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ABSTRACT

Precipitation above cloud point occurring in biodiesel produced from oil palm (PO-
B100) was caused by of steryl glucosides. Precipitation occurred easily in PO-B100 with high
concentration of steryl glucosides (Cse). However, it does not occur in PO-B100 with Ceg
lower than 20 mg/g. Adsorption using magnesol (MS), tonsil (TS), bleaching earth (BE) and
diatomaceous earth (DA) reduced Css in PO-B100 with efficiencies in the order of MS > TS
~ BE > DA. . Using methanol, ethanol, isopropanol, mixture of hexane-isopropanol and
acetone desorbed steryl glucosides with different efficiencies. In the case of MS, TS and BE,
isopropanol showed the highest efficiency in desorbing steryl glucosides while in the case
of DA, the mixture of hexane-isopropanol showed the highest efficiency.

Although MS had the highest efficiency in adsorption-desorption of steryl glucosides,
BE is much cheaper and abundant comparing to MS. Therefore, BE was selected as an
adsorbent in the process of recovering steryl glucosides from PO-B100. The best conditions
for adsorption were 3 wt% of adsorbent, 70 °C and operation time of 60 min. On the other
hand, desorption should be operated using isopropanol as a solvent at mass ratio of
isopropanol to adsorbent = 50:1, 40 °C and operation time of 5 min.

The steryl glucosides recovery system consisting of adsorption tank, desorption tank
and filtration equipment was designed in this study. This process was successfully applied
to decrease the amount of steryl glucosides in biodiesel and no precipitation occurred in
the treated biodiesel. The yield of steryl glucosides obtained from the process was 6.4 %
at the operating conditions of space time = 0.5 h and temperature = 75 °C for the

adsorption tank and space time = 10 min and temperature = 40 °C for desorption tank.

Keywords: Palm oil, Biodiesel, Precipitation, Adsorption,. Desorption, Steryl glucosides
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2.1. ngwj
2.1.1. lulefiiva (Biodiesel)

TleRigadiuansussneudanaoanosuomnsaluiu (Fatty acid alkyl ester) wdnldanmitiu
fiv ludiudnd wasthiufidliudy  Degtululefiwagninnlfiundsumadennaununisly
iuildenmsnduhiulinsdon  Tnglulefeaiiulflusdowusfesdisnunriazamunin
Wulumuusmavasnsensaadaa (Msedl 2.1-1)  eglsfmumsliliulefisaniefisana
(ulomearauivihiuiivalusnsdnneg Slfesinfid ey Ao lulomeaiinanldtniansiv
WhAansanagneusenedng sl ifgamgiivnidunanm mnthlulefiwaiigeiasienarn
WHuarhliiedowudfeaiiansgauld

d v - LA
TN 2.1-1  Snvziasaunmeaslvlefiwalsuiaviufisamesvesnsaluiu we. 2552 [1]

Forivun iy Savgemn Tovnan
wiiaieawnes %wt lisndr | 965 | EN 14103
AT 15 °C kg/m® 860-900| ASTM D 1298
Aumiladl 40 °C cst 3.5-5.0 | ASTM D 445
Ui ‘ °C lifindr | 120 | ASTMD 93
Muyiu 9%wt laigandn | 0.001 |ASTMD 2622
Sndinu Tishndr | 51 | ASTM D 613
th %wt | lugend | 005 |EN1SO 12937
Avuiiouavun %wt laigendn | 0.0024 | EN 12662
wusnmeaoUfA3s1eendindudi 110 °C fla Wi | 10 EN 14112
Faudunsa mgKOH/g | higandn | 05 | ASTM D 664
Anlolofiu g lodine/100 ¢ | ligendn | 120 | EN 14111
wnuea %wt Ligendn | 0.2 | EN14110
Lulundieelse %wt Ligendh | 08 | EN 14105
landiwolss %wt laigand1| 02 | EN 14105
Iasndigelsn %wt higendr | 0.2 EN 14105
nileIudasy %wt ljgendr | 002 | EN 14105
niieSuviavin Yowt ligand1 | 025 | EN 14105
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veauueanseduiinfifmminnlfinniigaidesnsmgnuesingisenlags  fudwiised
foultlunsvhuiidoniivanesin fwandlumsed 2.1-2

d o g ' aas aaa aa @/
A5197 2.1-2  wanswiinvasiaiseuitenluldisemaudieamaiiatu [2]

slafsefiden | ansiitould R Joide

base catalyst NaOH, KOH | Ujjiseniiniga efihuagnsmleiy
$1A7gN dasvannaziinay

acid catalyst HSOe | MWldARuddtuiitinsaluty | ufiSenAndrann
Suuartiluviinags

enzyme lipase | ausahnduuldbmild | s1euma

heterogeneous Zr0,, LLf‘]’ﬂ{ymmSLﬁﬂﬁlj SN

catalyst zeolite

2.1.3. msuanlulefwa

whituity, lesuded vierhsuussnevemnsiudaurasedn fAadeuusmannsalutudasy
(free fatty acid; FFA) uamhlutSinaisinaty delfifiuashemilumsnanlulofieaiifiansazans
waduisafizeasyidliieayiu uasvilildlulefien (yield of biodiesel) ssfummiluda
fafumnansiedulunsraniulemesiinsalutudevudurinasmnesylivinuvesiulofies
firdnldanas Tooviluidoashiuiinsalutudassannndt 19 fpathasmeuuiiisene
amesTiaty (esterification) [4] iitelAsunsnlatudasyIniduasUsenoudafawamediou ué
'Luijv’uﬁ’ﬂuﬁqﬁﬂ'uﬁﬁ%mwsmémama??\lLﬂ"t'i'u"uaalmnﬁ'Lsua‘lwﬂﬂa'l't"imalﬂuﬁ'hLa"q'uﬁﬁ?m

SR 2.1-1 L'TJuLqunvﬁLLam%u’umaun'ﬁm‘%m‘lu‘[aﬁwaszﬁ’uqmmwnﬁuﬂﬁﬁ'\ﬁuﬁmﬂui’mqﬁu

v
.

Tneuiitunoundnaadl

- MARSeNIngAy
hdunsineringivessodiinssicarudunsn (acid value) wavUlnamesnse
luihudast (free fatty acid) lubufufieriou WionUsanaiinamesia s isedld
el MAnUGRTe e auysal

Qaq

- MAATENTINFIVGATE
nMswsENEsIsWERTen wu luduulansenled (NaOH) Foswausaseufitenfuueans
sosludadufivnzal uassesseSilliihusiuadly Tnevhluesld NaoH 255 dau
avantlumvuea 100 daulaetimin



aaa ‘<

- MGATY MM dTImD AT
anmelunsviuiisolaeialuiienuiu 1 usssimanasgamgll 65 °C Sasdnilagly
avenhiufivrewmueaiiesldfuvinty 1:6 Elwhduiinsaleiuassluinanndes
ruUATeeamesTAtl  (esterffication reaction) IfewAsunsaluiudastiveylusy
asUssnauwiialeanesnoufiasiitomrudieansiNeadu Insvasviufisenlud
Ujnsniosiinmsasieasuiuseesy Weliullvingisoinfuetwauysoiuasislulofiea
fifimaunwashiaue

mydiaIsazaleioanagoana iy
’ ° aaa o (% v ¢ & = P -
nvifiselaeniluinldansazarsueanesedilummmealuliinuiunniiuwe
o z L o o aa 1 4 - ' 4 o o = [} \.l
muvdsigiteudesiiuneamniooy  Fvsgnindunmyuideuldlml Inennsnau
' 1 v o Vet 'z; [] o \'l v
wynanduneg feseilillivnvsuuludgrsaumusannduld

MITUSNA IR

wiwniitomsudieameiiaduudy wwiandnduet 2 dw Ao dwuvesasie
awesuardiuvesndwesen lavaluveaseamesvrliansuseneuswiniulefiea Tulund
wolse  lanfigelsd  warlnsnfigelsd dwiudnreindiesearsiasuseneusmannsa
lusuBasy ay asieuisonani dosiabiwnduudusnduvesmsieamesiilulofea
agjoan wé’qmnugu?huﬂ'wgnﬁﬂﬂé’aﬁqéﬁﬂu‘bﬁwasia‘lﬂ

nsanlulediva
nsgalulefigasniunsédeamasawiitofiniennujisouaransiuousnig ns
adlulefwauvalunsdrauuulon (wet washing method) waznsaawuuus (dry
washing method) dmsunisdnawuuidentudenlithiuiiadeninmagn uiideds
Aovdsndaeiwesinssuaumailiui dwsunsdawuwiailéndnnsaadulag
ifagadulunismdndatuiiou Fgaduildenldfe wndvea (magnesol) (6] %
annsamdnasdmnlulundwelsd lanfiwelsd lasndigelsd nenlviudasy ay mam 1
agniluszAvsmnuarhiigmlumstimhde

msbndigeTunauau

nAlwoufiiunanastldoinnssuiuniswdnlulefiwatnilaunianis (~60%) sy
fih answfiouarayuzsuey mafivrmndaviventiweiuamsavlflaeingie
SunldluingiGendunan (tu nsainde, naavieaneln) UiiSendesihliaywdoudunse
louwaninde  ilereiisliasladunsaleurufundiseiunenty Tnewalundiveduildennis
fananesdianadavsussanm 80-88%



mswseuingAu

A

ASwSEURILSIURRTEN

\ 4

° aaa d ‘& P
mshujiseunendnluledisa

y

AMsHNANSaYauLDanegaNAUAY

A 4

msuundiundnsiue

Y

msanlulefiwafiwa

A 4

MTNAWOTUNAUAY

- a -
UM 2.1-1 nsgvaumswaniulediea



2.1.4. m3gadu (adsorption)

nsgaduiunsyuaunsiigninnldunivanslugramnssy erdaensiifiviinaniosvie
aududuslumsazany eamusvaammuasuia esmnansadudunisliie  Tnevily
AufuFvesnsrUIUMsgRduiuuRg iy AuansavesiigedulunsedumsTiFensidn
Wudnfity uazfgady (adsorbate) Aifrmsiiant il

-!’ - o . 4‘ Vel a «f - v v W
- fiwuRadunne (specific surface area) gaivelvilluinmaninsaiansgadurivigngn.
Hulsun .
- fanuduwinzaslunsifengadu (selective adsorption) g4 fie iengadulawzans
v o v - v 4 v v - w ° v a
esmsihdn  esnnisgaduansdudludmelunadeiuasyilivssavsamens

v v

v o
mgadulunsgaduansireanisanas

al

- fafisnmvnenmenmuagyaall (physical and chemical stability) g9 A AmMusBUTY

Banauagauoulusewinensldon Lidegunseiw hignianseulagansiailine uay
' a < v -l °o v v v
Tifiansdsuudasantimaaiiine vilvanansaldauldum

.

