigmasterol template.

2.2 Characterization of Molecularly Imprinted Polymers

SEM images were taken to observe morphology of the samples using EVO*MA10
(ZEISS). Fourier transform infrared spectra were measured using [IRPrestige-21 (Shimadzu,
Japan) equipped with MIRacle ATR (PIKE Technologies, Inc.) with a resolution of 4 cm™.

2.3 Adsorption

Model solution was prepared from sterol mixed, containing campesterol (23.6
wt%), stigmasterol (28.2 wt%) and B-sitosterol (48.2 wt%), and heptane. Concentration of
total sterols was 140 ppm. 20 ml of the prepared model solution was mixed with 1 wt% of
MIP or NIP and then shaken at 220 rpm, 30 °C for 6 h. Samples (c.a. 0.1 g) before and after
adsorption were taken for analysis of campe-, stigma- and [-sitosterol using GC-FID.
Performance of the adsorbent was evaluated from adsorption capacity (gsterols/gads) and
selectivity (Si) calculated based on stigmasterol by using Eq. (1).

87



-88-

W.,—W. W,
Si — 1,0 i stigma, 0 ( 1 )
I/Vi,O I/Vstigma,() - I/Vstigma

[13%2]

Wi,0 and Wirepresent weight of species “i” in the model solution at =0 and 6 h, respectively.
Species “1” means campesterol, stigmasterol or B-sitosterol.

3. Results and discussion

3.1 Polymer Characterization

All the synthesized MIPs and NIP were white fine powder and were not dissolved
in water or heptanes. Figure 1(a) and 1(b) show SEM images of typical MIP with the
magnifications of 500 and 20,000, respectively. SEM images reveal that most of the particles
had the size smaller than 100 pm and the surface of MIP was not uniformed. Pores with the
diameter less than 1 um and cavities with the size in the order of 2um or larger are observed.
Since no large cavity was observed in NIP, these cavities in MIP should be formed after
extraction of template molecules.

Fig. 1 Typical SEM images of (a) MIP-STD x 500, (b) MIP-STD x 20,000 and (c) NIP x
20,000.

Figure 2 shows FT-IR spectra of NIP and T-MIP-STD. Identification of absorbed
peaks was performed by comparing with literature [5, 6]. Characteristics of both spectra were
similar. Both spectra had small broad peaks of N-H vibrations around 3460 cm™!, small sharp
peak of C-H vibration at 2960 cm™!, large sharp peak of C=0 at1730 cm™! and peak of C-N
vibration at 1400 cm™'. No peak attributed to C=C group, indicating acrylamide and EGDMA
was observed. These results indicated that NIP and T-MIP-STD had almost the same
chemical structures and no unreacted monomer and crosslinker was found in NIP and T-
MIP-STD. However, the relative intensity of C-H peak to other peaks in the spectrum of NIP
was less than the relative intensity observed in the spectrum of T-MIP-STD. This result
indicated existing of stigmasterol, containing C-H bond, in T-MIP-STD.

Transmittance [-]

bbb bbb bbb g |

4060 320(5 2400 ‘180(‘) 1400 | 1060 600 |
Wavenumber [cm!]
Figure 2 FT-IR spectra of (a) NIP-STD and (b) T-MIP-STD.
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3.2 Performance of Phytosterols Adsorption

Adsorption experiment revealed that all the prepared MIPs adsorbed campe-,
stigma- and B-sitosterol with almost the same percentage of the original amounts presenting
in the model solution; Scampesterol & Sp-sitosterol = 1. No specific selectivity to stigmasterol
adsorption should be a result of very similar molecular structures of these sterols. This result
should be considered as the possibility of applying MIP in recovery of all types of sterol
from fatty acid distillates. Therefore, adsorption capacity was calculated from total amount
of campesterol, stigmasterol and -sitosterol adsorbed on the adsorbents.

