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Q'IU’JiJEJUﬁﬂ‘l:ﬂﬂ"I'iﬁ\uﬂi'luWﬂ’aﬁLili]‘iﬁilﬂltUUﬁﬂﬂlJ‘]?imDiaﬂ uasnspadulninamosealy
asasapameseanaulayin Lwa'lmﬂuummq'lunﬁmnau‘lvﬂmama'saamnwamnmmwaau‘lﬂ
a'mni~mumswamumuma;ﬂuammnnﬁ:ﬂuamﬂm msvaaswalvanediu fie msdaasied
wodes way nUssiwdssdvinmilunseadulWinamsToavsmedwesitduaseridy Tae
" fevsumedwaiaenuuy 2 win W poly(acrylamide-co-ethylene glycol dimethacrylate)
(PAM) uwas  poly(2-{trilucromethyl)acrylic  acid- -co-trimethylolpropane trimethacrylate)
(PMAA) 'l°u central composite design method (CCD) lunisimunganmzatslunouwnvenis
Fuanesiiiosan  mnfuihwamsvaassiildunfissendviwavesianyslunsdaaerivnes
Lua'iaanLtuwumaﬂ'ssﬁwﬁmmmmqmfu'uﬁ'lm logvssdiunndosasmsgnduvadlnlnamesea
uszdnsdunsgaduseslnainessaflouivaiinunamnesea wuit Smsrduesarsiviiiing
nsideales (crosstink) uwamasaEm.,msﬂmwwaa‘lﬂ'ﬁmamasaamnwam lay PAM aonuuuadn
wanaseailfovazngeduvasinlndineseaiiiy 37 ‘maafm PAM ‘luaanuuuwusaﬂaun'ﬁmm
Furadllnamasoaiiu 33 vieAnty 1.13 Wi 'lu-uru..w PMAA aonuuuaiinnamaseailsey
asmsgadureslwinaumeseaniniu 55 Jugenn PMAA liaentuuiiifesanisnasuvesinlnan
psoawiny 42 viefadu 1.31 wh :
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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
phyto'sterol 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, polylacrylamide-co-ethylene elycol dimethacrylate) (PAM) and
poly(2-{trifluoromethyllacrylic acid-co-trimethylolpropane trimethacrytate) (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, oit palm
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21-1 laswairesdlWinawmesoaudasuseinm
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4.1-1  BuWsnsnanaiuued (n) PAM Waenuuuainunamesea (4) EGDMA uay 14
(m) acrylamide monomer

4.1-2  Tasea$raves acrylamide monomer (§18) uaz EGDMA (937) 15

4.1-3  Iaseaieves PAM . .15

4.1-4  Bursusaanniures (n) PAM hinenuuuafinuainesea (v) PAM aaniuy 16
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4.1-5 ﬁuaa-uaqwaanua%ﬁﬁné‘wmmhaq () NIP-A 500 11 (¥) NIP-A 20,000 tin 17

() MIP-A-STD 500 %11 (4) MIP-A-STD 20,000 1

4.1-6 -saaavnwsqmwwaq‘l&rﬁmamasamm PAM aonuuuainunaneseaiianazdne q - 18

. Wiguiy PAM ldasnuuu

4.1-7 svmu'ummmsﬂmual.masaa ({aYFun crosslink way tempLate wWaguwas 20
Tﬂuu‘%mmmmaumﬂmw Wiy (n (M) 5, (W 6 way (@) 7 mil

4.1-8  sxuuiesazn1Igaduameses fU3uns crosstink uasdvhazanewasuwlas 21
TneSiname template Asit Wiy (n) 0.15, (1) 0.20 wa (A) 0.25 mmol

419 szuuwesrniseasnsgaduamesen WouSunn template uaiaviarany 22
Wasuwas TneUSanes crosstink At wirdu (1) 2.5, (@) 3 uae (®) 3.5 mmol

4.1-10 sadrumagadurnsiinameseaifieutumsgaduainnameseayes MIP-A-STD 23

4.2-1  dursnsnmnaiuved (n) PMAA liaonuuudafnundinesea (1) MAA uay

(m) EGDMA 25
4222 Tnsea¥iaves TAMAA (dhe) way EGDMA (137) 26
4.2-3" Taseaiaues PMAA 26
4.2-4 auﬂsmmawnmswm {n) PMAA Tadaaniuy (1) PMAA agnLUVERNAmeToa 27
4.2-5 wum'uaawaaLuaswmawmﬂmq 9 () NIP-T 500 i1 (%) NIP -T 20,000 wi 28
() MIP-T-STD 500 111 (4} MIP-T-STD 20,000 win :
42-6 TouavninatuameIoaTes PMAA aanuuvaRnInAIneseaTianTILan 1 29
Winuriu PMAA Tiasnwuy (@udseduns)
4.2-7  szuvvesrmigaduvestvinameseaiiauiinm crosstink uay template 31

wWasuly TnevSnavesinhazmensd i (n) 125, (4) 15 uaz () 17.5 ml

428 ssunasimsgadulrlnameToauiouiuan crosslink wasiviazaewdnly - 32
Taeu3unn template Al Ay (n) 0.1125, (¥) 0.125 uasy (1) 0.1375 mmol

429 ssuwreshnmsgatulrinawesoatorlu template uasinharauwdouly 33
Tngitdna crosslink Asil wiri () 0.75, (1) 1 waw (A) 1.25 mmol
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VI




uni 1
umiin

1.1, anutunwaranuddguectam

TWlnawnasea (Phytosterols) iuansnguaimeseaiiilluity Massadndoraiaaneson
(cholesterol) wastisann1igriunaiadinesoalautowiztiin Low Density Lipoprotein (LOL) Tu
Tumeuyudld 'Numsu'ﬂtﬂ'n'lummitwaaﬂmw usnnifinlnawmaseadsaunsarluléidy
ansdsilumsraneldvaresin u.mm'saqLﬂsnvw"lw'lmamasaamwgrﬁmmuuﬂuwuqma"
govnn Seimstannmaluladifleannlwlnainosasnitushe q wWu wheat, rye, cereal, rapeseed
wazwalulaflumsihnduinlnamsseasinnsnleiuildannerdanaulunssuiunisnauite
viafu Wy dades s dwivlulsawalveddifinmsndnlilinameseafainisdnseioningn
VINFNYTZIA :

1Jssmﬂ‘lwaﬁm'imﬁmﬁnﬁ’uméuu‘%qwﬁﬁamsuﬂnﬂu.a::'l-&'ﬁ‘Jui’mqﬁu'lun'\_iwﬁm‘lUTaﬁma
Wuthinonnn - dniheuiauinsidonisinums Gadnisimmm) el we. 2553 dms
nanluladiwannils 45.04 Sudu Jadssanaldniinsnloiuladu (Patm Fatty Acid Distitlate:
PEAD) llurawaotldarnmsnduitududniuie 2.25 Sy mnnﬁﬂum'muuums
Aemuinsaluiuurduilininainasoa (phytosterols) 2yineay 0.2-15 wagnuniumumma.,
annzlunsndurindiundy Ltluwmlﬁammﬂn'sm‘lﬂuumﬁumu'lvntynﬂm‘ltﬂmfumammuﬂm
gniunsed@nlulofitsa  msvimuinssuaunisthndulvinadimesoaifie livsslomilugnamnssa
IMTUaL m'lwm':nnﬂuﬂ'lL%amwﬁmamsmummﬁﬂﬂtym"‘mmwuuamnsﬂ‘l'zmuﬂ'\auua Vitlv
nszuIunslassly n'rmammuumau'usawsua.,‘lu‘iamwaummmuqumeﬁmammwu‘ &
mnmﬂsmaumsum‘lﬂwuw mﬂ'sﬁr‘flumaamUﬂsvmmwmmaﬂnuuwuam‘luiaﬂmaaa“l.m

m'iuam‘lvﬂmamasea’lumqﬂsumﬁwﬂman'ﬁmnau‘lvﬂmamasaamnn‘sm'lwumnﬂamwa
frdandu (Deodorized Distillate; DD) 'lun'sumumwammuummaawaawﬁvduwaﬂ Tagni DD
mmﬂgnsmnﬂaautﬂumwsunaumwataamas umm‘lﬂnau’imana {Molecular Distillation)
Weiinaruduturedlnamesealudawamod mnfuSmnudn (Crystallization) w3adafin
faesviazany (Solvent extraction) Wauenlnamasoaesn  wimalulafngaslianuasn
yurlduse synatdiunsuaniwlnameseaesnannsatudivrdnld osonasaluundud
aaﬂUsvnauwanqunnsm‘l‘uuuwmmnmuummaaq uauuaﬂwanmmqm'lacuwnuﬁl'umnnan
lnamesoa

nm"wauumﬂﬂmummﬁmw mwum'l{f‘{un'ﬁmnaU‘lw‘[maLwaiaamnniﬂ‘lwumau
Luaqmnmsmmwnﬂumﬂuﬂwwlu1.,ﬁu'lumsu.emmswumwwuuum'lumsa"aw wail

aﬂﬁmwuaqnﬁ"mumswuuaanummmmsn’lum-a'Laanqm}wuanaagﬂwﬁ'l'nuazm'm
ndelunneiulvinameseasenaniangadu

wrllansasniwuulitana (molecular imprint techmque) gmhnitdlumsdauaseians

_gaduvedndauiiteriidiausumisianzesiurug 5Us9 ua"anwmwmimanamuuuu
(template)Tmmaamﬂmmmuefﬂiﬂ-ﬁmammﬂ'iaa-mﬂmﬂnumn‘lmamquﬂsvﬁwﬁmw firu

1




uddimaihfanfiduaseiseisdiuussgndlflummanein Wy msusnaisdemaiialas
Tmnmﬂ%mmmﬂsvﬁw%mwaq {high performance liquid chromatography), n15vi1wansiaa
(sensor), mwden (drug delivery) v
q'nmaummmnu'ivawﬂumiaqmswvmaﬂﬂmiuwummmm*nvmma‘lumsmanqm‘u
a'rsnaaﬂ.wimaLﬂasaaTﬂu'l'umﬂuﬂmsaammu'ﬁmana Tﬂmamﬂmwwaamﬁm‘lm"nnu'ﬂﬂ
ATIVEDVANIRN I uauvmaa'uU'ivﬁ-nﬁmw'lum'i@mju-ma-uua'ﬁnqu“lwimama'iaa