UszdvBnmeeshgadulasyhlufinnsaunan Sosasnsgeduviesosasnisanasveaign
ARGy (%Adsorption or %Reduction) uasU%mmmigm%’uviwﬁdaﬁmﬁ'nﬁqqm%’u (@ My
lifisaunnInadu steryl glucosides (SG) WundnTeanunsaruin %Rss wae g, naunsi
(2.1-1) uag (2.1-2) sy dwiuiesazmsidengadu (%Selectivity) efinnsanandnau
Viinaumsgaduasiifesmsrefmeuiinaumsgeduasyneiisluasazay TurnideiiRersan

n13gAYu SG, MG, DG uag TG umdn Swannsaduin %Ss naunsi (2.1-3)

o<

Csg0 —C
%Ry, = —=2 59 100 (2.1-1)

SG,0

W (Csoo —C
g, = it ( ;(;/,o sa) (2.1-2)

Ad

%Sgs = Is0 x100 (2.1-3)
9sc T 9Mm6 T 906 916
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2.1.5. sy (desorption)

1da v o

msaedudunszuiunsdeunduvesnsgedu  Ae shgnaeduitanegiitavesingadunan
ponvinfvesiagedy  msmeduiailifuinvesiagaduitheansagaduansimilisnads
wils fafumnmseesumgnaaduliiinavilifaiimasiivesagaduasuuadly nsmedy
Rovidumsituyanmigaduriilianunsaihigadunduntélmild  unsdfidgaduuasngn
grduduasiitinaunaazalisilunsmeduligesvilitumumssuiiunueansyuiunis
Taosafinnuduendetuld

Useavsnmasansurumsaeguatunsausediulaen Sesavmseedu  (%Desorption)
AU (2.1-6) uarUseAvnmeeanseuunsgadu-meduannsaysediuldnniesasnals
yoamagngaduiiFeanIsindu (%Recovery) Auaunsfl (2.1-5)

%Desorption = 900 950 1 . (2.1-9)
s,
74
%Recovery=L“°"’;~x100 (2.1-5)
X

SGin B100 23{e]
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aw =
2.2. AT T

Lee uavame [1] S189udsausiuszanad 2005 L?'uﬁmswumsqmﬁu (filter clogging) 184
vhifuflwanay B20 Aldluanigouiinuasglsuaihiuiisanay 620 Hlfnluleien ©100)
ruannsgIu B100 - ASTM D 67512 Tasftuwiltiuntsifia filter clogging yoaufiivanay B20
Liaursaviungldisnauandfisatunisinafigumgiivn (cold-flow properties L cloud
point, cold filter plugging point) uAUsztiiuldan Filter Blocking Tendency Test (FBT) a1
1RSI ASTM Method D2068  wazdfanuinnisifin filter clogging Wendeatumsilaguesans
g2van steryl glucosides (SGs) wazayiuslutiiufin  muunfasimaniisveglusy acylated
steryl glucosides wazazarelfiludufy udiilorutuneusiieg lunssuiunswasluledive
ﬂﬁiLﬂdﬁﬁ%&UﬁWgULﬂU non-acylated steryl glucosides

US¥n Archer Daniels Midland Co. (ADM) mimwum'ﬁﬁaejﬂaq steryl glucosides Tu
iothdlulefiwauasiiiufivanaudeasuin steryl glucosides fidruvhliaiisunisivavesiy
TaﬁwaLLavfﬁﬁuﬁwawauua}aa wailnae SGs fgavasumags (240°0) hiazanglululefiwauas
vhituiivaney u,mns.maaa'l,uiuiamwauaumuuﬂwawau’lusﬂaumﬂ*umu,'uwmmLan (10-15
micron) wonnil steryl glucosides Ysunaudnios (<100 ppm) Avilviiin cloud-like haze
ululefwaldulifgumnivios uag steryl glucosides SanszuliitAnnissusmiennndnyos
amdovuriindulululefisasae enslulofeaiiil sGs $evuitiidunanmdsilwiinnis
Anazneuiifiunwu  Moreau wazany [2] tnznauflivldaindauniieg vesgunsally
Tssnundnlulefien uasdeussgseietunsulumsvuds infinyiaudimeiaoditaselasin
IAnsnvenaIusyAn3nInge uay mass spectrometry wm’wéﬁadwmsnauma’wﬁﬁaunn
fathadl steryl glucosides \upsiusznaundn ($ovar 68 Tasmiin) wawsl monoacylglycerols
ffu diacylglycerols su@gMY

Tang uazaay [3] Anvidvdwavesgumgiifiideniaiansnoulutiufioananilianty
Tofwanmisfuiisvansviin wuilSuuvesmenauiiAntutu cold soak temperature, cold
soak time, fovazvaslulofivaiilinay wavsiinvonhduiteildvilulefiva  ilo Tang uas
anue [4] Anwiandivesnznaudiliazarsluhiufivanaundesiunisi cold soaking 71" 4°C
wu"hmnauﬁLﬁﬂ'luﬁqﬁuﬁwawﬂuﬁwammnﬁqﬁuméuﬁmmw]mmnﬁ"’q steryl glucosides ua
mono-acylglycerols uwazUSunasmznauiiinfinnairlulemeaiindransudamies

Lee uavAnz [1, 5] nnapaf1dn steryl glucosides way acylelycerols Tululefiwafindnann
i’mqﬁ‘uﬁmmnéﬁﬂuﬁaLwﬁaqTﬂalﬁ diatomaceous earth (DE), carbon, sugar, glucose, clay,
NaCl, citric acid 18 #78350150199 wagldidninensdifegrefiuanituney 38013 uaz
nsevaumslumsandn FBT vaslulefiwaliiindt 1.414 (e FBT geaniivessuld) Bluansins
US 2007/0151146A1 [5] ﬁ‘ﬁaeﬁwwﬁuﬂumsﬁﬂu‘[eﬁwamn'lfﬂﬁuﬁ"dmﬁmﬁmumsnsaamué’a
wmauwuammuwmaq DE 8nady ausnanyUunu steryl gluc05|des 27N 68 WED 20 ppm
uaglilulefeadisian FBT 1.01  fedrwiafumsihlulefigasnisiudandesnauiu DE
waztunu 10 Wit wérouveswanturiniuaves DE Sndunth awnsoan FBT weslulefizaas
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Wap 1.03  ansvnsitulawensdifetnednnarensdfdudulfinnisanuiuna SGs was
acylglycerols 'l.u‘lUTaﬁwav’ﬁanﬁﬁlﬁﬁd@ﬂ%’utﬂu‘ﬁﬁﬁawu'ﬁnLﬁuLaﬁusmw'uaq‘luhﬁwa‘lﬁﬁq

AsIdevinmsveasalesiu 6] iefusuanmmmafanneulululefiwaiindnluszina
Inelneldhiuurduduansdadu (8100-P) illovndaegns B100-P uardetangnaufuds
(precipitate) MNATIVIATIY WUTIIRIBE1 B100-P i steryl glucosides, mono-, di-, triglycerides
\Jevuaglayun uidlomisl filunamnussiinsnouvesdainiy Tneasnouvesudefandiil
steryl glucosides 1Juptrusznoundn wazll free sterols, monoglycerides, diglycerides Uuag'
TuSinaiivosmnifioflisusiu steryl glucosides  iovirsaagne B100-P mdlumufuAuwend
Dunan 24 dalus wudilulefigaiiinunisyfulpanaudiliiangnoutuundaeialsidy
servian 4 dUam

Phytosterols LﬂuaaﬁUisnauﬁ']ﬁ'ﬂwmLﬂaﬁuwaéﬂaoﬁvﬁﬂﬁunnvﬁﬂuasﬁaq'luss‘su'mﬁ
NN 100 wiln 7] Yeglulimenunisidennune (7-8] A3lWiuinansndu phytosterols i
Tasea¥randnefvansnagy cholesterols Aitfaglusnsmenywd wasmsuilnamsngy phytosterols
WwYwann1IATN cholesterols Ingianizwiln low density lipoprotein (LDL) fidusunsiede
frmouywdldd  9ndedfinaniafifweremataaisngy phytosterols nfivulinnieg 1y
wheat, rye, cereal, oil seedrape WonniduadluiemsdSusaseuanihunglilusaung

MNMITNUMITIUNSSULATasauWATIRYITaatumMaianzneululuTofigauarntsly
Ustlemivoswnsnguainesoavesfivieiildnaindrsdiu - aansandnldimsidnansameda
nglaledlululefwamensgaduuennazidunisifivaunineduledivaillinaiuds wn
Wansuansaiinduaissminameseavesiislieglusuifaaanazdildsylonildey
uennesumstinauduAlitunszuumnanlulefwauds Saihligramnssunmsuin
oAz ingAvsengninlfiduswmunniuge
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n1susauguasnisiianznavlululodiwa

3.1. A5anfiun1sive

- e/ d 1} 1 v 1 -
AATEluun 3 wlimsneassesnitu 3 du Taua (1) MmsiwrseiuSinussiusenaures
. - Y ' ac | w ) -
Aadevulululofiwauavaznauniivanieglnegnuendniy, (2) msgaduamaianglaled
deja o . ) |
Tlulefwa uay (3) msneasuiaissnwveslulefwanidaudsvuluuSunauiusansraiu

3.1.1. gsiadiuasAaseng
3.1.1.1. @15ipd

aandildlunsieseiufialasuilansw W sterly elucosides (> 98%) 990 Matreya
LLC, heptadecanoic acid methyl ester, N-Methyl-N-trimethylsilytrifluoroacetamide (MSTFA;
GC derivatization grade), 1, 2, d-butanetriol, tricaprin, glycerin, monoolein, 1, 3-diolein and
triolein 91 Sigma-Aldrich Inc., heptane (AR grade) 37n Fisher Chemical and pyridine (AR
grade) 910 RCl Labscan Limited

FavhazaeMldlunisndoans 1Hud hexane, acetone and methanol tnsANTSAA

sagaduiild e Magnesol® (D60; The Dallas Group of America)

3.1.1.2 fwenN

s ' P -1 a - - [
mamaﬂ‘t’ﬂumswmaauwauwmmq-uaqn'ﬁl.nmmsnaum'rm 6 9iim lélun PO-B100, P-Cake,
ad aal at v &
Washed-P, Bag-Res, CSP-23 and CSP-32 Tnefifuuas i msmsounadl

- PO-B100 #o Tulofwaildanlssrunanlulofwailéihiuduuavsanastidan
manduhiudy Huingiu degluussmaln

- P-Cake fio Wnfiléiannmisnsesvesaufudufiviviefion Swvewmanysenoudglule
frauazngnouitiararshilulofies

- Washed-P fip a1sildannisi1 P-Cake u1ddudouusendas hexane, acetone
ey methanol

- Bag-Res Ao vosnauiiiulFngunsedlulefieadugaienoutusoussyniity

- CSP-23 fie dhotheneneufliituléi 23 °C aanthifuiiiiunnsvh Cold-Soaking 7 4 °C
w24 T

- CSP-32 fip shotemsneuiiulai 32 °c snthifufiiunsvia cold-Soaking 7 4 °C
uu 24 Falu

dwmiumsmaasufednurdvisnavesasifeuuiifivessainmnsiinayney wanatusnm
vodlulodiwa awlifednlulefiwaniiviinu SG uavansngundiwslsasieiu lsun SG(0)-B100,
SG(110)-8100, SG(0)-B100L ua¥ SG(110)}-8100L lny “B100L” wuef uleMwafliuiinmyes
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y 1 =l 8 o = o P v v
dadovungundigeliniiin wavdnavlueiomuneiadunds S wueternududuves s6 uly
Tofea wihsu ppm

acda ¢

3.1.2. 950nATn%
3.1.2.1. §15UsnoUITaloane sYonsal vy

s Teiinuasssneuiiawamesveansaluivlululefiva villael4iETimun
MUNIATEI EN14103:2003 Iiedesiinsnzviufalasunlansiuuy FID (GC-17A; Shimadzu)
Aedunily Ao FAME-WAX capillary colurmn (30 m in’length, 0.25 mm in internal diameter,
0.25 pm in film thickness; Restek) waylfdidoudunian

3.1.2.2. fudovululvlofiva

mMelRsEvUsinadaievusiwan nawesy, lundigelsd, landiwelse, nsndwelsd uas
awosanglaledlululofioa yhlneliTsidnuasamnnsg ASTM D6584 TnelfinTediinsnet
uRalasualAnT MUY FID (GC-2010Plus; Shimadzu) Aeduile fie Z8-5HT capillary column
(20 min length, 0.32 mm in internal diameter, 0.1 pm in film thickness; Phenomenex) Wag
8o duuian

3.1.2.3. mMsustesRUsenevlneunalnsulpnsmnuuy MS

3T A0 TYNDUTEY Washed-P uavasu1nss1u SG (SG-STD) #au MS yilagldisd
fudasinuinsgy ASTM D6584  lanlfieRosiiaseiufialasunlansanl (6890N; Agilent
Technologies) firefu Mass Spectrometer (5973Network Mass Selective Detector; Agilent
Technologies) peduiifild #e DB-5 capillary column (30 m in length, 0.25 mm in internal
diameter, 0.25 pm in film thickness; Phenomenex) wavlddidoutuuiann  msdasivivinlag
14Ivum Electron Impact (El mode) uazaunue m/z saus 50 — 500

3.1.2.4. msusfaedusenovlng FT-IR

n1sUTnedUsENauTes Washed-P uae SG-STD fewmatia FT-R vilagliindes FT-R
(IRPrestige-21;  Shimadzu) ﬁdaﬁuqﬂnsdtﬁ?uuuu single reflection attenuated total
reflectance (MIRacle ATR; PIKE Technologies, Inc.) filriauuundn ZnSe ¥hnsasetarnis
ganduuaslugie 4000-650 cm™ vn 4 cm!