The relation between adsorption capacity and the amounts of crosslinker, template
and solvent obtained from statistical analysis revealed that the amounts of crosslinker and
template used in the preparation of MIP strongly affected the performance of the obtained
MIPs. Increase in the amount of crosslinker resulted in higher adsorption capacity. As for
the amount of template, increase in the amount of template from 0.1 to 0.2 mmol resulted in
decreasing the adsorption capacity while further increase of the amount of template from 0.2
to 0.3 mmol resulted in improving the performance of MIP in sterol adsorption. In addition,
effect of the amount of solvent on the performance of MIP in sterol adsorption was
insignificant. Increase in the amount of solvent slightly increased adsorption capacity of
MIP. According to response analysis, the optimal amounts of crosslinker, template and
solvent were 3.5 mmol, 0.3 mmol and 7 ml, respectively. In addition, the MIP synthesized
under this optimized condition had adsorption capacity of 1.28 mgsterols/gads Or 1.13 times of
NIP.
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Synthesis of Molecularly Imprinted Polymer for Sterol Separation
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Abstract. Molecular imprinted polymer (MIP) was prepared by bulk polymerization in acetone using acrylamide as a
functional monomer, ethylene glycol dimethacrylate as a crosslinker, stigmasterol as a template and benzoyl peroxide
as an initiator. The obtained MIPs were characterized using a scanning electron microscope and a fourier transform

infrared spectrophotometer. Performance in sterol adsorption of MIPs prepared under various conditions was

investigated using a model solution of phytosterols in heptane, comparing with a nonimprinted polymer (NIP).
Statistical analysis revealed that the amounts of crosslinker and template strongly affected the performance of MIP
while the amount of solvent slightly affected the performance of MIP. MIP synthesized under the optimal condition
had adsorption capacity of 1.28 mgsterols/gads which were 1.13 times of NIP.

1 Introduction

Due to high energy consumption and depletion of fossil
fuel, demand of biodiesel has been increased for several
decades. Palm oil and palm fatty acid distillate (PFAD)
are mainly used as raw materials for biodiesel production
in many countries, especially in South East Asia [1-4].
However, biodiesel producers are suffering from high
cost of production. In order to increase the competency of
biodiesel in the market, it is necessary to increase
economical value of the overall process including oil
refinery and biodiesel production.

PFAD is a by-product from palm oil refinery. It
consists of free fatty acids (81.7 %), glycerides (14.4 %)
and several high valuable bioactive compounds such as
vitamin E, phytosterols and squalene [5]. Phytosterols
have several biological activities such as cholesterol
lowering effect, anti-inflammatory, anti-atherogenicity,
anti-cancer and anti-oxidation. Therefore, applications of
phytosterols in pharmaceutical, functional food and
cosmetics industries are promising [6].

Recovery of phytosterols from PFAD with reasonable
cost should increase economical value of overall process
of palm oil refinery and biodiesel production. Several
processes including chemical transformation and physical
separation steps have been developed mainly to recover
phytosterols from soybean oil fatty acid distillate and tall
oil [6-9]. These processes usually include the step with
high energy consumption such as molecular distillation
under high vacuum condition, crystallization at low
temperature, recovery of solvent from the solvent
extraction and supercritical fluid extraction. Therefore, it

is necessary to develop the more environmental friendly
and energy saving process for phytosterols recovery.

Adsorption has been widely applied in an industrial
process to separate minor contaminants from liquid and
gas. It has high potential for application of phytosterols
recovery. Since PFAD consists of several types of minor
components [5], one of the key factors for the success of
the separation of phytosterols by adsorption is selectivity
of the adsorbent towards phytosterols.

Molecularly imprinted polymers (MIPs) have been
applied in various fields requiring high selectivity to
particular molecules such as biosensor development,
chromatography and catalysis [10-12]. In this work, MIPs
were synthesized from acrylamide (monomer), ethylene
glycol dimethacrylate (crosslinker) and stigmasterol
(template) by bulk polymerization under various
conditions. Amounts of crosslinker, template and solvent
were selected as synthesis parameters. Properties of the
obtained MIPs were observed using SEM and FT-IR
techniques. Batch adsorption was performed to evaluate
the performance of the obtained MIPs in sterol adsorption
using a model solution of phytosterols in n-heptane.
Performance of MIPs was compared with a non-
imprinted polymer (NIP).