1.2. IngusvatAvaen1sidy

1.2.1. aamﬂvmammmw‘lvﬁmama'saamumnuﬂm'saanLLUUTutana
1.2.2. finwdvdnavestadulutunisduasis (synthesis parameter) fiinauszavisnmly
nsgadu-nedulnlnanesaavesiangaduils

1.3. UDULUAYDLNISIVY

muituivhnasdunsied poly(acrylamide-co-ethylene glycol dimethacrylate) (PAM)

. ua poly(2-(trifluoromethylacrylic acid-co-trimethylolpropane trimethacrylate) (PMAA) Tng

Mnafianisasnuuuluana (molecular imprinting technique) Lwa'lmw'swanamqmuw'
e‘i’am‘suu’lmummmwam"wnuTuLanaﬂae‘lﬂTmaLmasaa’luns-‘mumiﬂmw uavenadulvln
awnosealiogdusz@niam Tnvlunisduasizvasuiuddeu dadiuves monomer,

crosslinker, mutrator'lumsaumwmﬂgn'smwamua‘lﬂwu gampiinayszesinanlunisvin
Yijisen mﬂuuaum'aamq}mwwmmﬂ"w imglian1agareg lunsamasuant@inienenn
(VumaymA, Fuifs Uy, PUMUATNINTTNVATBIZHT), AuTiaed] (niedduiiuans

Tﬂsaasﬂqmqmu) warnaaauUsyAngamlunisgadu- ﬂw'vuw[mamaiaa'lua'ﬁa°aw drama
(model solution) laeldyavaaswuuny Auurhmugiunsgesuinindinesos, $osavnns
indulvinainesea LLa.,mmstaanﬂmw‘lﬂmamasaa nJ'sa'umuuﬂsuawﬁmwmanamn

duamgiineweiinaenuuuluana (MIM) futangnduifunseilaglild ‘Emanamutmu (NIM)




1.4, 38autiun1539y

mmwua"amm"maﬂaan:.LuuTutaﬂa (molecular imprinted materials: MiM) angld
aangeine 9 9ntfundt MM ﬁlﬁlﬂamﬂvwauuwmmwmw maad Ltauﬂsuﬁwamw'lun'ﬁ
thndulwlnamesea InofisasiBeanisiuiuny fell

- msduasisiiagaenuvuluiana seviin1sUiuivdsy dmdruves monomer,
crosslinker, Initiator luansazaredmiuil fisemednelsiedu, sumgiivas
syoiiailunsiinten '

- mﬁmﬂwawmmqmamw vilnglinsgaduiBsmenmesauialulnsiou (8ET) Tn
Auitinsuwy YWINFHTUALMINTENBIWIAGHTY Wazndosganssaidiannseunuy
daansn (SEM) Tavumoynia :

- audimaaiivsimsliesieinitfuiuansdassadrmaniing Winadia Fourier
Transform Infrared Spectroscopy (FT-IR)

- UssAvdamluninihadulilnamesea sxRrsanmsgeaduuasmedulinameseslag
Wasavaredraes (model solution) Tneiiouiisuysyansnimues MM fuvanitlal
apnuuuliana (NIM) - msinswidssaninmnnainduilneansasanerdouuay
wiimsgedurmuiinutilnaineseadeiniesinseiufalasuilansav (6O ualns
ulansveanalssdnsaiwga (HPLO) ﬁ”nmmmm%m'lum'sém%’u (Adsorption
Capacity), mm‘smanﬂmw‘lvﬂmama'saa (Selectivity to Phytosterol Adsorptlon) uay
Toua¥nIINAY (% Recovery) Ivlneimasea

o 1 ar
1.5. Useleinanadnaslssu

1.5.1. sarmnusiieatuniadanse siasmematianisaenuuilnana awnsmhluiaunsde
uam'l'umsmmmmammmwmamnaumsmuuamawumau‘lﬂ

1.5.2. unﬁnmwvm-nu‘[ﬂ'mmsumwmmum'iaqmmua'ﬁmamrmﬂm-saanuuu'[mana way
msaanwu'un‘sumumsmnaum'smumamaunn'rsgm-uu-mUw

1.5.3. ‘lwimama-saaﬁ”lmuuamgq JufumsiiugedituressnssaminhduuayluTafios
Tnesan




nawiuaraideiiien
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2.1, nuiiiliieyos

2.1.1. Wnswmoson

af Y v
IWlnamosen (phytosterols) Wumissnouwinadesosdiwilufindsiy laswad
v < 3 v o v w
rwAstaawesaafiuaInduafosoudfanuludng Taswa$rmdnvedlinamesoalsznoviny
+ o4 Vv w1 3 - - 12| o ' P
AU 4 2iTeunenu divyHAdu (functional eroup) Ae myjlensenda \NEDYVITUMUL 3 U

(3B-hydroxyl group)

‘lvﬂmamasaa‘luﬁssumﬁﬁagjﬁwﬁuwmwﬁm viatloglugUainasendase (free sterols) uay
MIUsENeuIeAMDIVBIANDIOA (sterol esters 3D steryl esters) Tnsawmesoafioglugy Tn-3
Tnawmeson (B- sitosterol), afinudwesea (stigmasterol) uavuruanasoa (campesterol) 1y
'lemamasaawuaaLUuU" winnnlus s waslisuhunlisslonllugnamnssuamaasen

lvﬂmamasaam 3 viaillassairadnmilouiunausenns LLmnmqnuﬁTﬂsaaﬂwm
MHEJ&FIﬁ‘-’IH‘]Lﬂ"IvﬂU’NFI'ﬁUiJU Aamansluguil 2-1-1 wnRvesinlianosearisauanslunsed

2-1-1

-l v :
Ui 2.1-1 TassafevedlwinawmeseauniasUssian

uni 2

L

aq

- o o .
f19°19% 2,1-1 Qmauumwaa1vﬂmatma'saﬁwam'wmm‘sgw (1-3]

Campesierol

CaoHs50Q 414.71 501.9 139-142 0.970
CasHagO 412.69 490.4 161-170 0.953
CagHggO 400.68 489.5 156-160 0.980




2.1.2. nsfaaseasisiBasnuwuvbuana

o v W -l q v ' '
Taggrdulinduasiiilessadiluanavualvgussneudemihedossumdniuann

LT v

mﬁaumanumawuﬁummﬂu 1.1E'N'i'lJﬂ'lU.LU'U'U'IG]WNﬂU"U’IU'NM’]ﬂ Qﬁﬂﬂﬂ‘UUmﬂ'ﬂﬂﬂﬂﬁiﬁﬁtﬂi’]u%

SeiEvialy magnu"nm'l'nLUua'rsﬂm-uumunmﬂmsmﬂ'uuLLuu‘lmmw'l.,m"mmaaws'lrﬂmwuq

msaqLﬂs'z.,mamamﬁuuuaanuuu'imana {Moleculary imprinting Technique) Tu
mﬂuﬂwummm'l'mwmwum'aummwmaammmunumswmmmsmmw Tnhansfifiasnsgady
mm;ﬂuTmanammmU (template) mﬂuﬂunn'l‘zfamamﬂw*mlua'mwmaqn']smwmmmu'ﬂaq
huana 1wy nsusnensmemaiialasnlansd MsiRSoued msvivhnseia wa9 [@-7]
maliadansauusifveseeitimely (cavities) 'uanaﬂﬂmu'lwuamw'lﬂamm nUTmana‘uaa
m-s'nmaan'rsmmju‘l.ﬂwwmﬂuausﬂ'm ua.,uu'ﬂun'lumsamaumsnsm Vaifdnwaimastasine
5 amunuwummqLﬂnuauaumsnsmsumqﬂﬂsaaswwaa’mmﬂmwLtaumsﬁ'l'm.du'imanamuwu
(template) auumuaummmm'ia'Lun'mcqmT.uLanamuuuwmwaatua'sﬂ“lm vonaniigeduiy
aum‘snsu'15uwma'ﬁwLUuTﬂ'sqaﬁ"NwannquLanamutmuum §idufusiiney cross-linker, v
avaneilidentd wasfuuslunsdaunsiedt Gsynthesis parameters) 19U mundutuvasans (ulu
waf, luanaiuuu, cross-linker), gaunqil LLaust.,nm'lumsmﬂgn’%m (5]

U 2.1-2 uamwumawan’lummms1vumsmmﬁaammﬂmanﬁamsunsmaamﬂ"w
waamasaammu‘iumna nsdaAsIiazisiain 1th monomer, crosstinker, template wasf3u
Ufnden (initiator) mnaunmﬂua'ﬁavma LLa'ﬂwﬂ'nma'uLmmiavmaLwa'mesmﬂgnsmnu
naneifunedines 9niuSeindn template ssnanweRidily

nAsAIn template sannnfanaenuuuild erwvildlaumslifinazanergaanviow
a LmLua~1mn‘[mam'hﬂuLanamuLtuuunl.'dua'rswm’m'luwma.iﬂ'iqaﬁwawamﬁ‘lﬂawnnmmﬂ
Ihiledudfatuaufoufuaun muEm'hrmw"mummavmamamnau‘{uLanamuuuuml'n
Tumsduasisilnl anfumunisdaaseitianaenuuuiana

fvhasaneifieléivanseiln W wiBaweanssed {benzyl alcohol), ﬂﬁfﬂs’iwqau
(chlorotoluene), AaplsivuBu (chlorobenzene), wafiwaa (anisol), 1gUiviu (heptane) Mlins
wendwharangdulusoshilfunifvesianaentuulnagandimsidnlinanafuuuuselng
%.,maq‘luamtﬁaﬁuummnaanﬂmumamswmmms

Removal of
templat:

“Templite

- Self-assemibly

»
LY

| a ‘ ‘. .
U 212 fupeumsdunsizvinefiuedasnuuy (8]
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o v o o
2.2, uiRsnAneates