3:1.3. MmIgadu

ms@ﬂ%'uw‘v’ar'hi']’ﬂama‘%anq‘lﬂ‘lmﬁ'lu'luiaﬁma lashlvlefiwauasdinady  Magnesol
(3ovae 0.1 Tneriwiin) Tdasdlumaaguasguung 125 ml uasluwerwomudaseu 210 pmlu
\w3BaLuth (4000ic; IKA) #1 65 °C 1w 6 dalue uanfusetnisfurdouiagvdenisgaduiite
nlfilessimuiinaamesanglaledmeitluiade 3.2.2



3.1.4. MSNAFDULADYTNN

4 3 | LY !
Tulefiwanilosdussnauseiy ek SG(0)-8100, SG(110)-8100, SG(0)-B100L uag SG(110)-
L] -d =t ] o o o J -
B10OL gnuinamadeulaivsnmiUsuiisuiu Tnedmusgamgilumsvmageunsdl 3 guvgd fie
20,-23 wag 32 °C
= « o ° < ) :’1 a:’ v ol ado
mivaaeudiesamyedlulefiea ilaelulefiwauldvin wavasiclingumgininvua
Y o a - v <. @ -

Mniudunansiiangnouuiiauiuriann 30 uni tastufinaiiGiiunsney



3.2, HAaNISNAADILALIRIT
3.2.1. 29AUSENDUYDIRIDENS

Tlefiwauseneumpanssenovwitaloaiosvonsaloy  (FAMEs) $owar  98.5 Tne
vt wazdadeuu Tud nfwetu (6), ulundivelsd (MG), landuelss (06) waslnsndiwelsd
(TG) $owaz 0020, 0.70, 0.18 uax 0.02 Tnsvhwin Ay Fudulumudormusvonsensay
ey (st 2.1-1)  mamsiesivinmesianglaleimuitmmduturesmasiangla
lodlululofien (Cso) fiF1 110 mess/e FauiloiUSsuiiiouys uvesaneIanglalenfiuuiinn
dadeuusmanasusenouniwelsd ﬂ~mumamasanaiﬂ‘lﬁﬂL'UuaqLaaUuwuﬂsmmuaamn'lu‘lu
lofga

Wesmnmsfinyiusingmsaimsiiansnournilgamgilndyamueniululefisavansiin
ﬁn‘lﬁ%’aaiu-“mﬁ’uﬁ’uﬁ'ﬁumsﬁaq"uaﬁqLﬁaﬂua’ﬁmn lulundigelss, lanfiwelss, lasndigelsd
uazdineianglalen Feoraduiissansnguisavonmenguiuiu muu’lmmwwwzwmsm
a9 4 nquiindudundn

3UM 3.2-1 uananansLnsIsm SG-STD, P-Cake, Washed-P Uy Bag-Res fasiAtosiiasivw
uhalasulansmuuy FID  Tasanlaunsu (a) ¥8a SG-STD LaRRATDIATIASIU tricaprin 7
a1 23.70 Ui way campesteryl glucoside, stigmasteryl glucoside, B-sitosteryl glucsoside i
a1 27.02, 27.11, 27.36 unfi Awadiv

WoResanlasunlaunsy (b) vos P-Cake aswunguiinuunalvg 2 ndu Tugiam 11.68 -
13.90 wa¥ 26.94 - 27.44 W1l nAuNsNARTAYEIENSNAN FAME Waznguil 2 iufinvesansnay
awnelanglalen (campesteryl glucoside, stigmasteryl glucoside, -sitosteryl glucsoside)
venaniifmuiirsuadnlugs 14.70 - 19.80 ud Fadusumiwesansngulilunfioelsd ud
TinufirlutranmBaduiumisedaniivslsiuarlosndigolsd  fahily P-Cake Seffansiiiu
pefUszneuvney 2 ngu Ae awmelanglaler uas FAME Aliannsousneonmnaeneuveudsls
uanmnumsmu‘%mmLﬂswmtamvﬂu P-Cake Hasnguainesanglalenegiovar 133 lay
dhin  lefinnsndndauuiina FAMES de MG Tu PO-B100 fudndruyiine SG ma MG Tu P-
Cake ansoinswiliilulunfivelsdiimsianuly P-Cake Wussdusenevvoamaiilasanyeg
Tu FAME Tall9woauds muuaunasaﬂa‘l'.ﬂ"l‘muUumﬂ'Usunawan*ummnaunumLnuiu‘loﬂt-ua

Tasulaunsy (c) 99 Washed-P fidnwauzadwiulasinlaunsy () ves STD-SG Ao Hfialy
2a1781 26.90 - 27.43 Wil FaduRavesmsnduansianglales fnuTeaguléin Washed-p i
aeAUsEney 3 vin Ao campesteryl glucoside, stigmasteryl glucoside way p-sitosteryl
glucoside

Tasulpunsy (d) 83 Bag-Res fidnwazwmuduiieadulasuilaunsy (b) vea P-Cake
namAe  wufinvunlnguesansnduiiiaeamesveininluiuuazanelanglaled  uasfinvuin
dinvasansndulilundigelss Tnglinuitnvesansnaulandivelsduaslnsnfioolsds  wansvin
Usinaesisinuiilu Bag-Res fawmeianglaludiovas 48.9 Tnedwin  samsdiasieilasn
Tounsu (d) ¥ilfagUlifansunuaesnnadnludaiululefion fio asnquameianglalest
lildansngundigelsd
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U 3.2-2 uamelasnlaunsuues CSP-23 uas CSP-32 FlFannisiiasieismemalinufa
Tasunlansavuuy FID 91nlasualawnsuesiiuinlu CSP-23 way CSP-32 fiawmoianglalenuazans
nguufialeamesuasnsaluiuduesdusznoundn Mulunfwelsdevuluvhinaiesun uagli
wuansndulanfieelsd uatlasnfioolsd  wamsieseiildadietunsivas P-Cake ua Bag-
Res Feaguldilulundiwelsrsuutionfinsanulu CSP-23 way CsP-32 unssiulilundieelss
Faazmvogluniinsamesvesnaluiy Lildduiiduvewddunsnoy  Fufufeasuhnenoui
WatuludafviuTemeslutugumgll 23 - 32 °C Bunansnmesuivesansnguaneiangla
lad uarlilAifneinnissiiiuvesansngundigelse



Intensity

-19-

600000
500000 +
oy — (d) Bag-Res
400000 1 IS.Q
] (c) Washed-P
300000 "
] MGs
200000 + lL —_— (b) P-Cake
] H_/
FAMEs
100000 +
] (2) SG-STD
— —
SGs
0 4= forrrt- 4 4 4 + 4 + o —
10 12 14 16 18 20 2 24 26 28 30
min

‘gﬂﬁ 3.2-1  lasunlaunsuanmsiasiest (@) SG-STD, (b) P-Cake, (c) Washed-P uay (d) Bag-Res

Intensity

guﬁ 3.2-2

8 GC-FID; 14/ Tricaprin 1y internal standard (ISTD)

3000000

SGs
2400000 4 ~=
18006000 +
N R (b) CSP-32
1200000 } FAMES ISTD
MGs
600000 + 1
- r——
1 4 . (a) CSP-23
0 T rewng——rt -+ + T +— T
5 10 s 20 25 30
min

5w%wa'umqquﬁﬁﬁdamﬂﬁmmnau TAsunlaunsLRINMTIATIEN () CSP-23 Uay
(b) CSP-32 ¢t GC-FID; 14 Tricaprin W internal standard (ISTD)
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13 + -
3.2.2, Msustvinvasdudavulunznau

- . - o va ° - -
nsusdistinvosdudovuivinbiifianisanarnaulululefiva vinlaemsimsieiuSeuiioy
o v ) - v Ps
AENBUNHINATAN (Washed-P) fumsinasguveamasanglales (SG-STD) fuwmeiin GC-MS
way FT-IR

3.2.2.1. HANITIATISYAIE GC-MS

SUl 3.2:3 (a), (b) uae (c) wAmswaawmRsuvesiRTnUlugUR 3.2-1 i 27.02, 27.11
WAy 27.36 Wl ANNEWIY IngaRRsuAuULAAINEN1SIATIET SG-STD wasdlaniusuaa
WAMINANISUATIEN Washed-P guiituinailaniues SG-STD way Washed-P didnwnizadoiy
wn aunseagUlidnduanselinfentiu Tas m/z ratio Wiy 361, 217 way 147 Yuoyius
tetratrimethylsilyl (TMS) ¥84 glucose fragment [7, 8] way m/z ratio Wiy 383, 395 way 397
\JueyWus TMS w83 campesterol, stigmasterol wa B-sitosterol fragment awgdu [2, 5, 7-8]
Famswuawaniudeananlufindunsvsdneneulianeiangleleduiin campesterol glucoside,
stigmasterol glucoside uay p-sitosterol glucoside (Wupsfusznev

3.2.2.2 WanNI15NATIEYIAIE FT-IR

Ul 32-4 uanwamsIATIEA WashedP WAy SG-STD fwmafda FT-R Segsiiudy
awAnfuildnnn1sliesed Washed-P uas SG-STD ffnuwnissiundrofunn Tnsordedoyanis
veliumisvesitrlunanmsiduitiigsrseily (3, 4, 6, 9, 10) annsoagUléied Ao awansiians
uansfiryunalvgiuavniravesngu OH fisumnis 3600 cm™, msdunuumnnasuasliaunnsves
CH, 71 2935 uag 2871 cm, n1sdunuLLBYY CH, WAy CH, 71 1464, 1446, 1381 uag 1370 cm?
wasmsduroangu C-O Tuthe 1185-1000 cm™  usllsimuRinvesnisduresndy C=0 Fauaninsl
sgveangufialoawmes, lulundigelss, Innfiwelsd uarlasnfiwelss namsiinseiuandliiiiu
1109AUTENBUYRY Washed-P way SG-STD fivusuiailuarlasairauniiouny

o v o Y )

nanvinaedluvite 321 - 322 wamiiiunniululeniganinanannuianuinunll
A msgludormuntensensimdia Siafovuwinlulundiwelsa, land

¢ - v o ‘oA a N | ‘ -
welsauarlnsndiwelsilussivigini@adovumnawelanglaled wallioswinesdusvnoud
wuly P-Cake, Bag-Res, CSP-32 uag CSP-23 dlvgjluanesanglales uasilasngundivelse

- - v v a -
(wlundiwelsd, lanfiwelsn uaclasndiwelss) veun SwagUlddinisiiansnoulululediead
a ¢ ¥ v d an v - av d a ' a
winnUrdinaiungamgilndyavuenuar igumgiiviesdufinsswinnssuunmsudawasmsiiu
-] a ] J - ¢ =l « -t ¢ 3 P
femmuanameianglalenlildansndundiwelsd (ulundiwelse, lanfigelsd uazlnsnfiwe
15¢)
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3500 1
204
2800 1
SG-STD
2100 ] (RT =27.02 min)
383
1400 1
7 217
700 1 147 l 361
0 4 ‘ J | II ra - .
50 100 150 200 250 300 350 400 450 500
204
5000 1
4000 1
] Washed-P
1 (RT =27.02 min)
3000 1 383
1
2000 1 217
73
147
1000 ] 4 361
0 -J—L—ML-LL