2 Experimental

2.1 Synthesis of molecularly imprinted polymers

Acrylamide (monomer), ethylene glycol dimethacrylate
(EGDMA, crosslinker), stigmasterol (template), benzoyl
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peroxide (initiator) and acetone (solvent) were mixed in a
60 ml glass bottle. In order to remove oxygen, nitrogen
gas was purged through the solution for 10 min. Then the
solution was prepolymerized at 60 °C for 1 h by shaking
in an orbital shaker at 220 rpm. After prepolymerization,
the temperature in the shaker was raised to 60 °C and the
polymerization was allowed to proceed at this condition
for 24 h. The obtained solid was washed several times
with distilled water to remove all unreacted reagents. To
ensure that all the unreacted reagents were completely
removed from the obtained solid, water was separated
from the solid by centrifugation at 4,000 rpm for 30 min
and its absorbance was measured using UV-
spectrophotometer. To remove the stigmasterol template
from the obtained solid, Soxhlet extraction was
performed at 120 °C for 24 h using solution consisting of
acetonitrile (85 vol%), water (9.9 vol%), methanol (5
vol%) and acetic acid (0.1 vol%) as extracting solvent.
To ensure that the template was completely removed, the
obtained MIPs mixed with n-heptane and stirred at 30 °C
for 3 h and the solution was taken for analysis of
stigmasterol using a gas chromatograph with flame
ionized detector (GC-2010plus; Shimadzu).

Different MIPs were prepared by varying ratios of
EGDMA, stigmasterol and acetone to acrylamide in the
ranges of 2:1 to 4:1 (mol:mol), 0.1:1 to 0.3:1 (mol:mol)
and 4:1 to 8:1 (mol:mol), respectively. Amount of
benzoyl peroxide was fixed at 0.32 mole per mole of
acrylamide. Conditions for the MIPs synthesis were
determined using a MINITAB program according to
Central Composite Design (CCD) method. The result is
summarized in Table 1.

Table 1. Condition for MIP synthesis determined by CCD
method. (1 mmol of monomer, initiator 0.32 mmol)

No. crosslink | template | solvent
(mmol) (mmol) (ml)
1 2.5 0.15 5
2 3.5 0.15 5
3 2.5 0.25 5
4 3.5 0.25 5
5 2.5 0.15 7
6 3.5 0.15 7
7 2.5 0.25 7
8 3.5 0.25 7
9 2 0.2 6
10 4 0.2 6
11 3 0.1 6
12 3 0.3 6
13 3 0.2 4
14 3 0.2 8
Std 3 0.2 6

For further discussion, the MIP obtained at the
condition of monomer: crosslinker : template : solvent =
1:3:0.2: 6 was named as “MIP-STD”. The solid sample
obtained under this condition before extraction of
template was named as “T-MIP-STD”. Nonimprinted

polymer (NIP) was prepared using this ratio by the same
procedure without addition of stigmasterol template.

2.2 Characterization of molecularly imprinted
polymers

SEM images were taken to observe morphology of the
samples using EVO®MAL10 (ZEISS). Extra high tension
voltage level was 15.00 kV. Fourier transform infrared
spectra were measured using IRPrestige-21 (Shimadzu,
Japan) equipped with MIRacle ATR (PIKE Technologies,
Inc.) with a resolution of 4 cm™.

2.3 Adsorption test

Model solution was prepared from sterol mixed,
containing campesterol (23.6 wt%), stigmasterol (28.2
wt%) and [-sitosterol (48.2 wt%), and n-heptane.
Concentration of total sterols in the model solution was
set at 140 pg-g”. Batch adsorption was performed as
follows. 20 ml of the prepared model solution was mixed
with 1 wt% of MIP or NIP and then the mixture was
shaken at 220 rpm, 30 °C for 6 h.