ﬁn’quu’nﬁmu’:ﬁ'&ﬁv‘hmsﬁnmwaﬁma‘faammu’imaqamin?juamaiaaagﬁwLLm'himmTﬂ
Qujin uaramus [P1dsiasizviwediwedaonuuvinianaesy 178-estradiol 1agld 2-
(trifluoromethyl) acrylic acid {Wuliluwesuay trimethylolpropane trimethacrylate u cross-
linker unzimodeinenwuuiiduanedldlulfiduiaggaduilonsnarsiunsinse
owUsznovluuidalanninnmituounaiss@ninmgs (HPLO) wuinileléweRuwesaonuuudl
aqLﬂi'l.,w«a”uﬂsyawﬁmwmmﬁwaamasffﬂu“lﬂaanLLUUTuLana'lmam'lv:wiwuaa'[ﬂsmeunsuﬁlﬂ
Iautunasnanisiiaseiinmumiugr  Kiahara uasane [10] aamsqmwaamasaanuuu
Tuanalagldalaiululluwesuaslnliauuduiy cosslinker ipssnmedweifduasvd
nndlaunarlnbhiaudull pnuemuganitiineduesuiiady touldiludlunnsuinssu.
insamsiuasnsduasinefefasnuuuluiana annsovulldsuannslumsdnaseild
19 Kitahara waganizliia cholesterol fufiulianafuwuulundauuiiuinvesddniiiaa
nyuriou wasihlUldlumsasaovausihuifomofiwelaeiy  wuimeduesaonuyuilés
AT WL leluanaTeY cholesterol uiandmedwesilldlfaanuuuis 5.7 wiudle
ﬁﬂ'hﬂﬁl.ﬂu"faqgﬂ'ﬁ’u'luﬂaé’;iﬁu.ﬂnmsnﬁa'l‘u"’im'mﬁﬁqeflﬂﬁm'[mn'ﬂﬂwaummﬂ‘szﬁw’ﬁquq

Jin Y. uazae (1] admtimswizumeduefasnuuumeitnnsinseuwuuanasnou Tag
monomer waransiianlusiilife TAMAA waz TRIM nadfu Suneuusnazsas monomer uas
'msL'uau‘{ammmanu’luauﬂm‘lﬂmsawL'.Jummasmu ndniudaussisenadly 'l.uvm
fip AIBN wmaumammiaummunmn1'lwamn'[ﬂaﬂaunw1ﬂmmu‘lwammﬂunm 5wt fie
ﬂaqnuaanwwuwawmﬂgnsmnumsmq 9 1 wdrenduasslimmdoufvasazanoinugnh
fouiiqamgiviiiy 60 °C ﬂ’J'lJ.II.'iTiiJUWI'mU 190 rpm ulunm 24 Halus weRmesintune
wurvasveyluaisasans sntuszwunifunediedonn Funaugaiedionisth Template aan
Tnshwodwesesnuuusndisasasmonvsaifimdituresnsnesdindorar 10 Tag
Vs Junm 12 Flue wdvemfudredasesalalutasduianiifunm 2 dalu

Nor Azah Yusof [12] uaganz s1onuisnnsinieuweiuesuvulad dunsulsnisasane
luvana 2,4-lalulnsWidia (2 A-dinitrophenyl) Fafiu template aslutinined wdsarnduidu
monomer asi¥eales Lta.,mﬁuﬂgnim A acrylamide EGDMA uaz benzoyl peroxrde asly
Unins wémntnhtuldennasfielulasaudunm 10 uiil welesiiaduitnuaumi
flou dunsusouuanoBuefudni template sonlaenisdwediuesimuasaraioumivea-
nsnov@Anfiimnududy 1 : 2 Jundt template WHNANDANIUNUA

Duan wagAmy [13] ﬁnmawﬁwa'ﬂmmwﬂumsﬁ’qLf-mmwaamas’aanuuuTa?ﬂnma?ﬂ
Wslgeniliu (olicomeric procyanidins; OPCs) 1nuﬂ'ﬁswa'mv'ammsn'lmﬂum'im'mauuaaas"
[ mu‘lmwmudsmaNamaﬂs"ﬁwamw‘lum'sﬂmwmwaamasaanunu OPCs wqﬂﬁamsam
Wusyszwine template uaz monomer dufun1sduiasizinofiwosasnuuuduiuivsiodd
template Willdsrdnsnnifunelunsdunssd tlelWinedue iiduasienduinnsasnuuuly
wn - crosstink Wudhudnvilaladedidvinarermuduswesdoriemansnasasnuuy dy
st muedugnAvewemedwe? uaviidndslunafiumumumudnauasaruaios
vedlasvaiwedived dnhavasildeimihfiduinensilnsduiunnsauminuiiseni
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wazfailwihflumsaiiagnuvemedueindy edwlsfimuivnaransiaanduiuns
Fuansinefueioenuuulinanassseniiansiifidanion wu ngdu iloswinaundudavesh
Marmesistuhawdunsiursswing template way monomer Wunaviliauaninsalunis
Wongaduvewedueaonuuvanas
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uni 3
F8andunisidy

mieliduassinedueaonuuuaiinnamesea 2 wln Ao polylacrylamide-co-
ethylene glycol dimethacrylate) (PAM) uae * poly(2-{triflucromethyllacrylic  acid-co-

- trimethylolpropane trimethacrylate) (PMAA)  misvaasawvaidu 3 du Ao

(1) msduaszvinefwniasnuuy
(2) M sevianiinenenmuaziad
(3) msiadsgdvinmnmsgadunasamuduanssea

3.1. AduAsevine e Taanuuy

miduATied PAM Uae PMMA vialned template monomer crosslink wag initiator
mufinmun ua'mm1a~ma'lummavmawaquuwaa LLIEJﬂ\1Lﬂ?ﬂ.ﬁ’)']ﬁ"l‘iﬂua'IHL'UUWi]!.ﬂFJ’JﬂUWQ
wuﬂum w‘]auu.na‘lu'l'mmuma‘lammﬁaanmnnwuuﬁlﬂumimLﬂ'ﬂm (10 W) 9nthaaen
shenrdoagirnudiseu 220 rpm (1 Fla) muaquu‘lum'smvummu 60 avrieadpa uay
Vaedbiihufidsmediwelawilueiosssniunat 26 19l Weasudmunnauditimed
wesnldnuadiunsnuaasuas g sthndy (250 ml) usntndupenannranediesing
wisaienfinuiiasou 4000 rpm Wiram 20 ui Tnofsnasentndnes 4 sou tmawed
ma‘:’ﬁ\lﬁ‘lﬂau'lutmauﬁammﬁ 110 arigaided 1w 24 Falu

mimammimamuwmaa'luwmaumsmLﬂﬂkuav‘[m.anamuLLwaanmnwaamaﬁﬁlm i
Tﬂumwwaamasm‘lu'ﬂﬂ reflux wuswmsa“ma acetonitrile : water : methanol : acetic acid
(BM3dMm 85:9.9:5: 0. 1Tﬂuﬂsmms) Wura 48 43l

3.2, nM999NUUUNSNAaDY

sl 3.2-1 uansmnaliiidlumsduassd PAM uaz PMAA  anmstunisdanso wign
n'mummnwamsaammumswﬂaaammﬁ central composite design (CCD) Taefidmaumsvhen
mswmaamamummmumﬂnu 3

SN 3.2-2 WA I1edl 3.2-3 wamednsdaunsdumseiasTam e LN
35 CCD voansduATIEY PAM tay PMAA a1udadu midansinedweimeiSundlagliasn
wuulianassgniimelianmsnieiulagbidiilnaneduuuy WenBsudisuiuneduedd
duansifiuBlnanaasnuuy '




Wﬁ']\'l‘:’JI 321 'c‘l'l?l.ﬂﬁﬁlﬂﬂﬂ"l‘iﬁﬂlﬂi']#ﬁ PAM way PMAA

stigmasterol
acrylamide TFMAA
EGDMA | TRIM
benzoyl peroxide

acetone

) 5
1 3.5 0.15 5
1 25 0.25 5
1 3.5 0.25 5
1 25 0.15 7
1 35 0.15 7
1 25 0.25 7
1 35 0.25 [
1 2 0.2 6
1 4 0.2 6
1 3 0.1 6
1 3 0.3 6
1 3 0.2 4
1 3 0.2 8
1 3 0.2 6
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-.l . ] w ¢ Y o o
M15147 3.2-3 Smsdnililumsdaunsied PMMA neldanmeiitmuslag cch

1
1 1.25 0.1125
1 0.75 0.1375
1 1.25 0.1375
1 0.75 0.1125
1 1.25 0.1125
1 0.75 0.1375
1 1.25 0.1375
1 0.5 0.125
1 1.5 0.125
1 1 \\ brk
1 1 0.15
1 1 0.125
1 1 0.125
1 1 0.125

3.3. MsfigataudRvdanaiiuesaanuuy

dnunrgusmaziinvesiangnaseiasendes scanning electron microscope (SEM:
EVO®MA10, ZEISS) fithdavens 500 waw 20000 i Tneldndslih (extra high tension voltage
level; EHT) 15.00 kv
v fo ol v P ale - " ) B
mitnfuinandlasaiimanidnssiinemailn  fouder  transform  infrared
spectroscopy (FT-lR IRPrestige-21, Shlmadzu Japan) 'l‘ummﬂmﬂu.uu MiRacle ATR (PIKE
Technologies, Inc.) i resolution iy 4 cm

3.4, nMIgAdUELRD DR

nsgadunuunsrilasmouansasasamosoalueuing (600 ppm) Uas 20 ml u
vagUny (50 mb) wiufudgeduaduasarany (Govay 1 Tasbwln)  avmiiniluiegqly
incubation shaker smuasgamgilvadivinty 30 swraiea fimudasevluniswg 220
rom ileasu 6 §ali Sufushethasaransivinneimamutituanosealuasarats

maieswiadiiuvesamosesluansazany vhlaewadauRalasuilans Wi
ms‘:%’i'ml.ﬂﬂl.ﬂau‘laaa'lul.‘d'ﬁ'u (gas chromatograph with flame ibnization detector; GC-FID)
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UssavBamvashgadudsadiuain
< Y . -
(1) Sovavaumasoatigngady (%Adsorption, aun1sh 3.1-1)

Wao™We

% Adsorption = x 100% (3.1-1)

(2) Aruguavhnaty (Adsorption capacity, aunnsi 3.1-2)

S ——— ' (3.1-2}

(3) dadninamsgeduaneseaifivuiviiinamsgaduainunanesea (atio of
. . . =
sterols adsorptionand stigmasterol adsorption, @uns# 3.1-3)
% Adsorption of phytosterol ‘

Adsorption ratio = - (3.1-3)
% Adsorption of stigmasterol
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uni 4
HaNISNARDAZII56]

mAdeiduarsinedundaenuuuddnnanoses 2 win A poly(acrytamide-co-
ethylene glycol dimethacrylate) (PAM) uay poly(2-(trifluoromethyllacrylic  acid-co-
trimethylolpropane trimethacrylate) (PMAA) Tuundl ¢ Sa9zeiuioranisaasasnmustiaves
wolluasunarsiin