50 100 150 200 250 300 350 400 450 500

o o - o P> -l o
U 3.2-3(@) uanuuaaaniuvesfiafinuinan 27.02 uil Tulasunlaunsuluzun 3.2-1 (o)
TrgauAnSUATUULLARINANITIASIEN SG-STD laralansumuaelanInanis
As1E Washed-P



1750 ;
1400 |
1050 4
700 ]

73
350 +

50

1250
1000

750
73

500 A

250 +

50

SG-STD

(RT =27.11 min)

147

204

217

361 395

100 150 200 250 300 350 400 450 500

Washed-P

1 RT=27.11 min)

147

I

204

217

395
361

100 150

200 250 300 350 400 450 500

| o o o < - -
JU 323 (b) wanauaapnSuvesiaimuiioe 27.11 wil lulasinlaunsuluguit 3.2-1 ()
Tngaansusimuuulanman1siaTedt SG-STD uazaaARlAUELAnINANTS
ARs1eM Washed-P



7000
5600
4200

2800 A

20000 1
16000

12000 A

8000 4

R e

4000

4
4
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204

SG-STD
(RT =27.36 min)

73

1400 l 147
0 4

150 200

100

217
361

250 300 350

204

Washed-P
(RT =27.36 min)

73 147

14 lh.‘.hﬁl@il%!” PRV

217
361

397

400 450

397

:

500

o]
U7

-

50 100 150

200

250 300 350

-
bty

400 450

YTy

500

3.2-3 () uanuuaAARiuvesafinuinen 27.36 wiit Tulasinlaunsilugudl 3.2-1

TneaUARSUAMUUULANIHANTIASIET SG-STD LaralUAnsuAuaNsuanINanis
JAT1EY Washed-P '
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«(b) SG-STD :

Absorbance [-]

|
! -

T
v P A ERR- N A
H i

4000 3200 2400 1800 1400 1000 650
l/em

U 3.2-4  uame FT-IR alUAn3iues (a) Washed-P uaw (b) SG-STD

3.2.3. anwduiusssniniunuamasanglaledivietivsnwveslulafiva

AT 3.2-1 uansdvidwavesdudevuswnlulundiwelss, landiwelsd, lnsnfigelsd
u,auamaianzﬁ.ﬂhmﬂaLaneJimwwaa‘lviamwasvwmmsmuwamvmuma 9  maivlulediea
SG(110)-B100 way SG(110)-B100L %aL\Ju"lUTamwawuamaianaTﬂlsaﬂ 110 me/g ‘l'm'amwnu 20,
23 and 32 °C sw¥iliAnazneutumely 3.5, 4 uay 10 Falue Audndy umﬁmsulviammamu
fianolanglaled SG(0)}-B100 uay SG(O-B100L wwlinnsneutuwdinaklufe 24 lus
FouFeaplfhmaRansneuiinmudntustumsiioguesminesenglaled Tnofviinameshily,
1a- uavlnsndielsd lusniivimsAnlidwademsanazneulululefiss Jeaonndostunanis
naaesluade 3.2.1. uay 3.2.2.

ilesangamgiviesvogamgiilumemananaelulsseuluysemale fdnady > 32 °c
Johmsmaaeuiadesnmeedulefialloriuliigamgl 32 o lnswSsuiisunsdilulefieaiily
nnszvumssin (agliiunisufuanmsie Magnesol: Fresh) uavlulefiwadiriunisusy
anmeiy Magnesol (Treated) %aﬁmmvb'wﬁ'wmauma%anq‘[ﬂ"lwﬁ 110 uay 20 mg/g MuAW
wuildnademsnedt 3.2-2 fie TulefigadthishunisuSuanimdae Magnesol ssmnmenoutumely
1 %u wilulefwaiiiunisuiuanindas Magnesol dlaneianglalen 20 me/e sxlianpzneu
wiiasliununh 60 u
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af a a y o ' o - ) < -
TN 3.2-1  Bvisnavesdaudovudeiaiivsnmuedlulefvasywinmsifufigamgdisng q

Minor component Precipitation time [h]
MG DG TG SG
20°C | 23°C | 32°C

[9ewt] | [9%6wt] | [%wt] | [mg/e]
SG(0)-B100 0 > 24

070 | 0.18 | 0.02
SG(110)-B100 110 3.5 4 10
SG(0)-B100L 0 >24h

0.10 | 0.00 | 0.01
SG(110)-8100L 110 35 4 10

< [V AN ' a a v < o =t
MINA 322 muduiusTEnINUIINuaneanglaleaiussssamiwlulefigannasnou
- < - - 1 ' Y
Weiitulin 32 °C TnefumsiSeudieunsdllulefwailishunazrunsgndy

Unit Fresh Treated

‘| SG content [me/e] 110 20

Precipitation time [day] . 1 > 60




3.3. dyU

mATeifinuunngnsaimadnaznourilululefiwaiannnuduisiudsdindioeses,
Tilunfieelsd, landieelsd  uaglnsndiwelsd eglussduiuinasiniuderimuavesnsenss
WaR wultansnguaimeianglales (campe-, stigma- and p-sitostery! glucosides) Wuanng
ﬁmm'uaqn'ﬁmnmvnau'luluiammasvm’nmimu mwamnnu'lnaamwuanu.a"wamwnwaq Tagly
TaﬂwavmmmL'umu'umamaianaTﬂ‘l‘vﬂawuuLanasmwm u.aumﬂmunauma'lus.,auna'muma
maunv‘luiaﬂmawum'mwwwaaamasanqiﬂ‘leuﬂm usnaniidewunsanamadiudures
amaianglaleAlululefiwalyindosinit 20 me/g sxvhiluTefiwalafiafiusnmilgamafivies
qa"ﬂvuathqmn
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4.1. AU
addeluunil ¢ seRersassAnsnmlumsgrduaneanglaludvesiigaduinsanisdn
4 9l leun Magnesol (MS), Tonsil (TS), Bleaching Earth (BE) wax Diatomaceous Earth (DE)

Tneuvsnsnaasalu 2 dau Ao Msfinvidnvarnunmenmuewinadu uasnsgaduaneiang
TnlwAlussuunuune

4.1.1. gsiadiuasnineng
4.1.1.1. ar5iad

- Heptadecanoic acid methyl ester, 1,2,4-butane triol, tricaprin, glycerol, monoolein,
1,3-diolein, triolein war N-Methyl-N-trimethylsilytrifluoroacetamide (MSTFA; GC
derivatiza-tion grade) AdluamiSoidonnanuith Sigma-Aldrich Inc.

- Steryl glucosides (mﬁu‘u'%?jwé > 98%) M HlusmAdetivernsn Matreya LLC

- fviavaneld fle Heptane (AR grade; Fisher Chemical) uae Pyridine (AR grade;
Merck)

4.1.1.2. G981

Suledwansanisén dululefiwaiindnsminutiduiiu (PO-B100)

- fgaduinsanisA1 1A magnesol (MS), tonsil (TS), bleaching earth (BE),
diatomaceous earth (DA) auiﬁmaaﬁagmiuLwiaz'aﬁﬂv‘n‘lﬁ%’umné’wéml,l.amﬁ‘{mﬂwﬁ»
4.1-1,4.1-2 uay 4.1-3

4 ARy -l <l
AN 4.1-1 audinnainignImuaryuRlvawuniena (Magnesol D60)

parameter specification
assay(ignited basis) %MgO 15.0 min.
%510, 67.0 min.
%loss on ignition @ 900°C (dry basis) 15.0 max.
%S04 by weight (dry basis) 2.5 max.
%loss on'drying @ 105°C (as packaged) ' 14.0 max.
surface area (m?/g, B.E.T.) 300 min. '
typical mean value (microns) 50-70
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o e = - . .
RSN 4.1-2 AUUANNNEAMLATNIUALTDINDUTE (tonsil optimum 210 FF)

3 e Py tﬁ.
apparent bulk dens1ty

¥ By :,L,*’.‘:;‘*’f ¥
gy @:E “5@ *”L : ”.

> 150 microns

o/l 550
free moisture (2 h, 110 °C) % ~10
loss on ignition (predried, 2 h, 1000 °C) %wt 8.0
pH (10% suspension, filtered) - 22-4.8
acidity mg KOH/g 4.5
chloride content mg Cl/g 0.5
surface area (B.E.T.) m%/g 200

%wt 5
> 100 microns %wt 17
> 63 microns %wt 29
> 45 microns %wt 40

> 25 microns

60

Al,O5 %wt 14.2
Fez0s %wt 37
Ca0 %wt 1.1
MgO %wt 23
NazO %wt 0.8
K0 %wt 22
loss on ignition %wt 8.0
total %wt 99.1
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o e . .
A5199 4.1-3 audinnenieninuasnualives Bleaching Earth (super premium grade)

free moisture % 12
bulk density kg/m’> 570

surface area (B.E.T.) m?%/g 320

passing 100 mesh (i47 microns) Yowt 99

passing 200 mesh (74 microns) Yowt 92

passing 300 mesh (53 microns) %wt 78
esh (

passing 400 m

55

38 microns) %wt 65

ik

Si0, %wt 77.0

Al,Os 9wt 9.5
Fe:0s 9wt 2.1
Ca0 Yowt 3.0
MgO Yowt 0.7
NazO Yowt 0.2
K20 Yowt 0.2

loss on ignition %wt 7.0




-31-

4.1.2. mywnswianUAvesiagadu

aaﬁ‘Ussna‘umaLﬂﬁ‘lJmﬁ'ﬁ@ﬂffugnﬁmiwﬁﬁwm‘%‘m X-ray Fluorescence Spectrometer
(SRS3400; Siemens)  dwiudugingwosgadugnitaseilaeiaies Scanning Electron
Microscope (EVO®MALQ; ZEISS) autRnnumsuressigadussgniinssilagltinatiamsgadu-
meduiaugagumgiineiiveauidlulnsisusaeiries BELSORP-max (BEL Japan) wazthafildly
ﬁwuaum*ﬁuﬁaé’uﬁadawmaﬁwﬁ'n‘umﬁ"acgm';’uLtasﬁiwu‘smmsgws‘uwzmmﬁw BET plot

4.1.3. MINAEBUNIAATY

1higedulueuiigamgi 110 °C Wuna 24 hiiterdamaudu wasinmiuiu PO-8100 (80
ml) ingulildgamgifideoams  sniuFmeasgaduihuniseundatuhiiu PO-8100 wis
il luedsusgmienlinnudouiigumgiififesns (4000ic, IKA) Taormundasinsiugn
~ 1y 230 rpm

gl uasUTnasapasuluniiy (P0-B100) gnusuidsulutae 65 - 80 °C way 0.1 -
4.0 wt% My

Tumsnnasssfuseiainiudounasdinspeduitodluiiessinuiinn FAME, Ty
lunfiiwelsn (MG), landigelsd (0G), lasndiwelsd (TG), ndiwesea (G) waramesanglaled (SG)
muisnstuviate 4.1.5.

msUsziliuysednBnmnisgadyu (adsorption efficiency) vinlefiansan Sewasnisanad
voiaaneianglaled (Rss aunsil 4.1-1), Viinamsgaduamesanglaledrembeimin
Fgedu (gss; aunnsfl 4.1-2), Amsidengaduameianglaled (S aunsi 4.1-3)  dwsums
AnforarNsanaued MG, DG, TG uay G sumaUiunun1snadu MG, DG, TG uwaz G 9v¥h
LBUAEITUNISAIUIN Reg UWAY Gsc

Coso—C
Rsc _ ( 5G,0 so,x) %100 @.1-1)
$G,0
Wmoo (CSG 0 CSG :)
9sc = - ) (4.1-2)
Wads
Seo 9s (4.13)