Samples (c.a. 0.1 g) before and after adsorption were
taken for quantitative analysis of campe-, stigma- and [3-
sitosterol. Analysis was performed using a gas
chromatograph connected with flame ionized detector
(GC-2010plus; Shimadzu). Peak separation was achieved
using a ZB-5HT capillary column (30 m in length, 0.32
mm in internal diameter, 0.1 um in film thickness;
Phenomenex). Tricaprin was used as an internal standard.
Calibration curve of sterols in n-heptane was made in the
range of 0 — 120 pg. The obtained calibration curve was
expressed as Weror = 13.075 (Agterol/Aricaprin) T 0.6042
with R* = 0.9997.

Performance of the adsorbent was evaluated from
percentage of sterol adsorption (%Ads: %, Eq. (1)),
adsorption capacity (g;: Eswerols/€ads» Eq- (2)) and selectivity
based on stigmasterol (S;: %, Eq. (3)).

c,-C
%Ads =—-—x100 (1)
CO
q= (CO B C)VVsolution (2)
I/Vads
S- — I/Vi,() _VVi I/Vstigma,o (3)
1 I/Vi,O VVstigma,O - VVstigma

2.4 Statistical analysis

ANOVA analysis was performed in order to investigate
effects of the synthesis parameters on the adsorption
performance of the obtained MIP and to predict the
optimum condition of MIP synthesis.

3 Results and Discussion
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3.1 Polymer characterization

All the synthesized MIPs and NIP were white fine
powder and were not dissolved in water and n-heptane.
Figures 1(a) and 1(b) show SEM images of MIP-STD
with the magnifications of 500 and 20,000, respectively.
SEM images reveal that most of the particles had the size
smaller than 100 um and the surface of MIP-STD was not
uniformed. Pores with the diameter less than 1 pm and
cavities with the size in the order of 2 um or larger are
observed. SEM images of MIP synthesized under other
conditions (not shown) had characteristic similar to those
of MIP-STP. Figures 1(c) and 1(d) show SEM images of
NIP. No large cavity is observed. Therefore, the large
cavities in MIP-STP should be considered as a result of
existing of stigmasterol during the polymerization and
they were formed after removal of the template.

Figure 1. Typical SEM images of MIP-STD (a, b), NIP (c, d).

Figure 2 shows FT-IR spectra of NIP and T-MIP-STD.

Identification of absorbed peaks was performed by using
database of FT-IR equipment. Characteristics of both
spectra were similar. Both spectra had small broad peaks
of N-H vibration around 3460 cm™, small sharp peak of
C-H vibration at 2960 cm™, large sharp peak of C=0O
vibration at 1730 cm™ and peak of C-N vibration at 1400
cm™. These peaks were identified as the N-H, C=0, C-N

and C-H in the structure of acrylamide-EGDMA polymer.

Since no absorption band of C=C (at 1600 cm™) was
observed in these spectrum and both acrylamide
monomer and EGDMA have C=C in their structures, this
result indicates that unreacted acrylamide and EGDMA
were completely removed from the obtained NIP-STD
and T-MIP-STD by water washing. Comparison of the
spectra of NIP and T-MIP-STD reveals that NIP and T-
MIP-STD had almost the same chemical structures.

However, the relative intensity of C-H peak to other
peaks in the spectrum of NIP was less than the relative
intensity observed in the spectrum of T-MIP-STD. This
result indicated existing of stigmasterol, containing C-H
bond, in T-MIP-STD.

.-—*—6"_—4% Y b
— T TV @ IR AN
{ \ ] 1A |
RIS (e
— N-H|C-
= 3460 | 2960 1400/
g \
g €=0 1730
g e -
g TV m \ e T
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Figure 2. FT-IR spectra of (a) NIP-STD and (b) T-MIP-STD.