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

PAM fiduasizildiiuveudedun fanvasdunaus ‘luaumu‘luuma-ﬂwmu urigaty
Wldsnn Luaauuanum’m%u'luussmmﬂwamwnwmawumnmﬂunau )

SUH 4.1-1 (n) wandurTnsaaUnasuYes PAM Tldaanuuy sutuhiRadedudisium
3460 cm™, 1730 cm’!, 1400 cm™ way 2960 cm™ (9] ﬁwwanmwum’[uwma‘lum fio Wuss N-H
wuﬁ., C= o Wuse C-N Ltauwuﬁu'l.uwumwa ToiuA Wusy C-H anudasiu mmmsnaumumnﬂ PAM
wum wlossn Nor Azah Yusof ua.,ﬂm., (7] seundunsusaaunnies acrylamlde
monomer UsINYAAYDMUGE C=C Fidwumia 1600 e ﬂmm 4.1-1 (M) L‘Uummnuw JinY.
uas At [6] TeUIBuHILIRaUNRSuTEY EGDMA wUTINYAATOTUSY C=C Trumiise 1637
cm’ msﬂ‘n 4.1-1 ()

e acrylamlde monomer 1ay EGDMA ﬁqiﬁﬂﬂamqmsﬂw 4.1-2 adraiussiwdadu
wodwodum wuﬁ"ﬂwﬂmammﬂﬂ‘um acrylamide monomer ua.,mlawmaaqmwaa EGDMA
ﬂsswnummLUuTﬂ'sqﬂmsmmmgUn 4.1-3 vhiiussgmely (Dunalillaansassyfinves
Wusy C=C Airkumis 1600 cm Tustdl 4.0-1 () 1

'suﬁ 41-4 (1) uanaBursusnanmniunes PAM aenuuuaRnunawmesea suiiuiniife
Winduiisumisd 3660 em™, 1730 cm?, 1400 e wag 2960 om® 19 ‘muwanmwusv'luuma
Tudt fio Wuse N-H Wusy C=0 Wuse C-N uay Wussluviiofia liun Wuse C-H mudndfy ualvsil
AIMLANATINDIN PAM ﬂuaanuuu'lu'uauwmm'mm'mauw 2960 cm™ %‘wuummwuwwuam
flausy C-H tﬂu'uﬂ'uunﬂauﬂwsmatﬂnmuﬂaa PAM haantwu’lu‘sﬂw 4.1-4 (n) Luawmuaum's
MeweseRnnainesaatunedno ifnturiiliwuriusy C-H WAy
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: ! | {n
NH. GH
250~ 3460 2960
g
200
% I ( v)
295918 .
£ 150- . :
=3 L
100 s
. - )]
50 4 : C-H stretch
3355 & 2802¢cm”
ol 318gcm” W Qs
‘wavenumbaer (cni')

3UM 4.1-1 Buswinesdnniuves (n) PAM tirenuuvaRninaime o (1) EGDMA {6] uat (A) acrylamide monomer [7]
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\/”\NH "o

2

3U7 4.1-2 Tnseadawen acrylamide monomer (1) 1tag EGDMA (127) [10], [11]

5U 413 Thssadheves PAM [12]
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% transmittance

250 #—’\T/—’-_Y’— ‘ Q)
N-H o /
200 3460 2940 & GN
' . 1730 1400
150 -
100 _/—J\rf———-’v-_- 1 Y (v}
N-H [
50 - 3460 ;:0 ing
1730 1400
\
0 T L) .l [] L] T
4000 3500 3000 2500 2000 1500 1000
wavenumber (cm)

- - ) ' - -
VR 4.4 Sursusaawnniuyes (n) PAM hinenuuuafinunanesea (v) PAM asnwvuafninamesen
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ﬁU-n 4.1-5 (n) UARSANENEHUAIYDI NIP-A i suenewiiy 500 win WAUYMATDS
PAM ﬁ"lmsmmnmﬂunaunau "luns"mammn wazdivunveoynnsEning 10-150 lumseu il
7l .15 (1) WARINIHENBAUAIYBY NIP-A Tirhdsuenawindy 20,000 i ﬂvmm'\waamasﬁlmm
wwmﬂ'luwm'tmuns.mﬂawﬂﬂ Tmmwwmmmmnn"ﬂ 0.5 'l:uﬂ'sau aglulsuinm macropore
RN TRITEUY IUPAC [13) sﬂw 4.1-5 () LLﬂmﬂ’lWﬂ’IUﬂUN’J‘UUQ MIP-A-STD #irindswene
Wiy 500 i1 auiiuin anumwnaawaamasumsnsumﬂmmﬂw uavmmmmaummumw
10-150 lumsou ﬁJw 4.1-5 (9) waMINMENERUAIIY MIP-A-STD fifdswenswihiu 20 ,000 1
W@ muﬂma'luaummm PAM mwmﬂmﬂ‘lmgnsvmuaam‘lﬂ wavanwuzvegwiuiinmuIusy
UDEJEN wwmaaswsuamanu NIP-A-Aifdavenedioliu wd MIP-A-STD flnsswn 2 lumasou
sy «muammaasuanwm (A)

guﬁ 4.1-5 ﬁyuﬁwamaﬁLuaiﬁﬁ'lé’wmwim () NIP-A Masvene 500 win (1) NIP-A findevens
20,000 Wi {A) MIP-A-STD findavene 500 Wi (1) MIP-A-STD fhdawene 20,000 i
(EHT = 15.00 kv)
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4.1.2. ﬁw'éwaﬂmﬁ"mu's‘lumsﬁqLﬂﬂ::vaiaus:ﬁw‘ﬁmw‘lumim'ﬁ’uamasaavm PAM

Uil 4.1-6 uama‘savaumsmmuamasaavaawaamaswé‘aLﬂﬁ.,wmu'lmama"ma 7 303U
mmu:ml‘ Sanuvee crossink iunn (9 MiP-A-) %uama'lwsaaavm‘imﬂwamaiaaﬁwu ioid
Lummn crosslink 'luﬂsmmwmmvﬁumma’lwwaﬁmaﬁummtanﬂsua"u.'uqusamn-uu Tuvasdl
e template (MIP-A-12) ) hidwarofasavnisgaduamesoauinin Aifutudoradumy
U3 template Mtlumsdanseigafunidamuausolunisaonuuuatuunedueidy

50.00
45.00
40,00
35.00
20.00
2500

dsorption

% A
(L
=
=)
=

&

1 &
8 T

' Conditions

o o ’ 2% of ,
JUN 4.1-6 Fevavnsgadureddvlnawmasoavet PAM asnuuuaRnudmnaseaianiiesa o oy
fiu PAM ldlasnuuv (duuszduny) '
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4.1.3. MPATIERHANSAaa UB AR A

Nﬂfl"l$VIﬂﬂﬁdmﬂI-lJ‘rJU'liJ"IWEI‘E]C‘l‘iu‘Lﬂ‘UYII.L?IGNﬂ'l"ll.lﬁNWUﬁT’WJ'NﬁB\!WJLEUﬂﬂ ! VA
‘r’I5'I1J'rJ'HﬁWﬂ'U‘ENﬁB\'lWJLlU‘iUUﬂB‘SDHﬁ"ﬂ'l'iﬂﬂ'ﬁUﬁLﬂa‘iE]ﬂ1.ﬂ ﬂ\l'{l"aﬁ“l.l'lﬂ'i']ﬂﬁ"Lﬂﬂﬂﬂiﬂ.ﬂﬂd‘u

FnSwavaaUTu crosslink ias template

s'dﬂ 4.1-7 () llam's.,u’m'uaasauavn'rsmmwamasaamaﬂsmm crosslink uag template
lﬂaaulﬂ TneivSunamesiviararenafiviiy 5 ml NngUaziuldnsinUZnm crosslink
mlwsauavmsﬂﬂwalmasaawm-nu wAn SRS template 42 Mindevaznsgaduainasen
(R dwiusruresdoraznamadulilnaweseaifiowduuasnfinmeas crosslink waw
template WWoldfhazatemaivindy 6 ml was 7 ml ltamamiﬂw 4.1-7 (v) uag (A) nmdny v
W3 mm-ummma"mtl'nlwu-uum'lwsetia"n'ﬁﬂmeuuamasﬂalwwu

BndwayosUSuaal crosslink uavdavirazay

'sth 4.1-8 {n) llamivmwmsauaumsQmualmasaamaﬂsmmm crosslink wazRvi
avawmaatﬂﬂ ISR template ALY 0.15 mmot WU ERLUSe crosslink vh
'lvntetm.,msmmwama‘iaalwuw muthmmmmaumauwamasaaaum‘sﬂmuamesaalweq
oy

iﬂ'lfi 4.1-8 (9) uaz () tLE’lﬂﬁu'I.J'l'lJ'lJ'fJﬁi)EJﬁvﬂ’liﬂﬂ‘ﬁUﬁlma‘iBﬁLu'ﬂﬂﬁu']m‘Um crosslink
llavmma"awu]aaulﬂ Tae i template AR 0.20 mmol wae 0.25 mmoladdy
WIS IUYes template wmuwm’lmauazmsgﬂwamamaaﬂaq

ndnavaasuial template Uasiavinarany

$UR 4.19 () uanssEuITeaiNsgRduIiaUT I template uas MvinazmeAeuly
TaeU3inaen crosstink fimadfivindu 2.5 mmol wuiiwSinaves template iforanfoifiudy
m'lvﬁasavmsmwamasaamuwlmua“lltlwunumlw-sa«ﬂ'mmau*] evhinashyavas
lwwua”m'lmaaavmsamawaa'lvﬂmamaﬁaalwu'uu

s'dw 4.1-9 (v) way (M) llams u'maqmn'ﬁmmwmaﬂsmm template uagdwrazate
uJasu'ltJ TavyBinas crosstink feaiviniy 3 mmol wag 3.5 mmol mudhiy wuidlewine
crosslink lwu-uwn::m'lmauasmsgmuamasaalwwu
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(n)

% Adsorption

03
Tesiplate [mmol]
Crosslink [mmol]
()
40 L o b
i
35 725
% Adsorption
30
0.3
25
Template [mmol]
Crosslink [mmol]
(n)
% Adsorption
30
03
Template [mmot]

Crosshink [mmol]