9sc +9m6 T 9p6 t 916

4.1.4. WFAwseisulRveuleniva

M3AATIBIIUSINN FAME, Glycerol, MG, DG, TG wa SG lushethwimutunouiiosue
Tiludio 3.1.2.1 uax 3.1.2.2



4.2, NAN1SNAADINATINNIA]
4.2.1. auUAT2R29ATY

a Y Y a w o [ ’ v o .
mnmsiesTeidnuuriuladigadu laun MS, TS, BE was DA #Ioie3ed scanning
. o :
electron microscope (SEM) uaminanuguvi 4.2-1
o | W X o ' o v vd a4 aw o
NFUA 4.2-1 wuhdnuaueiuinwes MS uanAnnndgaduibufslidnvasiueynin
o & da o ' o v Yy v oA & o
NIINaUEN 9NN TS, BE way DA willwumdnniuarlidnuieaaiaiu Ao \Dunidnue
JUnsshiniuey

13

Uit 4.2-1 EnwauruRavessagedu (n) MS, () TS, (A) BE uas (1) DA Ifanmsdiesheinies
Scanning Electron Microscope (SEM) AMdsueny 500 1
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4.2.2. gulvfveslulefiva

PNNFIATIEDIAUSENEUTEY PO-B100 728 GC-FID wuinlu PO-B100 31 FAME (fatty acid
methyl ester) Wiy 96.5%wt Fedidudulunnnusinnsg EN-14214

5U 4.2-2 wamalamnlaunsuilsisnnisiiesedimaiBanasg i EN-14105 9inguaziduh
PO-8100 Malunfiwelsa (alutaaaan 15.4 - 7.8 wii), anfiwelsh (Ralutiaaan 23.2 - 24.8
wi) warlmsnieelsd (Falutaaam 28.6 - 35 wii) Fovusyie WevhuhinaAnssinuiilu
PO-B100 §i MG, DG uag TG \iulumudarimuavewnnsgu EN-14214  uenanfinvesansna
nfwelsdudadeiifalutanam 258 - 26.6 il Faudunguitaves SG mansvURuaAATed
wuiily PO-B100 4 SG 1y 97 me/g

losa1n PO-8100 M MG, DG, TG way SG Auhuluntsvaaeuntsgady s Swdnusios
forsumiedosasnsgady SG mugiunisidengadures SG fu

15192, <
Featricaprin:-+1+

:

............

Intensity [-]

S

.tin;e [min].

JUN 4.2-2  Tasulaunsugaslulefiwainsanisailaginnsiiasienag GC-FID
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4.2.3. mswWSvuifisuyseansnmvesiagadulunsgadusimesanglaled

IR 4.2-1 uanwan1saasuYsEAvBnimyea MS, TS, BE ua DA lumsgadu SG Tuly
Tofwainsansén ievhnismanssossuuuuuneneliannaiaty fe mmuduiuGusues
SG (Css0) Winfu 97 pg/g, aaumgil 65 °C, Yimnmumigadu 1 wid, 1ian 1 Falany

leinsanamudutuves SG Mindelululefiwansanisgadu (Cs), Uinnn SG figngady
viawﬁwﬁwﬁ’ﬂﬁ'zgﬂ%'u (gse) wardosarnmsanaved SG lululefiwandsiunmsgadu (Rse) axiiu
1531 MS Wusgnduiiiussavsamgean TS way BE iusmgaduiifiusedvinimsesaan uaEia
TS wa BE MUssdvsnmindifveiu Tne DA Wusgrduiivssavsaminfiglufgaduiiiaun
f9r50vh 4 wiln

UM 4.2-3 uaz JUT 4.2-6 uameUTinumsgadudaievungy MG, DG was TG Wisuiiey
fuinunisgadu SG Tluguresdesarnisanasves MG, DG, TG uag SG uavserarmsidengadu
999 SG Awdy uuliiuenain SG i fgadu MS, TS uay BE Swamnsagadu MG, DG
uaz TG 1#vhe Tuvairfl DA gadulFifes MG waz TG Tngligndu DG ethdlsfnuudfinam
Wutues s6 Tululefiwaiidnmings MG uas DG uridagaduita 4 ¥inilieuazmsanaes MG,
DG uag TG Mninfosaynisanasues SG Jwanemmhmgadun 4 siaaunsathanidlunisan
vana SG lu PO-B100 6t

SU 4.2-6 uanvir DA usgaduiiiFengadu SG gean Tneiirn S Wity 12.47% uag BE,
MS wag TS fifin Ssg S0 M WERY

d L O « 1 = « d o
M159N 4.2-1 UssﬁwﬁmwmmmgmuLmax'nuﬂ'lumigmw G Wevhmsnaaesfiany Csco =
97 1g/g, T=65°C, Wog= 1wt Uas¥ tig= 1 h

MS TS BE DA

Csot ne/el | 21.75 47.52 47.30 64.91
gss  [Mgse/gadl 7.58 501 5.03 3.27
Rse [%] | 77.58 51.01 51.24 33.08
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80

70
60
c 50
£ a0
g %
20 J
10 - -
0 [}
MS TS BE DA

Adsorbent

U .23 fesazmsanacves () Tilundizelsd, (M) lanfiwelse uaz (m) lnsndiwelse lulv
Tofwaiiguriu (M) SG (T = 65 °C, Wag = 1 %Wt, tag = 1 h)

%%selectivity of SG
58 o ® o

N

MS s 8E DA

Adsorbents

SUR 6.2-4  $esazmsidenansu SG Tululefiea (T = 65 °C, Wag 1 %Wt tag = 1 h)

v v
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v da

4.2.4. BvinavesSunmiapadunilienisgadu SG

mswmaaamaﬁnmawswamw}“ mtumﬂmuwumamsﬂmw SG U9 MS, TS, BE uay DA ¥
gl 65 °C A warUFuwdsuliinasgady  nsdifgadu MS U%mmmmmwﬁlw h)
0.05,0.1, 0.5, 1 uar 2wt dwiusgadu TS, BE uas DA muﬂsvawsmw'lumiaﬂﬂ%mm SG
AN MS muummwuﬂﬂsmmmﬂmu?ﬂﬁ Wu 0.5, 1, 2 uay 3 wt%

sUw 4.2-5 LLamawswa=uaqUsmtummmuwumaﬂsvawﬁmw'lumsmmsu SG -uaqmﬂm'um
4 'uum'd" guifiouiy szdiuliinsiisuTinasgaduitlirnududures S fndelululediva
wmmsﬂms'u (Cs) anae uardovavnsanaswesBne SG Tululedlwandsriumsgady (Rs)
R Lm'luumﬂﬂ‘uu'lﬂwmam SG Ifavun (Cs = 0 pg/g, Rss ~ 100%) JmNgATRRIN SR
Usmmmﬂﬂwm 4 yinawnsanian SG 'lu"LuTaﬂma"lﬂmn'ouum"lu:ummmwum'lﬂmmmmw
SG aanmnlu‘laﬂwaiﬂmwm MS annsnan Ces aumaetionilan ~ 20 ug/g TS uay BE
aunsnan Css aamuwdotiosiian ~ 25-30 ug/e Tuveueil DA an Css adléivinanifien ~ 40 pe/g
waziiloRensavsunm SG wnnmmwmawuwuwunmﬂﬂw (gse) ilvwmﬂmsmuﬁmmmmw
Y gss ARA wu'wfmmﬁms'l'vﬂsmmmﬂﬂwwmnm'u"hJ wiannsaan SG asldnndu usifivia
'lv\mmﬂummawmumwumaammmuamaq Faumsrvuny3 mmmﬂmwwmmvammm
ANsn Cs geantlaiviibiAnmsanpynould
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96wt
{v)
60
]
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"§ a0
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u =
20
0
0.0 0.5 1.0 1.5 20 25 30 35
%wt

gﬂﬁ 4.2-5 §w3wawaqﬂ%mmﬁ'zqwﬁ’uﬁﬁ¢iamsgm%’u SG ¥94 (W) MS, () TS, (W) BE way (M)
DA (Csgo = 97 pe/g, T= 65 °C, tag = 1 h)
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a a ada &
4.2.5. nSwavesguupiinfidenisaadu SG

ada Y

msfindvinavesgamglififinensgadu S vhnsvassdaglivinasgadunivhiy
1 wt% 12 1 h waruunfeugamaiiluths 65-80 °C

SUT 4.2-6 (n)-() wandliduingamnRiinanemsgady SG ves BE ey DA usliifinalunsel
yoa MS uaz TS gqamgiivhliuseansamlumsgadu SG weq BE uas DA gean Ao 70 °C

UM 2.2-7 (N:(0) uansdviswavesgamaiiffidesesaznisanatwes MG, DG was TG uavgy
7l 4.2-8 (NHY) wanadriswavosguugiifiiiiesosazmsidongadu SG ssuldilunsdl Ms, TS
uaz BE Arsimungavgimsgaduil 75 °C oMy Si gean winsdl DA masimungamglinig
andufl 80 °C 1BMIK Si; gegn
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(n)
70 - N

60 + — __~:t\:/_//z 1

&
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J
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o - +
60 65 70 75 80 85
Temperature ("C)
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9
8 —l— .
7 R
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5 1 =
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\3 s ; /\.\-
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2
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P DR | R
1 -1 +
60 65 70 75 80 85
Temperature ("C)
(n)
90 et
i ,
80 =samaety .
0 - - — ' '
60 e

%Reduction
8 8

60 65 70 75 80 85
Temperature (°C)

Uit 4.2-6  BvidwavesgumglififineyszAnsnmuasingadu (M) MS, (M) TS, () BE, (M) DA
(ng_o =97 ]J.g/g, T=265 OC, Wad =1 W't%, tad =1 h)
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a0
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RN

65 70 75 80
Temperature ("C)

;s,'d'?i 4.2-7 3parMIanaIved (M) MG, (M) DG, (R) TG, (M) SG narunsgaduale (n) MS, (V) TS, (A) BE wae (4) DA
(T = 65-80 °C, Wog = 1 %Wt, t,g = 1 h)

{w}

85

)
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%Setectvity of G

8 8 8 8 8

%Selectivty of SG

{n)

T

65 0 75 80 85
Temperature (\C)
{n}
65 70 75 80 85
Temperature (C)

%Selactivty of SG
8 8 8 8

[
(=4

%Selectivity of 56
S 8 & 8 &

©

v

65 70 75 B8C 85
Temperature (\Q)
{1
65 70 75 80 85
Termnperature (C}

gﬂﬁ 428 ewarnsidengadu SG INMIRALUIE (n) MS, (1) TS, (A) BE uag (2) DA (T = 65-80 °C, Wag = 1%Wt, tag = 1 h)



4.3. dy

nsmadeuYsEavnmuasigadu MS, TS, BE way BE wWisuiisuiulagiarsansimnu
Wutuues 56 Amdelululefivansenigadu (Co), Ui SG figngndudombeiminvesiag
Hu (gse) wardovavnisanasroiinu SG Wlulefiwandarilun1sgndu (Rss) wuin MS {Wushga
%’Uﬁﬁﬂssaw%quaqﬂ V30a1T0an Css AMUINADANARIAEY 20 pg/s  F89ANAD TS WAy BE
Faflusransnmlndifeatu anunsnan Co aaviio 25-30 pg/e @ DA ﬁUssﬁw%mwv‘?qqm an
Css auMdD 40 pg/g  usliflofnrsanietaznisifongady SG (Se) 9¢léin DA TN Sg gefian
guvpiliisndwaron1sgady SG ves BE fiv DA urlifidvdwaren1sgatu SG ves MS fu TS lag
wuingamgiimusaulumsldeuveshgadu 4 viia Sarlugas 70-80 °C
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4.4. snen1sdydnwal

Ceco aaduduiSudu

Csa anududuvesanosanglalen
o mwmmstﬂumsQﬂ%’uﬁnaﬂm
Wig J’mﬁmaqv‘hgmiu

Wi vhminveaifu

tad nalunsgadu

te nanlunsAegu

pe/e
He/e
mg/gads

O T wva wo
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unil 5
nsaeduainesanglalen