3.2 Performance of phytosterols adsorption

Figure 3 shows the performance in sterol adsorption of
MIPs comparing with NIP. As shown in the figure, MIPs
prepared at the condition number of 2, 4, 14 and STD
adsorbed larger amount of sterols comparing with NIP.
Moreover, adsorption experiment revealed that all the
prepared MIPs adsorbed campe-, stigma- and B-sitosterol
with almost the same percentage of the original amounts
presenting in the model solution; Scampesterol = Sp-sitosterol = 1.
No specific selectivity towards stigmasterol adsorption
should be a result of very similar molecular structures of
these sterols. This result should be considered as the
possibility of applying MIP in recovery of all types of
sterol from fatty acid distillates. Therefore, adsorption
capacity was calculated from total amount of campesterol,
stigmasterol and p-sitosterol adsorbed on the adsorbents.
10

30
20 |
0
D

1
ST

YaAds %]

234567 8 91011121314
Conditions

Figure 3. Performance of molecularly imprinted polymers in
sterol adsorption at 30 °C, 6 h; (- - -) NIP.

3.3 Effect of synthesis parameters on adsorption
performance of MIP

The relation between percentage of sterol adsorption and
amounts of crosslinker, template and solvent obtained
from statistical analysis are shown in Figure 4(a) — 4(c).
As shown in Figure 4(a), in the investigated range,
increasing the amount of crosslink improved the
performance in sterol adsorption of the obtained MIPs.
The effect was more significant when the amount of
template was low. However, increasing the amount of
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template (0.1 to 0.3 mmol) non-monotonously affected
adsorption performance of the obtained MIPs. The lowest
efficiency was observed from the MIP synthesized at the
template (0.1 to 0.3 mmol) non-monotonously affected
adsorption performance of the obtained MIPs. The lowest
efficiency was observed from the MIP synthesized at the
template (0.1 to 0.3 mmol) non-monotonously affected
adsorption performance of the obtained MIPs. The lowest
efficiency was observed from the MIP synthesized at the
amount of template around 0.15 mmol. Figure 4(b) shows
that increase of the amount of crosslink improved the
performance in sterol adsorption of the obtained MIPs
whereas the amount of solvent insignificantly affected the
performance in sterol adsorption of the obtained MIPs.
Effect of the amount of template on the performance in
sterol adsorption of the obtained MIPs shown in Figure
4(c) agrees well with the same effect shown in Figure
4(a).

% Ads

Template

0.
2 “_H;“m——j_ﬁ_’_ﬁ/o . [mmol]
4 .

Crosslink [mmol]

% Ads 30,

Solvent
[m]

% Ads

[ml]
02 03 4
Template [mmol]

Figure 4. Effects of synthesis parameters on performance of
MIPs. Synthesis conditions: (a) volume of solvent = 5 ml, (b)

amount of template = 0.20 mmol, amount of crosslink = 3 mmol.

According to response analysis, the optimal amounts
of crosslinker, template and solvent were 3.5 mmol, 0.3
mmol and 7 ml, respectively and the MIP synthesized
under this optimized condition had adsorption capacity of
1.28 M@gero1s/Cads OF 1.13 times of NIP.

4 Conclusions

Molecularly imprinted polymer (MIP) using for sterol
separation was successfully synthesized by bulk

polymerization of acrylamide and EGDMA using
stigmasterol as template, acetone as solvent and benzoyl
peroxide as initiator. MIP had large cavity formed from
stigmasterol in its structure. Performance of MIP in sterol
adsorption was significantly affected by the amounts of
crosslinker and template but slightly affected by the
amount of solvent used in the preparation of MIP. MIP
synthesized at the optimal condition had adsorption
efficiency of 1.13 times of NIP.
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Nomenclature

%Ads percentage of sterol adsorption

C total concentration of campesterol, stigmasterol
and B-sitosterol in the model solution at 6 h

Co,  total concentration of campesterol, stigmasterol
and B-sitosterol in the model solution at 0 h

o concentration of species “i” in the model solution

q capacity of sterols adsorption

/4 weight of species “i” in the model solution at 6 h

W.o weight of species “i” in the model solution at 0 h

Wi  weight of model solution

[3332)
1

Subscript
i campesterol, stigmasterol or 3-sitosterol
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