.y 1 ‘w - -l

JUR 4.1-7 saunvvesrnagaduainesen Woyuiina crosslink way template Wasuwlas lag
-y LY ) “m | o
Uaanamaraiuan wmnav (n) 5, (V) 6 was (A) 7 ml
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(n

3235
% Adsorption 30.0
275
250

Salvent [mi]

Crossiink {mmof]

{v)

32.5
% Adsorption 30.0
213
250

Solvent [ml]

Crosstink fmmot]

()

325
% Adsorption 300
275
25.0

Solvent {mi}

Crosslink fmmol]

V]

TngUBinayes template Aefl WU (1) 0.15, (1) 0.20 wae (A) 0.25 mmol
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U#-4.1-8 wmumsaaasm‘sqﬂwamasaa dioURune crosstink wasmmasaneiUasunlal



(n}

=
&
B
o
&
o
wi

03

0.2

Template [mmol]

0.1

% Adsorption

=]
o
r=
B
2]
i)
3
i3
*®

Solvent [ml]

Template [mmal]

{5)]

% Adsorption

g
£
2
]
@

Template [mmofl}

wasmmazany

template
link mafl Wiy {n) 2.5, (%) 3 war (M) 3.5 mmol

Wediuan

-

4

v

ATTRUAESNIRAYUALRDIBA

4.1-9 sruuvey

-]
Jun

THU Cross

Jaa Inend

o
wasuw
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-, L a d 1 L~
andriavesiautslunisdunsiiiideasodndauntsgady

U 4.1-10 wanssmsehumsguiuvedlWinameseafivuiuntsenduainnaneseares
MIP-A-STD U mStaanmwms’[mmmm‘lmmnmwnumnun msqv‘[ﬂsqaﬂwaqaﬁmnmmw
umnmmuuaumn wodasiduATildaelfane aunuamwqm'ﬁuﬂnuu’ﬂuumuma’:n'u’ﬂJ
Vl 3.2-10
' Lﬁaﬁ'nuamsmaaaﬁ‘lﬁﬁ%wnm‘lﬂ%tﬂﬁzﬁv‘ﬁqaﬁﬁnﬁaa"s’nql.l.uuﬁﬂam rausavunelin
9m31d3UYB monomer : crosslink : template : solvent WihAU 1 mmol : 3.5 mmol : 0.3 mmol
: 7 mldudnndnivnnzantign (optimum) Tumsdanssineiiueiasniuy PAM Seaslidos
avagaduamesemnatigaf 37 Andu 1.13 wiwes PAM lisanuuy

L20

1.00

0.80

0.60

0.40

Adsorption ratio

0.20

0.00

Campestergl ’ Stigmasterol * Beta-Sitosterol
Component

- v ' w v -
3N 4.1-10 onndwmsgaduvedlilaaimeseaifisuiunsgaduafninaneseates MIP-ASTD
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4.2. Poly(TFMAA-co-TRIM); PMAA
4.2.1. duldRvey PMAA

PMAA TdunTeildifurendedvn fdnvandunuts Llasansluthuasieuiny aady -
Wnlsa Luammi"ﬂwa:manumwu-uu'luuﬁmmFmammwawuwmwunaumq Lmuaun'nPAM

E\Jw 421 (1) wemBunTsAanAtuTes PMAA Ailiaenuuy vsiiuiadifiadndud
FMMNS 1710 cm™, 2960 cm™ wawdia 1400-1000 em™ {9) Fstsventiawusy C=0 'lumjms‘uan
Fan uasuszlumjiofia ‘Lﬂun wuﬁ., C-H wazWusy C-F mujumsﬂsvnauﬂaaa"lsmmnmﬂu &9
AWNTNOUNTUTUAR PMAA 'u'uum 189970 Jin Y. wavAn [6] searhdursusnawnaiues
MAA ‘-U"U‘i’mQWﬂ‘UENWUSu C=C fmmia 1632 cm! way BursusAEUNASuTOY EGDMA ¥
U‘mgwmmwuﬁu C=C Fistmmii 1637 e msﬂw 4.2-1 () ua¥ (A) onuaeiy

dle MAA way EGDMA mﬂﬂwammﬂm 4.2-2 dmPunefiweiuin 'W'Llﬁuﬂﬂ'lJﬁ'lEl
AugBYa MAA ttauwﬂawmﬁmmwm EGDMA ¥ 'i'mnuanUuTﬂNa‘m'sNtmmsﬂw 4.2-3
iliiuszamely Junalihiausessyfavoniuss C=C Airumis 1600 cm™® 'hﬁﬂw 4.2-1 (n)
Ithues |

93U 4.2-4 (8} waneBursusaaUnnuves PMAA RanwuvaRnuIamosen auihilith -
friaduimusdsil 1710 crn 2960 cmi™ wAga 1400-1000 cm™ [9] Fsvsuonfiawusy C=0
wayiuslungionta liud Wuse C-H uaviusy CF Saduarsussneugoslssnudidu sxiinm
upnsi1e9n PMAA Tureuineaiaenadudl 2960 em? Fafluusuniifiafiuansdaiuse CH
wudnfundnBunsnsaawnniives PMAA liaenuuvainuismeseatugufl 4.2-4 (n) ieasnil
ﬁumiﬁ‘%gwaaaﬁﬂmamasaaﬁ’uwaﬁm;iﬁﬁﬂﬁu Yilwuiuse C-H ndy
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% transmittance

m--‘——*‘v——V'- (n)
f C=0
250 - ) 1710
14001000
m 7 .
J W .
Ft 296257 2929.63 16896 | 163256 120171
100 —
T m)
2959.18
50.
D. T | L] T ¥
4000 3500 3000 2500 500 0,

wavenumber {em®). .

5UA 4.2-1 Surisaananinniiyes (n) PMAA hinanuuuafinunanesea (1) MAA (6] uax () EGOMA (6]
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auﬁ 4.2-3 TnTaairauns PMAA [15)
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% transmittance

cr \F
1400-1000

2950 7 \

R 130055000
2960 \ S

T T T T T T~ L) T
4000 3500 3000. 2500 2000 1500 1000 500 0
wavenunber (cm").

a = v 1 - -
U 4.2- Bursuamananiuyes (n) PMAA laanuuuainmnasmesen (v) PMAA aanuuvaRnuawmesea

a7




Ul 4.2-5 () Lanspmdneiuives NIP-T fifdsvenewiiiu 500 wih wiulén
dnuairyed PMAA Hininseanes wazlivuinyeseyninsewinig 10-100 luAsou UM 4.2-5
(1) wansnmaneuRIves NIP-T fifadwenowiiy 20,000 wih whilddn Anuasresgniu
melunedueidvuelugnszneeginly wuavesgnyuiosni 05 lunseu Famunaust-
Y9358 UU IUPAC [13] udafionsaunintiugwguiuy macropore gﬂ'ﬁ 4.2-5 (A) UARININENY
Hufiwes MIP-T-STD fifdswenawiiy 500 wh sutuidnyuzveswedweifiniinszae
fannty wasilvuaveseyniasewine 10-150 luasou  SUM 4.2-5 (2) wamsmdneui
483 MIP-T-STD ifdswenewiniu 20,000 wih Wil dnvuzvasesgngunisluneduied
fivunslnnjnszeegiily_uasdnunizresgrguilaTuvivssiosas suiavesgiunderiy
NIP-A T T8aun e iy e MIP-A-STD finsaviin ¢ laseuiiaiu Jauansdednydnued
(A)
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(1)

5Ufl 4.2.5 Muiwsmedueiddndumeesn 1 (0) NPT fideens 500 wh (@) NIP-T
fidaeng 20,000 Wi (A) MIP-T-STD fMdatens 500 i (8) MIP-T-STD Andaveny

20,000 i1 (EHT = 15.00 kV)
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o o w o . &
4.2.2. $v3navastanlslunsdauaseifidinadamsgaduainaseates PMAA

U7 4.2:6 wandfeasnsgaduaimeseaTes PMAA fidnasivimaliantazin
MnguaztuinEnes crossiink Thioras (wu MIP-T-9) deralifferazn1agnduaineten
Wity Semnemuiinsilmenaves  crossink - annfuluszintnmainduniiden
5¥Wile monomer uay template dwalinsasnuuudiuluesliauysal Wudeaiuns
anviinaiavharateas (u oy MIP-T-1 fu MIP-T-5) sxdanaliSosasmsanasvasivlng
wosealiniy  \esndmhasameiinadenisuuinresgngutemedued  Swadtanme
wmspildinai PMAA enfivhnasasinhasmemnniuly dwalignguiiounl
miwauiulnanaveslwlnanesea \eaaUSuuiviasauadudiuimededl
' Ussﬁw%quqﬁu

50.00
45.00 R
P e = il B a0 ) AW, . W Bl . b

35.00 "
30.00 A ¥

. 25.00 eno Y 4
00 -§-—— 8 N % B N 8 ;

Ion

pt

% Adsor

oo —— N B N N B B B
10.00 e A

5.00 SR ’ [
0.00

Conditions

o [ o - o '
JUf 4.2-6 Sevavnsgaduamesaares PMAA apnuuvaRnurnesaafianmiema 1 Wigy
fiv PMAA lilaaniuu (Wuuseaung)
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4,23, MSIATIERNANITNAERUBIAAA

a4 o v Jlu g s v v o« | o v
Luau’i‘ll@llﬁ“ ﬂN"IWﬂaﬂsuquﬂllﬂﬂ\lﬂqquﬂNWU'ﬁi“'lﬂ?']\im'l“ﬂ'iﬂaﬂﬂ')uﬂ57\] 'ﬂﬁ
Vﬁ']U'rJﬂﬁWﬂ'ﬂaﬁm')llUiﬂqaaﬂmasaﬂﬁ"ﬂ”ﬁﬂﬂﬁ'ualma'ﬁaﬁ ﬂﬂﬁ]oﬂﬁUqﬂﬁqﬂﬁulaﬂﬂ‘lﬂﬁqq

Bndwavesuiia crosslink uax template

mnsﬂﬁ 4.2-7 (M) uanasy mwaasaaaumimmummasaatuau“ FUTDR crosslink -
ua" template Wby Tnes Sinamosivhasaneaiiyinty 12,5 ml w3 crosslink
Aindy 'm'lwsaeravmﬁmmwama'iaaamm dudiunaues template fiutuasiilitesay
msmﬂwamasaamuw 'i‘Uﬂ 4.2-7 () wag (m) LLams.,mu‘umsaaa.,mimmwamasaama
YSue crosslink wag template wWasuly Tﬂaﬂ%mm-uaemmazmummmnu 15 ml uaz
17.5 ml AEGU mnsthvmmqmsmuﬂimmmmavmam'lwsauaumsamawaaam
oseainty oW SndIuRfiviing crosslink tee wasUinn template Rt

Bnanavanfiun crosslink tazdavitazay .