5.1. 3FAiiun15739Y

@ U d = - o ° _a i o =
mAEluunh 5 wRnsandsEanimweesivhavarsduvidlunmsmeduanesanglaled
v o v ¥ a < ' & ' < < o
INMYATUINTANTTAVI 4 siadlfluundl ¢ wsmmeastosnlu 2 du fie (1) mswssuiiey
Uszavsmmlunseneduvesivihavaesheviintu uas (2) nsimunaamefiunsmedy

5.1.1. gsipfiuazangny
5.1.1.1. @1spdale

- answdiillunmshBunaseseifuriadeuildlurde 4.1.1.1.
5.1.1.2. A0

- ulefiwatnsanisin Wululefisafindnaninuunduiu (PO-B100)

- sgaduinsantsm Tl magnesol (MS), tonsil (TS), bleaching earth (BE) uag
diatomaceous earth (DA)

- fvharanedunsdinsnnsi laun wnuea (MeOH), tomuea (EtOH), lolglwswiuea
(IPA), ansavansnauveusnisu-tolglnswiuea dndiu 1:1 TnuUSuins (Hexane-IPA) uas
p¥dlau (Acetone)

5.1.2. 5vnane

5.1.2.1. p1sivssuiiguseansnmiunisnieduvesiviazargsunsyd

fuusnvinnisgadu s6 ululefiainganisén 7 65 °C deu udBuensgaduiiiiluse
56 sanvniuledin uazsinneedulufvhasaesuridlutudnn

Fumagad vilasgululafiead 65 °C uaslddgadu (MS, TS, BE way DA) U3inn 3 widh
adululefion niudwsermlueiosuirasiigumgd 65 °C uaz miFaseu 230 pm Hu
nm 2 h - ndukendgedusenaniulefiwalasnsesiunssaiunsesiiiignsunn 02 um
ASTUUNTBAYYINIA

Fumseedy vilnstimgaduiiuonidldadu Erlenmeyer flask udniudvhasagliile
dndqusgadu 0.25 wtt% snugvesnauluiedesigrmsiigamgl 60 °C uay muiseu
230 rpm  1lensy 2 h Juwndagadueeninnivhazaslansesiunssaunsedifigngusun
0.2 um Fgszuunsesaama  thesmmildanmsnsadlussmeswiasaeduridlueies
sevpfinradugenie gumgl 60 °C sundidvinasauazsEMysanyavin

WumegeildluvuSinadinsevimuinames FAMEs, SG, MG, DG uay TG #uwaila
Tasinlansmuuy FID a3smsfieduisluund 3 was 4
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5.1.2.2. n1snmuaaniizlunismedy

dlefarsannanmaaestuunit 4 uay unil 5 Wade 5.1.2.1. vilifagudh BE Wushgadufl
wanzaufiziivsegnalilunssuiunmhnduansnauaneseatululefiea watuntsvanesty
Wate 5.1.2.2. sxfensaniawe BE wihifu

Fuusnyinsgadu 56 Tululefwainsamsdn 7 75 °C deu ud3wen BE Ml S
senmnlulefien uaztinaedulufwinazanedunislududan

Fumsgady vilawgululefieadt 75 °C uarldmgadu (BE) Uiinm 3 wik adwilulefiua
mmiuwgwesnailuedosudamsiigumgll 75 °C war mudiseu 230 rpm Wuaa 1 h
mbunsnipaduesnaniulefiwalasniswisauen (Centrifuge) inmudaseu 4,500 rpm 1y
a0 20 il

funismedu  vlnsihwhgaduiiuentildady Erlenmeyer flask udnAusavhasansu
dndausgadu:ivinazany Aifmun g wesnailuiniovgasiiaruiisey 230 pm
uazgungifiiviun  uleasu 2 h Jusnsgadusenmninhazaslaeniswisuen wazh
wawmﬁlﬁmﬂmstwn‘lﬂssmao‘w"av‘hazawﬁuw%'ﬂum‘s'aassl.waﬁﬂ'nuﬁuqcycy'm'm goumgil 60
°C suniarhazmevzsEmysenYiavie

dusegndldluyhuinadinseimuiinaves S Mowedalasuilansiuuy FID A
Fmsfieduneluunil 3 uax 4

Mulsuoinsiitesaniufunisaedy fo Vhinadnhasats, gumgl waznaldl
mseedu Tnetmuntasitfansan dd

LY )

- dnduvesinazaunedigadu [wtwt] 50:1, 100:1, 200:1
- gampil [°C) 40, 50, 60, 70
- adlunisaedy [min) 5, 10, 50, 45

msusediulseansnmlunsaeduRansanlaen anududures SG lusvhasaienas
s d o v o v v e‘ U
nmsmedy, Yinangnaedusenin (Qss, «), Sovasnsaedy (Ds) uazievaznald (Yse) Far
° v o 0o w
Qs, des Dse Wae Ys Anurailaanaunisi (5.2-1), (5.2-2) uag (5.2-3) auanu

QSG. de = CSG, in sofvent % Wsolvmt (52-1)
Dy, = YY) (5.2-2)
QSG, in adsorbent
Cep W,
YSG = SG, in solvent 7" Solvent %100 (52_3)

CSG, in B100"" B100
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5.2. HAN1SNAARLALINTA!
5.2.1. ﬂ"ﬁL‘LEU‘UL‘VlUU‘U‘S"aVlﬁﬂ'lw’lUﬂ'l'iﬁ'lU‘UUﬂaQFl'Wl'lﬂ"ﬁ'lUi)‘U'ﬂ Ej

sﬂw 5.2-1(n), (v), (A) uat (2) uanaUiaeu SG Aimedusenunluivhararesiinaing q (MeOH,
EtOH, IPA, Hexane-IPA Lay Acetone) ) Wisuiimuniu Lua'l'ummfw MS, TS, BE Way DA A1aAY
Luaqmn'luwmsmw‘lﬂmwumamu‘lumsmfau SG wamaummnuwnwﬂmmw Usu SG
wgnamu’lumgﬂw (Qse) Fetuiuyse dvSnmwevigadu oy Qs ypafagaduuraruiindadl
Aladiviniu nsUsediuusEavisnmnsaeduressvhazatousaryiinssfivrsanansuiay
nimwaamﬂmuuﬂav'uumiﬂu‘luu'msvammw'lunsmﬁl'ummmwmwuﬂnumuhaumuunu
Usvawﬁmw'uaqm'nmauaw'lumsmwu 5G lofonsananuiunm SG luansasaneiling
nsPeuIASaAY (Qss in sowvent) mu;sﬂw 5.2-1 wamalideasui
1) IPA Wufvnasansfianunsomedu SG esmnldunnigalunsdisgasu MS, TS uas BE
wilunsdlvaaragady DA asi@onld Hexane-IPA Wudvhaganglunmsmedu SG
2) a'mummmmsn'uaammaumu'lumsmwu sG lunselshgaduriineing q Dusiei]
MS: IPA > Hexane-IPA > Acetone > EtOH; MeOH lilaunsamedu SG sonanla
TS: IPA > Acetone > Hexane-IPA > MeOH; EtOH hilanunsaredu SG senunla
BE: IPA > Hexane-IPA > Acetone > MeOH > EtOH
DA: Hexane-IPA > IPA > EtOH > MeOH > Acetone
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(Tag = 65 °C, Wag = 0.25 %wt, tag = 2 h, Tge = 60 °C, tge = 2 h)
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5.2.2. dnSnavesaulsniinasauseansnwlunisanedu

' - o ' v v o o w
whnamsmeaesluund 4 uazvhde 5.2.1 wantbithudn MS Wudgaduianansadingy
v o< Y Y % ' ' - a -
SG aeaanini witlosnn MS Wumaaduilldegliinnludsenelng us BE ailivse@ninmly
nsindu SG Wuddusesawn annsanidelide sialiune dniuanwideiidaden BE unldly
nmsthndvansnquawneianglaleaainiulefiva Tneiden IPA Rfivsedninwlunsingu SG guan
wwludviavane
| - - a1 a o o
A5 5.2-1 uanedvidwaeaUiinm IPA niineysedniamlunisaedy SG 91n BE nsdifl
o U J - o o
msgaduiianazifieanu (Wee = 3 wi%, Cseo = 143 pg/e, T = 70 °C, t = 1 h) waxvnn1sme
v o o v v 1 _o@wv ' v e P rnbl Vaim o '
Fuil T = 50 °C w2 h - 9ndeyadenaravilinsuinfiunuiviarareBunignlilisviware
- < v vy P - v ' d'luu o v o - )
Vi SG fanedussnuilderuin Semsidenlddndruildimviavansliosngn fio 50:1 Tunns
AEdy

o a a et ) - )
A5NA 5.2-1 dvdnavoUSuna IPA Rildeustsansnmlunisamedu SG eon3nn BE

IPA : BE qsG, de Dsg Ys6
[wt:wit] (ue] (%] (%]
50:1 661.42 83.12 57.82
100:1 638.40 80.23 55.80
200:1 649.81 81.66 56.80

1T 5.2-2 wanadviswavesgumgilumsmedusieystansamlumsmedu SG 9In BE
nssﬁﬁv‘hmsqw%’uﬁam'szLﬁmr'fu (Wee = 3 wt%, Csgo = 125.4 pg/g, T = 70 °C, t = 1 h) wawvih
nsaetulneld IPA:BE = 50 (wtwt) vt 2 h - Tndeyafinaravilimsuindieldgamed 40 °C
Failnsiaelutaeivimanenes  Wliussvsamlumsmedugega fafufsmsimungomgl
Tunsaegudu 40 °C

d a a o 1 -~ v
MTNT 5.2-2 Bridwavesguuiilunsmeduseusrdninmlunisaiedu SG eenain BE

T s, de Dsg Ysa
°q (pgl (%] (%]
40 290.36 39.54 28.94
50 243.69 33,18 24.29
60 286.05 38.995 28.51
70 166.08 22.61 16.56
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asdl 5.2-3 uanssvinavoswimnldlunisaedusieusyansamlunisaedu SG 90 BE
nsfﬁﬁ'ﬁﬂmi@,ﬂ‘z?uﬁamwtﬁmﬁu (Wee = 3 witdh, Csao = 125.4 pg/e, T = 70 °C, t = 1 h) uagyh
msaedulasly IPABE = 50 (wtwt) wazfvungamgiilumsaneduidu 40 °C ndeyasiandm
yilvimsiuinnatlugie 5 - 45 il ansamedu S lalnduimnalnaifsaiu Sspasviinisaedy
Tnelanduitan fe 5 undl

= a a @ o v
NITWN 5.2-3 BV]ﬁWﬁ'UENWa'ﬂUﬂ'ﬁﬂ']U%Uﬂaﬂﬁsaﬂﬁﬂ"lw'[Uﬂ"liﬂqﬁl%U SG 99n91N BE

t gsc, de
[min] (ug]
5 248.43
10 231.98
20 193.65
45 194.25




5.3. 8%y

mMenageuUssAnsamueaiavinazaneBuvid (wmwea, eniuea, lelelwswiuea, aswan
wniwu-lelslnswiuea uazerdlaw) lumsmeduawmelanglalen wudi lelelwsmmeaanunse
meduamoianglalenoonain magnesol, tonsil was bleaching earth Isunnflgnifiefivuiuia
vhavanewiladu @ uslunsd diatomaceous earth favhasanefiiussavanngaan Ae answay
wnieu-lolelnswiuea

Bleaching earth awnsagaduuavmeduanedanglalenldfsesain magnesol uamlddne
luusumetlny wasdstagn  sniAdeilSetmun bleaching earth iWugaduiieliihnduameda
nglalesionlulefiva  Uiinasviazane, gamgil wasailuntsmeduinadeyssansnmly
nsmeduamelanglelesoonain bleaching earth toesun fuiududenlivinuimiarany
Youitan gampiivnan uavnadugalunmsaeduansianglalen deldun dndnhninyessay
avanesiofnadu = 50 : 1, gumgl 40 °C uaviaan 5wl
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5.4. snumsidaydnual