9ngU 4.2-8 (n) uamsumu'umsaua~msq}muamasaamaﬂsu’um crosslink way
ﬁ’?ﬂﬁavmmﬂaau‘lﬂ Tas5in template AsAWINAY 0.1125 mmol wU'n U"a'mm crosslink
Tlana m'lmaua.,msmmuamasaaquw dnUBinavesiivhasaeinniy dwalizos
a"n'ﬁ@ﬂ'ﬁuamasamﬁwumﬂmaU‘%mmwaammaumawuaaaa 51]1/1 4.2:8 (v) way ()
uam's-'u"mmsaaa.,m-smmuama-saamaﬂ‘mm crosslink ua.,mma-'a'\umaau‘lu lng
Uil template AiiiiRy 0.125 mmol way 0.1375 mmol mudify sefiudnUinn
template idiuiliosasnegaduameseaanasetruiilinlusndmuiina
crosstink Yfan  widwal#iesazmsgasuvetameseaintudntoslushidimen e
crosslink a7n .
evswavesUsuinl template uaxdvazany

'sUw 4.29 (n) uﬂmsumwmmm‘smmﬁumaﬂsmm template ua.,mma.mu
L\Jasu'lﬂ maﬂsmm crosslink AN 0.75 mmol MngUIsUIEIIN template 7
Yovamaiiuity m'lmaaa.,n'rmmwama'samwwu'u Tnossudsiufufudsdunsisidy q
das mm'uaqmma"mamwu m'lwsaaa.,m'sﬂmwat.masaaquw

sUw 4.2-9 () uaz (A) uams.,mwmmmsﬂmwmaﬂsmm template uwawmvi

mmﬂaﬂu‘w lneys mm'um crosslink Aftvini 1 mmol Wag 1.25 mmol sy a1

~ UamituiuSin crosstink fiiniu viliosazmsanasteslvinawessarisiy
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50
% Adsorption 43
40
35

Crosslink [mmol}

()]

% Adsorption

.14

s Template fmmol]

Crosslink [mmol]

(m)

% Adsorption

0.14

0.12 Tempiate [mmol]

0.10
15

Crossfink fmmol]

f 1 o < N
JUn 427 ismu'uaqmn'isgﬂﬁwaa‘lvﬂmamaﬁaaLuaﬂ‘%mm crosslink uaz  template
d o, LT3 < d 1] L2
wWaeull TnevSunaveswhvinasaisasit wihiu {n) 12.5, (v) 15 way (A) 17.5 mt
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(n)

43
% Adsorption 44

33 20
30
Solvent [mi}
Crosslink fmmol] _
()
45
% Adsorplion 45
35 20
30
Sotvent fmi}
Crosslink [mmolf
(@)
45
% Adsomption 4
35 20
a0
Salvent fmi}

Crossiint: fmmol]
-l 1 a - . L)
N 4.2-8 sruusasimsgaduvedlrlnameseadioviinm  crosslink  uassiwvinazany

Wasulu Tnsv3uias template asfl windu () 0.1125, (1) 0.125 way (A) 0.1375
mmol
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(n

30

% Adsarption 43
40

20
35
Solvent [mi}
Template [fmol]
()
50
% AdsorpHon 45
40 20
35
Solvent [mi]
Template {mmol]
(@)
50.
% Adsorption o
@'
20
35
010 Solvent [mi]

0.12

0.14 1o

Template [mmol]

‘J 1 & 4‘ . LJ
JUN 4.2-9 ssuvssmmsgnduvesivinameTeadiouiine  template  uazdaviarany
l = . Y :
Wiyl TaeiuSuna crosslink ash wintu (n) 0.75, (1) 1 way (A) 1.25 mmot
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= “ ) f ) w- ) ar
Sndwavesiustunsdunsisiiiduanadnsidaunisgndy

U1 2.2-10 wanIgnsdunsgeduTatamesaaituiunseaduaRnunamesoaues
MIP-A-STD wm'am-staanmmwm‘s’lﬂmsuuﬂuumnmmumﬂun wlassadesansiign
anduuandnefuioonn  wenannil  PMAA  duaseinneldanedy 9 nuum'[uu
ey

Lﬁaﬁﬁwammmaaavﬂﬁﬁqwum‘lﬁ‘iLﬁﬂsﬁ&%aaﬁ&ﬁaaéﬁquuw"waamamﬂ'mﬁ’uﬁuﬁ'
serieBinaianseineg Mdlunsduamsifudssavsnm PMaA #l8 ssanusayvimagle
ans U monomer : crosslink : template : solvent Wiy 1 mmol : 0.5 mmol : 0.1 mmol
1125 ml %mﬂué’mjehuﬁwmsauﬁqm (optimum) Tunisdaasisyt PMAA aenwuvaRnina
nosea laglifanavnsgaduainesoaunniigaviniu 55 Amfu 1.31 wiwes PMAA Tulaen
WU

1.00

0.80

0.60

0.40

Adsorption ratic

0.20

0.0

Campesteral Stigmasterol Beta-Sitosteral
Component

J ar 1 LY -l L r o
9% 4.2-10 gnsdumsgedulilnmmeseaiioufunmsgeduainuamesoaves  MIP-T-
STD
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4.3. ayu

NANTANYIENBUEINIMEATH AUSRuNE dnTWiLRY wavysrAvinmlumsgadu
Ilnanasoauas polylacrylamide-co-ethytene glycol dimethacrylate) (PAM) uay poly(2-
(trifluoromethylacrylic acid-co-trimethylolpropane trimethacrylate} (PMAA) Wanonuuy
warliaenuuuaiinameses wuin wolweiidnaseiuieswiiadidnvaznisuendu
voaudhdsn Wunsrdrowds muﬁnﬂﬂwm‘lﬁiﬂuw PAM ar'mmmu'ﬂmu'mn'n PMAA ol
Luasmaawum‘luaua'w'lumwiammaumaﬁ'l'&‘lumsﬁnm myiATwimihniuremed
Wi sviindaoeies FT- IR Wiivgraiannsaayumldiwowndeiliidy PAM way PMAA
¥ dnuarvsseymanazanmiuamnsaasslilnglfiates  scanning  electron
microscope (SEM) fufvsiinvemedued namiie BUMATDY PAM M naBNniuuUdadl
MSNsTaERnATy dwoynates PMAA vdamnaenkuulssiudiudundguiiousnnnth
PAM u.a.ﬁwsu-umwaaLua'smaawuﬂwamnnnaammuumﬁiwswmm 1-2 'lumaumwuu

mnmsﬁnmmuﬂs'lum'saaLfmswnuwamaﬂsuawﬁmw'lum‘sqmu‘lﬂﬂﬂaLmasaa
Y99
wodles wuit Snmdruees crosstink idaslutunsumsdnaseiinareussansnwly
nrgadulinainoseavemeduweiinnign Wowan crosstink. Wudruddylumsinw
whesnmeaslastaiuay ggnquvsalnsanwlunedues '

Tmua‘sﬂumwaamasmaowuﬂmmsnmmw‘lﬂimamasaa‘lumsavmuatma-saauau
Tusuinmild meaaLuaiwuwasaaavn'ﬁaﬂawm‘l%ﬁmﬂLmﬁaamnwaﬂ Ao PMAA fiduasien
Fulnel¥snsadnuves monomer : crosslink : temptate : solvent Wy 1 mmol : 0.5 mmol
1 0.125 mmot : 15 ml ansagaduidlnamesealuaisazaelivinduiouas 43

agnlsimunnmsiunsnansnrasndwtiadielusunse MinTab wandlfifiuda
PAM apnuuvaininaineseaannsabinaiosasnisanasvsdlvlnanesealfgeaniivsen
37 fladunsreilaglénsadn monomer : crosstink : template : solvent Wiy 1 mmol
: 3.5 mmol : 0.3 mmol ; 7 ml Fsunndt PAM lisanuuussanaidosas 15 Tuvus PMAA
anuuvadininameseaamsalinatesasnisanawadlwinamesealdgueiissunn - 55
fieduaseilngléSasndan monomer : crosstink : template : solvent 1y 1 mmol :
0.5 mmot : 0.1 mmol : 12.5 ml §ainnndr PMAA Lilasnuuudesa 31
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unil 5
dyunanisieuasdaiauauuy

InMsAnndnsarnInMenm audavny anmiuin wazUsedvinmlunmsgadu
Irlinennoseaves polylacrylamide-co-ethylene elycot dimethacrylate) (PAM) uay poly(2-
(tnﬂuoromethyt)acryhc acid- co-trumethylo[propane tnmethacrylate) (PMAA) Waaanuuy
wazliiaanuuuainundinesen wuin waamaswaqer.,wuumaawuﬂuanwmumauantﬁu
vawdeden Wuwndreutls amsageduilalaed pam wgaduthlfinanit PMAA wod
Lua‘smam'uum‘lna"ma'luumsam'ma"a'mﬁ'l'z?’[umsﬁnm ‘mshaseihifiliituemed
woSvassiindeieias FT- IR'lvn.vmnawmmmaumu‘lmwmtww‘ﬂmﬂu PAM Waz PMAA
939 anwm"'umaumﬂuavamwwummmsnmmléﬁﬂﬂ'l-mmaq scanning  electron
microscope (SEM) Pufuriinvemedied ndnia DUNMATEY PAM widtennanniuuudail
nansEaERndy muaumﬂwm PMAA wisanaenuuuizsamatadiunguiounnnd
PAM u.au'swsu'umwaamasmaawumwmmnnnaanu.uuumz‘ﬂw'mmm 1-2 lupsoudfiniy

: ﬂ'mm'sﬁnmmLLth'lum'saaLﬂs'lmwunamaﬂszawﬁmw'lumsgﬂw‘lﬂ'{mama'saa
L

wadlwes wudh dmsndquue crosslink MivasuiunountsduasERTNaroUsEaNENWIY
nsgaduliinameseavemeduedinniian (feswin crosstink (Hudrudndalunisine
w@hsnmvpslasiaiauargnguvonsanieluwofiues

TmuasUu.é"maﬁma%ﬁ"aaawﬁﬂmmsnmm'ﬁ'u‘lﬂ‘imamasaa'lum'sa"awamasaanau
lusunuls umwaaL:Ja'svmwasaua"msamawm‘lﬂmama'saan'\nwam fio PMAA fidamsneit
w‘[ma‘l-uamﬂaw'uaa monomer : crosslink : template : solvent Wi 1 mmol : 0.5 mmol
: 0.125 mmol : 15 ml anansagaduliinainesealuasasargliviniviovay 43

st ulsfimuanmsiinenansiaassdsadidelusunsy MinTab wansltisiud
PAM ﬁanu.'u'uamnmamamaawmm’lmasaUaumsamaq'umlvﬂmamasaﬂmmqmwﬂs"mm
37 luaé’dLﬂ'ﬁ’Wﬂﬂﬂl‘Uﬂﬂi’lﬂ’Ju monomer crosslink : template : solvent winfu 1 mmol

: 3.5 mmol ; 0.3 mmol : 7 ml Jsannnda PAM Tlaanuuudssinufosay 15 Tuvaisd PMAA
aanu.uuamnmaw]a'saammsn’lwwasaaaumsamawaa'hﬂmamasaa‘lmqqaﬁmﬂsumm 55
dieduaselngldSnsadn monomer : crosslink : template : solvent Wiy 1 mmol :
0.5 mmol : 0.1 mmol : 12.5 mi Famannd PMAA lifaenuuufosas 31
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3.6019
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1.3726 18.5440 | 142.65 1.1932 16.1991 | 97.35
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4.2681

0.3901 45250 | 27.50 0.4110 56160 | 29.13
0.6632 7.8409 | 46.09 0.6497 8.7613 | 4544
1.3786 16.1991 | 96.04 1.3786 186221 | 96.59
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- PMaAA

3.6135

0.3126 4.2832 | 23.09 0.3561 4.8724 | 2578
0.5462 74207 | 40.00 0.6062 8.1987 | 43.38
1.1255 15.3144 | 82.56 1.2612 17.0882 | 90.41

3.6808

5.5430 3.7851 | 2542
0.5557 7.5437 | 41.45 0.4692 6.4220 | 43.13
1.2332 16.7222 | 91.88 0.9734, 13.3266 | 89.50

5.1045

26.43 0.3303 45230 | 26.92
0.5814 78773 | 40.79 0.5639 1.6499 | 4554
1.2402 16.8139 | 87.07 1.1714 159138 | 94.73




0.2799 37822 | 21.58 0.2948 39724 | 21.08
0.3403 4.6576 | 26.57 0.3525 4.8240 | 25.60
0.5694 7.7218 | 44.05 0.5995 81113 | 43.05
1.1896 16.1519 | 92.14 1.2468 16.9000 | 89.70

3. 2288

4, 1324

0.2805 3.8470 [ 2293 0.3631 4.9673 | 2597
0.4759 6.5098 | 3879 0.6222 B.4061 | 43,94
0.9929 13.5811 | 80.94 1.2927 17.4994 |- 91.48-

3.1235

3.9413

0.2693 3.6951 23.24 0.3549 4.8557 25.11

0.4685 6.4138 40.34 0.5972 8.0821 4179

0.9660 13.2299 | 83.21 1.24945 16.8693 | 87.22
"74 i |
y .l

0.3304 4.4273 34.06 0.2892 39016 ; 2133
0.3828 5.2342 40.26 0.3426 4.6895 | 25.64
0.6594 8.8872 68.36 0.5895 7.9821 | 4364
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 ‘
Chinakrit Ladadok, Duangkamol Na-Ranong®
Department of Chemical Engineering, Faculty of Engineering,
King Mongkut’s Institute of Technology Ladkrabang,
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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/gsot.
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 paim oil produced
in 2014-2016 in Thailand, Indonesia and Malaysia (53 million ton per year), annuaily
generated amount of palm fatty acid diatillate (PFAD) was about 3 million ton per year >%.
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
biodieszel % and as a natural resource of phytonutrients such as tocopherols, squalene and
sterols °. '

Sterols have several beneficial bioactivities and have been therefore widely used in
food, cosmetics and pharmaceutical industries '°. As summarized in an excellent review 1°,
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 erystallization '*'3. In the other approach, FFA and glycerides were chemically
transformed to fatty acid alkyl esters (FAAE) by esterification and transesterification,
respectively '*'%. 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 Baltanis 'S 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 farge 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 erystallization (-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 ' 17 19 and cold crystallization is usually operated at low
temperature in the range of -20 to 15 °C ! 12 1418, 2022 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 2%, Barder et al 22’ 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 cherhical 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 %, 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 {0 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 thermodynamic$ 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 fromthe 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/gsa, 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 colurnn (Inertsil C8-3; 5 um particle diameter, 250 mm
length, 4.6 mm i.d., GL Sciences Ing, 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 dcetonitrile (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 (800pl)
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/gsel, 200 pl) was added in the sample.
Amount of stigmasterol adsorbed on the adsorbent at time “# (gi) was calculated
according to Eq. (1). '
_a-cyw, d
Wads
Where Co and -Cr are liquid-phase concentration of stigmastero] at initial and at time ¢,
respectively. Wsol is the weight of the solution and Wags is the weight of adsorbent used.

4

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 . By increasing the initial concentration of
stigmasterol from 0.3 to 6.0 mg/gsl, in the case of SB-R, the adsorption capacity at the
equilibrium (ge) increased from 2.15 to 39.96 mg/gass. On the other hand, in the case of WB-
R, gc increased from 2.51 to 47.44 mg/gus. 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 psendo-second-order models which are expressed
as Eqgs. (2) and (3), respectively 2% 3¢,

A kg~ 0) @)
dq( — _ z
i k,(q.-q,) (3)

Where ge and gt are the amounts of stigmasterol adsorbed at equilibrium and at time t,
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 Eqs. (2) and (3) with the boundary conditions of ;=0 att=0Oand ge=gqrat r=¢
are expressed as Egs. (4) and (5), respectively.

in(g.-g)=1Ing, - kit {4
¢ 1 3
A /7 )
g ka g

‘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, & and ge, 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 mode! was 0.9986 while the
highest value of R? obtained from pseudo-first-order model was 0.9899. Furthermore, gecal
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 &? of pseudo-first-order model and Age, psendo-
second-order Wais less than Age,pseudo- finstorder 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, & depended on the initial concentration of
stignasterol (Co). When Co was increased from 0.3 to 6.0 mg/gsot, kzs8-r decreased from
0.0585 to 0.0115 while kowpr decreased from 0.1012 to 0.0115 gass /Amg min). This
dependence of & on initial concentration was previously reported in several adsorption
systems **3, Theoretically analysis by Azizian > clearly showed that k- is not an intrinsic
rate constant of adsorption, but it is a complex function of adsorption rate constant,
desorption rate constant and initia! 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
(g¢) on concentration of stigmasterol at the equilibrium (Ce) at 303 K. For both SB-R and
WB-R, in the tested range of C-, ge increased with Ce 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, g. decreased when the femperature 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 Ki. (Adsorption
equilibrium constant in Langmuir model, gs«01/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 stigmasterolin 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 K¢ (Adsorption equilibrium constant in
Freundlich model, mg/(gads(mg/gsor)!’") decreased when the temperature of adsorption was
increased. s

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/gso and 298 < T <313
K. 3

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
Eqgs. (6) and (7), respectively.

AG=-RTIn K, “(6)
AS AH

InK,=""-== 7

FE R T RT )

By performing linear regression analysis of the plot between InKF 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 AHse-r (-24.97 kJ/mol) and AHwer (-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 *7:
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 thermodynamiics parameters indicated that the
adsorption on both resins were exothermic and spontaneous processes.
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Table 1 Properties of adsorbents
Properties SA-R WB-R
) Lewatit® Monoplus MP
Commercial name Lewatit® Monoplus MP 800 3
Type Strong base macroporous ' Weak base macroporous
- Tertiary/quartern
Functional group Quaternary amine, type [ 7, q. w
amine
Matrix structure Crosslinked polystyrene Crosslinked polystyrene
Bead size (mm) 0.65 (= 0.05) 0.54 (£ 0.05)
Total exchange
0.8 1.3
capacity (min.eq/l)
Operating pH range 0-12 0-7
Operating temperature
P & emp 70 ‘ 70
{max.°C)
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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 @ Y 4 i ol Ade 3 ol Aq.
(mgfgw)  (mglgw) . : ‘ r

(min™) (mp/ga) (%) (uf(mg min)) (mg/ga) (%)
0.3 21529 0.0605 17319 196 09475 00585 23272 75 0.5997
0.6 31703 00911 25199 205 0.9628 0.0588 3.3808 65 0.9988
0.9 57515 00832 39240 318 09121 0.0446 6.0168 44 09958
12 74262 00943 6.1688 169 0.9804 0.0312 7.7640 4.4 0.9996
SB-R 15 97616  0.1637 9.0948 68 09899 00531 99502 19 09993
' 18 118279 0.0772 88401 253 09413 0.0179 12,4069 47 0999
3.0 240448 01209 174842 273 09694 0.0175 24.6914 26 0.9986
40 321690  0.1200 254191 210 09829 00121 33.0033 2.5 0.9995
6.0 399560  0.0970 233617 415  0.8892 00115 40.8163 21 0.9987
03 25126 0.0984 2.1308 152 09607 0.1012 2.6001 3a 09984
06 48633 02711 75210 353 09765 0.1199 49628 200 09998
09 72292 0.1151 5.1841 283 09623 0.0787 72939 09  09%0
12 88020  0.0635 50957 421 07450 0.0405 8.9445 16 09973
WB-R L5 112957  0.1059 8.6331 236 09437 0.0377 11,4286 12 09979
1.8 12.8865 02255 155615 172 09333 0.0348 13,2450 27 0.9994
30 270299  0.1458 162031  40. 09529 0.0263 27.5482 19 09999
40 294413 01429 154113 477 09208 0.0429 29.5858 05 09997
6.0 474444 00792 222202 532 0.7337 00115 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 stigmastero! adsorption on SB-R
and WB-R.