Qs, de

OSG, in adsorbent
CSC in solvent
Dsg

Yse

Wsolvent

tad

tde

Uium SG gnaedusenuiludinihazany

Ui SG ngngadulusgadunewinnaedy
1 24 1 24 - LY o

anududuresawmeianglalealuinhasay

Sppavnmsmudu

} 74 1% = I3

Sovavnaldvesamasanglalen

UIMUNYBIIYINaTaTY

natunsgadu

Lwanlun1sAetu

[

H8
pg-SG/g-solvent

%
%
8
h

h, min
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6.1. 35ANTUNISIY
a W =|' ) ° o o - ¢
nuieluuni 6 Wumseenuuunasimvuaviaresgunsaflussuuinduamesanglalen

o o ¢4 o ava P & W o v o v a

ahouuuudedes  deldAuwenduarlelelwswueaiufgadunaginiazaty (B198aan
o Y ° a | ¥

Foyaluuni 4 uay 5) nuuIvihnsneaeuusEdninmuesssuuioonwuuty

a ° o =y ) d
6.1.1. Manadauysravsnmwsruuinduanesanglaledlagldssuunuudeiios
6.1.1.1. gunsal

svuunmsthnduamesanglalesuuuseder wiadu dwnisgadu uwazdunismedu Tned
Tavidendail
ruugaduuuusiaiiies (U7 6.1-1) Ussneudie (1) degululedios, (2) fudusagady, (3)
o Y o o A v v Aﬂ 14 '
fnadu way (4) demnazneu  lnetgadu (3) Alidudeanuiiinsdeumaduasienseonst
< o = v < - v v |
aliey  Tumsaiiunuegldtugransivedeululefiealudegu (1) warldssuuloursadaie
Y v Y v 1w Y - v v . .
swhgadunnduiu (2) Jeudrgfnadu (3) lneasiinsniunauiarlvinnuioustereiieialy

<« v L = L4 14 1) ald ' ' L4 ' o al
wgululedion (1) uavfugadu (3) uasiinmsinnuiouunvienieudesewinvgUnsaiudasduiie
al = ] v v = a e o 0=3 ; v v
$nvgamgilluledialuviebilinmsioims  Tulafigaisiunisidemaeianglaledudmiou

L] v
& v v o v v o o v oo o v o
nahgaduiiunslinuidnsinasenmndigadu (3) ihdfnnazneu (@) Weusndgadusen

nlulefiea  fgaduiueneenlsgniieutrgimeduluided 6.1.2.2. soly
ssuumeduLuuseLies (Ul 6.1-2) Usznoude (1) Semnedy, (2) ganses waz (3) fakns
vazaeltud  Tunsdudunussdeudniasmsuazdgaduilivdansueneenaniulefivn
Whgemedu (1) MnuresraunssuuNsmeduudasgniioudgyanses (2) 1ila
usnigadusenanivharasliud wavivinaranefiunslénuudendngfoindhazany

Wiasemsuilusewswenuaztnauinlslnlnely

e D 3.

e D
O



@) @
(1)

1Y

ruugaduluReiilies Useneums (1) deululefiea, (2) dufuigady, (3) figa

LY

dU way (4) famnmsnau

&alt
c
=
o
R
-
ot

(3

4 o ) A v o A7 v vV o
JUN 6.1-2 svuumetuiuuneiiied Usenaume (1) aamedy, (2) ganses, (3) Aminaninazay
ile
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6.1.1.2. gn1zniinnasy

° a wva 4 L4 A A [J v a
msfmunannelilumsUfiRnurdegaduiasieiesmedy vhlaodredmanismanes
< [ - < v Y v o o] a a -
Tuun? 4 dwsvdunend warlolelnswuea Judusgaduuasiviaraneniivssavinwaiian

o e o < «l o - ) '
Tunquindonunvimsfinm - asd 6.1-1 uay 6.1-2 uansansiignimustiudmivssuuusae
@

o ] v
A151e0 6.1-1 annagludunsgady

Csc0 (Mg/ke) 108-148
(Cse.0)ave (Me/ke) 125
Temperature of B100 feed tank (°C) 85
Temperature of adsorber (°C) 75
Temperature of BE feed tank (°C) 30 (Troom)
Flow rate of B100 feed (I/h) 6
Loading amount of BE (%wt) 3
Space time (7, h) 051,23
Operating time (h) 6T

A 1] s
A5 6.1-2 @nnaludrunisanedy

Temperature of desorber (°C) 40
Flow rate of solvent (/h) 6
Ratio of solvent to adsorbent (wt:wt) 50
Space time (7, h) 0.1
Operating time (h) 6T

6.1.1.3. 3571859

dumsgady sufiululefafioanandagedy (Ul 6.1-1 (3)) WyinBunadiesevianais
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Precipitation above cloud point in palm oil based biodiesel during
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HIGHLIGHTS

« Precipitation above cloud point occurred in PO-B100 meeting EN-14214.

« Precipitates from a storage tank, a filter bag and after cold-soak were identified.

« Precipitation in PO-B100 was resulted from steryl glucosides, not monoglycerides.
« Reduction of SG from 110 to 20 ppm significantly improved stability of PO-B100.
» Temperature did not affect the composition of precipitates.
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Precipitation of a white solid in palm oil based biodiesel (PO-B100) can be found even in PO-B100 that
contains minor contaminants (i.e. mono-, di- and triglycerides) within the limitation according to
EN-14214 and Thailand's regulation. To identify compounds causing this precipitation, the precipitates
collected at the temperature near cloud point.and at room temperature were characterized using a gas
chromatograph-flame ionization detector, gas chromatograph-mass spectrometry and fourier trans-
form-infrared. The result indicated that the compounds causing the precipitation were steryl glucosides,

’S‘:':;l‘";l‘;cosides not glycerides, regardless of temperature. Therefore, effect of steryl giucosides on precipitation time was
Palm oil further investigated using PO-B100s with different amounts of steryl glucosides, mono-, di- and
Biodiesel triglycerides. The result revealed that precipitation time of the PO-B100 with high concentration of stery}
Precipitation glucosides was much less than the one without steryl glucosides and decreasing steryl glucosides concen-

tration to 20 ppm significantly improved storage stability of PO-B100. In addition, the precipitation time
was not influenced by concentration of mono-, di- and triglycerides.
© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Biodiesel or fatty acid methyl ester (FAME) has become a prom-
ising green and renewable fuel. It is synthesized from vegetable
oils, wasted cooking oils and animal fats. To increase income of
farmers in rural area and to decrease country's dependency on
petroleum fuel, several countries in South East Asia have set their
policies on increasing plantation area of oil palm for biodiesel
production. Research and development have been focusing on
how to enhance overall process efficiency for obtaining high qual-
ity biodiesel; including strain development, plantation, harvest,
palm oil production, biodiesel production and by-product and
waste utilization. Recently, palm oil and by-products from palm

* Corresponding author. Tel./fax: +66 23298360x169.
E-mail addresses: dnaranong@hotmail.com, knduangk@kmitl.ac.th{D.Na-Ranong).

http://dx.doi.org/10.1016/j.fuel.2014.01.003
0016-2361/© 2014 Elsevier Ltd. All rights reserved.

oil refinery process have been mainly used as a raw material for
production of biodiesel, called palm oil based-biodiesel (PO-
B100), in these countries. Unfortunately, there have been troubles
in production line and controlling quality of products due to white
precipitate formation. The white precipitate accumulates in pipe-
line, pumps and downstream equipments hence laborious mainte-
nance is required. Moreover, the precipitation gradually occurs
during storage even at room temperature and even in PO-B100 that
meets the specification of widely used standards such as ASTM D
6751 and EN-14214. The use of PO-B100 or diesel blends, which
may further have the white precipitate, will cause deposition or
plugging in an engine system, especially a modern model. To avoid
these problems, biodiesel producers have to store their products in
a large vessel for several days and pump PO-B100 only from the
top layer of the storage tank through a filter bag to eliminate fine
particles suspending in the biodiesel before transferring to their
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Nomenclature

Wsc weight of steryl glucosides (ug)
Asc area under the peaks of steryl glucosides (uV s)
Aspz  area under the peak of tricaprin (uVs)

-ustomers. In Thailand, even biodiesel producers have included
*his procedure in their processes and the government also set the
yoal to commercialize B10, petroleum diesel blending with 10%
>f PO-B100, over the whole country within 2012, this goal was
10t successfully implemented. This is resulted from the occurrence
of gradual formation of this precipitate. Therefore, the regulation
1sed at present controls the amount of PO-B100 that can be
olended with petroleum diesel to be not more than 5%. To
svercome this limitation, it is necessary to develop an economical
srocess for preventing this precipitate formation. The main compo-
qrent that causes this problem under Thailand's climate condition
has to be clarified to accomplish this goal.

Precipitation in B100 meeting ASTM D 6751 and B20 made from
hiodiesel meeting ASTM D 6751 has been reported since 2006 in
North America, where soybean oil is mainly used as a feedstock
for biodiesel production [1]. This precipitation occurs above cloud
point (CP) of B100 leading to filter plugging in vehicle engines.
Moreover, precipitation occurrence cannot be predicted by cold
flow properties of B100 or B20. Archer Daniels Midland Co.
(ADM) found that this phenomenon closely related to the presence
of steryl glucosides (SG) in biodiesel [ 1]. Steryl glucosides gradually
agglomerated and formed cloud like small particles, due to its low
solubility in biodiesel, even in B100 with SG concentration as low
as 35 ppm.

Naturally, plant oils contain several types of steryl glucoside
(SG) and acylated steryl glucoside (ASG) with different amounts
[2]. During transesterification in biodiesel production, ASG is con-
verted to SG. Therefore, the amount of SG in biodiesel increases
and may be higher than that of the originated oil. Depending on
plant oil, oil refinery process and biodiesel production process,
the amount of SG varies from several ppm to several thousands
ppm [3,4].

Monoglycerides (MG) and diglycerides (DG) may cause precip-
itation in biodiesel from other sources such as soybean oil, canola
oil and cotton seed oil [5-10]. Moreau et al. [5] analysed the pre-
cipitates collected from various equipments in biodiesel supply
chain and found that some samples consisted of monoglycerides
and diglycerides without steryl glucosides. They claimed that the
samples used in their study were likely from soybean oil derived
biodiesel. Tang et al. [6] indicated that the precipitate from poultry
fat based biodiesel mainly consisted of monoglycerids while the
one from cottonseed oil based biodiesel contained both steryl
glucosides and monoglycerides.

Some recent studies showed that saturated monoglycerides
(SMG) had negative effect on low-temperature performance of
biodiesel (i.e. cloud point, final melting temperature and cold soak
filtration time) and potentially contributed to the precipitate
formation above cloud point in-biodiesels from canola oil and
soybean oil [7-10]. X-ray powder diffraction and differential
scanning calorimetry results showed that phase transformation,
from metastable SMG into the more stable but less soluble one,
occurred when concentration of SMG was above the eutectic point
and the effect on low-temperature performance became more
significant [8].