Models ; Langmuir: q,=-l%{(:—.g‘: Freundlich: g, = K.C\" qeL:l;::q
Il;.aurl::::iEquanon, ' %’= K:q,.. +EI:C,;KL3, gm Iog(qJ:log(KF)-_i-%log(C,?;Kr-', Un g, =K,C,; Ku
Adsorbents T K P 2 Xe Un R Ku R
K (gso/mg)  (mg/gads) ) . (mglgadmglea)'™) () O] (B=get) ()
298 -0.0004 - -1,2500 _ 0.0055 12.11 10690 0.9698 1191 0.8822
303 00552 -1538 02036 9.30 11333 0.9794 10.09  0.9438
SBR 308 -0.0524 -1587 01732 9.12 L1131 0.9744 989 09121
313 -0.0491 1316 0.1356 7.10 10337 0.9510 788 09752
298 0.0104 12500  0.0142 12.83 09727 0.9887 1287 0.9797
303 0.0613 238.1 02782 1348 09258  0.9836 1234 09557
WBR 308 00785 1149 03173 1025 11785 0.9845 1153 0.9589
313 00452 2128 01966 1035 10721 09811 1120 0.9611
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Table 4 Thermodynamics parameters of stigmasterol adsorptions on SB-R and WB-R.

. SBR WB-R
© AG AH AS AG AH AS
(kVmol)  (k¥mol) (k(molK))  (klmol)  (kVmol) (kJ/(molK))

298 -6.22 ~6.20
303 -5.65 . 6.43 .

24.97 -0.06 1403 . -0.03
308 -5.69 -5.85
313 515 | -5.97
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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 Baltands {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
vacuypm distillation at 1.0 mbar and 180 °C. After that, the stero! 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 1%10-3-1.33 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 téchnique 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 B-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 B-sitosterol mag-
MIPs have a higher adsorption capacity and the higher selectivity for B -sitosterol than that
of magnetic non imprinted polymers (mag-NIPs).

Hashim et al. [13] reported the comparison of non-covalent and covalent Tmprinting
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 chemica) inertness, negligible swelling in
organic solvents, and high phytochemxcal and thermal stability [15].

The sol-gel process is a commonly method for synthesis of molecular 1mprmted 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 aiternative 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 hydrophoblc
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 tetraethyl 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
termnplate molecule (sterols):alkoxysilanes precursor (tetraethyl 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 p-
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,
Gerimany) 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]7In 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 mi 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 =~log(Cy) : (1)

Where Cual is 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 HPL.C. Peak separation was achieved
usmg 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 contammg 1%
of acetic acid (10%). Flow rate of the mobile phase was 1.3 m{/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 pl 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)my

Qe'" W'ds (2)

%Ad = (C C]xlOO 3)
G

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 Was 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).

Gemis ~ Deras

IPB =2~ =7/ 4)

9enis

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

Hf.ﬂ,de
%De = | —=% |x100 (5)
’ st,ad
W
%Re =| —=% 1x100 6
’ (W ) ©

Where Wsiad and Wside (mg) are the weight of sterols adsprbéd and desorbed, respectively.
W 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.
[t 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 (.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 sterois 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 (3.24x10). The condition
number 9 synthesized at pH 0.6 was shown highest percentage adsorption of sterols and has
highest adsorption capacity at 175.85 pmol/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 show&d 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 témperature 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 (6.25x1073)
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/TEQOS 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 )]

(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 resuits 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/TEQS 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. - B
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 processmg was shown to be efﬁment 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 6.25x103.
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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* 6.25%1073

Table 2. The experimental designs of central composite design (alpha value = 2.0).

Recovery (%)

Order pH TCC) S/TEOS

i Experiments Prediction
1 0.95 31.25 1.73x103 45.12£0.75 41.25
2 1.65 31.25 1.73x107 7.11 £ 0.57 4.60
3 0.95 43.75 1.73x10% 56.11 £0.93 55.39
4 1.65 4375 1.73x10% " 17.68+0.45 18.72
5 0.95 3125 4.74x107 53.65+1.16 44.53
6 1.65 31.25 4.74x10” 9.51 £0.73 7.87
7 095 4375 4.74x107 " 57.8640.69 58.67
8 1.65 43,75 4.74x10° 10.58 £ 0.28 22,00
9 0.60 37.50 3.24x1073 62,74 % 1.40 68.29
10 2.00 37.50 3.24x107 0.00 + 000 -5.04
1 1.30 2500 3.24x107 10.85 £ 0.80 . 17.49
12 1.30 50.00 3.24x1073 53.98 £10.23 4576
13 1.30 37.50 2.23x10% 3249+ 2,62 28.34
14 1.30 37.50 6.25x1072 42,84 + 1.46 34.91
15 130 ' 37.50 3.24x10° - 33.93 +3.92 31.62
16 1.30 37.50 3.24x107 32.60+0.75 31.62
17 1.30 3750 3.24x107 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 adsofbent % Adsorption % Desorption % Recovery
0.6 NIS 86.88 £ 0.56 77.19+£0.70 67.07 + 1.04
MIS 89.20£1.01 T 78314 2.59 69.89+3.10
1.0 NIS 58.22+0.86 52.77+1.20 3073+ 1.15
MIS 82,31 £ 0.80 73.27 £0.20 16031 £0.75
2.0 ~NIS 1230 £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,

'.l‘erms j CoefTicient 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 Y{¥ \an 2.260 0.546
BxB .04 2.260 0.546
CxC 1,324,892.00  2.260 0.225
AxB -0.20 3.517 - 0,503
AxC -3,549.74 3.517 g 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 d Coefﬁcient S.E. coefficient p-value
Constant 43.905 2.141 0.000
pH (A) _ -44.785 2207 0.000
Temperature (B) 1.394 2.207 0.008
S/TEQS(C) ©1,090:69 2.207 0.471
AxB -0.203 3.121 0.889

80




200

-82-

180 -
160
140
120
100

80

60

40

Adsorption capacity (umol/g-adsorbent)

20

1.0

| ONIs mMIS @IPB|

IPB

pPH=0.6 pH=1.0 pH=2.0
Conditions

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. Optima! 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 tali 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®MA 10
(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 B-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).
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W.,-W W
Si =( I;JV |J(W sl:gmal;; ] . (1)
i,0 stigma,0 stigma

Wi, 0 and Wi represent weight of species “i” in the model solution at =0 and 6 h, respectively.
Species “i” means campesterol, stigmasterol or (-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 pm and cavities with the size in the order of 2jamn 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 [-]

SR N T L
4000 3200 2400 1800 1400 1000 &00
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-,
stigima- and B-sitosterol with almost the same-percentage of the original amounts presenting
in the model solution; Scampesterol = Spsitosteral ~ 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 B-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 crosstinker 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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Abstract. Molecular imprinted polymer (MIP) was prepared by bulk polymerization in acetone using acrylamide asa
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 8f 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 biodiese! 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 countrics, 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 a2 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
compoenents [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 béen
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 (NTP).

2 Experimental

2.1 Synthesis of molecularly imprinted polymers

Acrylamide (monomer), ethylene glycol dimethacrylate
(EGDMA, crosslinker), stigmasterol (tcmplatc), 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 -

jonized 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:imol), 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 mmo! of monemer, initiator ©.32 mmol)

S gt Db '} PRI T

DI 0% ) R BT IT Vo

2.5 0.15. 5
3.5 0.15 5
2.5 0.25 5
3.5 0.25 5
2.5 0.15 7
3.5 0.15 7
2.5 0.25 7
3.5 0.25 7
2 0.2 6
4 0.2 6
3 0.1 6
3 0.3 6
3 0.2 4
3 0.2 8
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
samiples using EVO®MA10 (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
wi%) and p-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 | wt% of MIP or NIP and then the mixture was
shaken at 220 rpm, 30 °C.for6 h.

Samples (c.a. 0.1 g),before and after adsorption were
taken for quantitative analysis of campe-, stigma- and B-
sitosterol. ~ Analysis was performed using a gas
chromatograph connected with flame ifonized detector
(GC-2010plus; Shimadzu). Peak separation was achieved
using a ZB-SHT capillary column (30 m in length, 0.32
mm in internal diameter, 0.1 pm 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 pug. The obtained calibration curve was
expressed as Wierm = 13.075 (Agerol/Arcicaprin) + 0.6042
with R® = 0.9997.

Performance of the adsorbent was evaluated from
percentage of sterol adsorption (%Ads: %, Eq. (1)),
adsorption capacity (g;: Eserots/Bass, Eq. (2)) and selectivity

based on stigmasterol (5;: %, Eq. (3)).

clac

Y%Ads = x100 ' )]
[}
g= (CO _;)MOluﬁon 2)
ads
Si == (Fyi.ﬂ —'-u?i ] ( n?sligmﬂ ] (3)
;Vi.(} PVstigma,O - 'PVsl:igma

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 dissclved 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 pm and the surface of MIP-STD was not
uniformed. Pores with the diameter less than | pm and
cavities with the size in the order of 2 pm or larger are
cbserved. SEM images of MIP synthesized under other
conditions (not shown) had characteristic similar to those
of MIP-STP. Figures 1(¢) 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 resuit 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 em’, small sharp peak of
C-H vibration at 2960 cm’, large sharp peak of C=0
v1brat|on at 1730 cm™ and peak of C-N vibration at 1400
cmi'. 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 ¢m’) 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
pedks in the spectrum of NIP was less than the relative
intentsity observed in the spectrum of T-MIP-STD. This
result indicated existing of stigmasterol, containing C-
bond, in T-MIP-STD.

i S e 5 /2 =
L ") V
T R
—_ N-p]CH N
= 3460 | 2960 1400._Jy/
2 |
8 ~C=0 1730
B =t
g T\ A ® In N r’fwwv
g .' {
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!

4000 3200 2400 1800 1400 1000 600
Wavenwnber [¢m']

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; Seupesierot = Shositosterat = 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 gll types of
sterol from fatty acid distillates. Therefore, adsorption
capacity was calculated from total amount of campesterol,
stigmasterol and B-sitosterol adsorbed on the adsorbents.

40
5 DT BEE RN 2B
E30 - -m- ' —1--F-F - -
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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 adsomption 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

32.5
% Ads 300
2.5

40
35
30
25

" Solvent

01 4 {mi}

0.2 e
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 Mgeco1slEaas O 1.13 times of NIP.

4 Conclusions

Molecularly i‘mprinted 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 affecteéd 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-sitostero! in the model solution at 6 h

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

G concentration of species “i” in the model solution

q capacity of stercls adsorption .

W; weight of species “i" in the model solution at 6 h

W. o weight of species “i" in the model solution at O h

W weight of model solution

Subscript
i campesterol, stigmasterol or f-sitosterol
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