In literature, there are few works focusing on the precipitation
in PO-B100 and diesel blends derived from palm oil. Hoed et al.
[3} measured: the amount-of SG;in hazy biodiesel produced from
refined bleached deodorized palm oil (RBD-PO) and reported that

industrial grade RBD-PO-B100 samples contained SG with the
amount varying from 55 to 275 ppm. They also identified the main
components of the filter cake obtained from filtering biodiesel in a
storage tank and of the washed filter cake using nuclear magnetic
resonance and mass spectroscopy techniques. The results indicated
that the precipitation related to the presence of SG in biodiesel.
Bondioli et al. also identified SG as the main component causing
precipitation in biodiesel produced from palm oil [4]. However,
Tang et al. found that the precipitate formed in PO-B100 after cold
soaking at 4 °C for 24 h consisted of monopalmitin, monosterin and
monoolein and concluded that the precipitations in PO-B100 and
in diesel blends derived from palm oil was resulted from these
monoglycerides, not SG [11].,

In commercial biodiesel plants located in Thailand, the precipi-
tation in PO-B100 was fourid in wide range of temperature. It may
gradually occur even at 32 °C which is much higher than the cloud
point of PO-B100 (CPpo-p100 = 17 = 1 °C, [12]). To design an econom-
ical process for preventing this precipitation, it is necessary to clar-
ify the compound leading to the precipitation which may not be
the same at different regions of temperature. Although there are
many works focusing on precipitation above cloud point in biodie-
sel from different sources in literature, predicting the precipitation
in PO-B100 from these published results is difficult. This is because
the phenomenon is complicated and sensitively influenced by sev-
eral factors including composition of fatty acid methyl esters, the
presence of other impurities and the temperature range. In addi-
tion, biodiesels used in these works had cloud point much lower
than the cloud point of PO-B100. No comparative study on the pre-
cipitation at different temperatures, near cloud point and higher,
was reported for PO-B100 in literature. In this study, the precipita-
tion in PO-B100 meeting EN-14214, similar to the specification
regulated in Thailand, has been investigated. The objectives of this
work were to identify the compounds causing the precipitation
near cloud point and room temperature and to investigate how
their concentrations affect the precipitation.

2. Materials and methods
2.1. Materials

2.1.1. Samples

To identify the compounds causing the precipitation, PO-B100,
P-Cake, Washed-P, Bag-Res, CSP-23 and CSP-32 were characterized.
All the samples were obtained from a commercial scale biodiesel
production plant in Thailand. Palm oil based biodiesel (PO-B100)
was clear light yellowish liquid and was used as received. A mixture
of precipitate and biodiesel in the bottom layer of the PO-B100
storage tank was filtered to separate biodiesel from the precipitate.
The obtained cake was named as “P-Cake”. To remove all biodiesel
remained in the cake, P-Cake was washed several times by hexane.
Acetone and methanol were also used to wash other polar contam-
inants that might remain in P-Cake. After washing and subsequent
drying at room temperature, the obtained solid was light gray
powder and named as “Washed-P". Residue from the filter bag
obtained from final filtration step, filtration of the biodiesel
pumped from the upper layer of the PO-B100 storage tank through
the filter bag before transferring to transportation trucks, was used
as received and named as “Bag-Res”. Cold-soaking method for
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preparation of CSP-23 was adapted from Tang's work [6,11]. 30 ml
of PO-B100 in a glass bottle was refrigerated at 4 °C for 24 h. The
bottle was removed from the refrigerator and then left at 23 °C
for 24 h. The upper layer biodiesel was removed carefully. The mix-
ture in the bottom layer was then centrifuged at 23 °C to separate
precipitates from biodiesel. The obtained sample was named as
“CSP-23". This sample represented the precipitate formed at tem-
perature near cloud point. To investigate the effect of temperature
on composition of precipitate, the precipitate formed at 32 °C after
cold-soaking at 4 °C for 24 h was prepared. This sample represented
the precipitate formed at room temperature and was named as.
“CSP-32".

To investigate the effect of minor components on precipitation
time, the storage stability test described in Section 2.4
was performed using biodiesel containing different amounts of
SG and glycerides; SG(0)-B100, SG(110)-B100, SG(0)-B100L and
SG(110)-B100L. The number in the bracket after SG represents
the concentration of SG in ppm and the letter “L" after B100 means
the PO-B100 containing low concentration of glycerides. SG(0)-
B100 was the biodiesel collected from the upper layer of a vessel
after storing PO-B100 for 2 months. SG(110)-B100 was PO-B100
as obtained. SG(0)-B100L was prepared from transesterification
of SG(0)-B100 with methanol. SG(110)-B100L was prepared by
the following steps. Washed-P was dissolved in warmed methanol
(200 ppm, 45 °C) and the solution was shaken at 220 rpm for 1 h.
B100L was continuously stirred in a round bottom flask at 65 °C.
The calculated amount of this Washed-P solution in methanol
was slowly added to the heated B10OL in order to obtain B100L
with SG content of 110 ppm, SG(110)-B100L. Finally, methanol
solvent was totally evaporated at 65 °C under vacuum condition.

2.1.2. Reagents and chemicals

Steryl glucoside standard (SG-STD) with purity higher than 98%
supplied by Matreya LLC, heptadecanoic acid methyl ester, 1, 2, 4-
butanetriol, tricaprin, N-Methyl-N-trimethylsilytrifluoroacetamide
(MSTFA; GC derivatization grade), glycerin, monoolein, 1, 3-diolein
and triolein supplied from Sigma-Aldrich Inc., heptane (AR grade)
supplied by Fisher Chemical and pyridine (AR grade) supplied by
RCI Labscan Limited were used in gas chromatograph analysis.
Commercial grade hexane, acetone and methanol supplied from
local suppliers were used in the P-Cake washing process.

2.1.3. Adsorbent

Magnesol® (D60; The Dallas Group of America) used as an
adsorbent was dried at 110 °C overnight in an oven and stored in
a desiccator before being used in adsorption treatment.

2.2, Analytical methods

2.2.1. GC-FID analysis

2.2.1.1. Fatty acid methy! esters. The content of fatty acid methyl es-
ters (FAMEs) in PO-B100 was analyzed according to EN14103:2003
using a gas chromatograph (GC-17A; Shimadzu). Peak separation
was achieved using a FAME-WAX capillary column (30 m in length,
0.25 mm in internal diameter, 0.25 pm in film thickness; Restek).
Column oven temperature was held at 130°C for 1 min, ramped
to 225 °C at 6 °C/min, and held at 225 °C for 10 min. Temperatures
of both the detector and the injection were 250 °C. He (99.999%;
Prax Air, Thailand) was used as a carrier gas.

2.2.1.2, Minor components. The contents of free glycerin, mono-,
di- and tri-glycerides and steryl glucosides in PO-B100, P-Cake,
Washed-P, Bag-Res and CSP were analyzed by the method adapted
from ASTM D6584, similar to the one used in Tang's work [13]. 1,2,
4- butanetriol in pyridine(1-mg/ml) was used as an internal stan-
dard (ISTD1) for quantitative analysis of free glycerin. Tricaprin in

pyridine (8 mg/ml) was used as an internal standard (ISTD2) for
quantitative analysis of mono-, di-, triglycerides and steryl
glucosides.

Stock solution of steryl glucosides (100 pg/ml) was prepared
from Washed-P and pyridine. To obtain the calibration curve of
SG over the range of 5 - 20 ug, the SG stock solution (50, 100,
150 and 200 pl) was mixed with pyridine to obtain total volume
of 330 ul. 20 ul of ISTD2 solution was added and the mixture
was then silylated with MSTFA (200 ul) at 60 °C for 60 min. After
complete silylation, 4 m! of heptane was added to the vial. 1 ul of
the solution was injected to GC-FID for the quantitative analysis.
The obtained calibration curve was a straight line expressed as
W = 219.6 x (Asc/Aistpz) With R? = 0.995.

To measure the amount of SG in solid samples (P-Cake,
Washed-P, Bag-Res and CSP), the solid samples were firstly dis-
solved with pyridine to obtain the ratio of solid sample per pyri-
dine as 1 mg/ml. Since the accurate amount of SG was obtained
only when SG was completely derivertized by MSTFA, the appro-
priate amount of dissolved solid sample in pyridine prepared
above should be taken to mix with pyridine to obtain the total vol-
ume of 330 pl. In such a condition, only three sharp peaks appear
in the zone of SG peaks, RT = 26.90-27.50 min. Similar to the pro-
cedure used in calibration curve preparation, the 330 pl of the ob-
tained solution was mixed with ISTD2 solution (20 pul) and MSTFA
(200 1), complete silylated at 60 °C for 60 min, added 4 ml of hep-
tane and then injected to GC-FID.

For quantitative analysis of SG content in PO-B100, 130 pul of
PO-B100 was mixed with pyridine (200 ul), ISTD2 solution
(20 pl) and MSTFA (200 pl). The mixture was silylated at the same
condition used in solid sample analysis before injected to GC-FID.

Analysis was conducted using a gas chromatograph (GC-
2010Plus; Shimadzu) connected with an OC! injector (OCI/PTV-
2010; Shimadzu). Peak separation was achieved using a ZB-5HT
capillary column (20 m in length, 0.32 mm in internal diameter,
0.1 um in film thickness; Phenomenex).

2.2.2. GC-MS analysis

. Samples (Washed-P and SG-STD) were silylated with MSTFA
and injected to the gas chromatograph (6890 N; Agilent Technolo-
gies) equipped with a 5973Network Mass Selective Detector
(Agilent Technologies). Peak separation was achieved using a
DB-5 capillary column (30 m in length, 0.25mm in internal
diameter, 0.25 pm in film thickness; Agilent J&W). Column oven
temperature was held at 65 °C for 1 min and ramped to 170 °C at
10 °C/min, to 270°C at 8 °C/min, to 320 °C at 10 °C/min and held
at 320°C for 30 min. Temperatures of both the injector and the
detector were 320 °C. Temperatures of the transfer line of mass
spectrometer and ion source were maintained at 330 and 230 °C,
respectively. Analysis was performed in an electron impact (EI)
mode with scanning from 50 to 500 m/z.

2.2.3. FT-IR analysis

Spectra of Washed-P and SG-STD were measured using the
Fourier transform infrared spectrophotometer (IRPrestige-21;
Shimadzu) equipped with a single reflection attenuated total
reflectance accessory (MIRacle ATR; PIKE Technologies, Inc.). The
FT-IR spectra were taken using a ZnSe crystal in the range of
4000-650 cm~? with a spectral resolution of 4 cm™,

2.3, Adsorption treatment

Adsorption treatment was performed to remove SG in PO-B100.
The mixture of PO-B100 and adsorbent (0.1 wt%) was prepared in a
125 m] Erlenmeyer flask. The flask was shaken in an orbital shaker
(4000ic; IKA) at 65 °C for 6 hwith /the shaking rate of 210.rpm. The
samples taken before and after the adsorption treatment were
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iiltered through a 0.45 pm nylon filter and used for the quantita-
tive analysis of SG content.

2.4. Storage stability test

Storage stabilities at 20, 23 and 32 °C of samples, SG(0)-B100,
5G(110)-B100, SG(0)-B100L and SG(110)-B100L, were compara-
ively investigated. Precipitate formation at the bottom of the bot-
Jes was observed every 30 min and the time that precipitate
appeared was recorded.

3. Results and discussion
3.1. Composition of samples

Quantitative analysis using GC-FID revealed that PO-B100 con-
:ained FAMESs, glycerin, monoglycerides (MG), diglycerides (DG)
ind triglycerides (TG) with the concentrations of 98.5, 0.020,
).70, 0.18 and 0.02 mass%, respectively. Composition of fatty acid
-nethyl ester in PO-B100 is presented in Table 1. This result indi~
rated that the quality of PO-B100 was acceptable according to
IN-14214 and Thailand’s regulation; FAMEs >96.5 mass¥, glyc-
arin €0.020 mass¥, monoglycerides <0.80 mass¥, diglycerides
<0.20 mass%, triglycerides <0.20 mass%. In addition, PO-B100 also
~ontained SG with the concentration of 110 ppm, which was much
less than the concentrations of mono-, di- and triglycerides.

In literature, the precipitation at the temperature near cloud
»oint in various types of biodiesel was considered involving the
»xistence of at least one of SG, mono-, di- and triglycerides

[1.3.4-10]. Therefore, the existence of these compounds will be fo-
cused in this study.

Fig. 1 shows the chromatograms of SG-STD, P-Cake, Washed-P
and Bag-Res analyzed by GC-FID. In Chromatogram (a), SG-STD,
the peak at 23.70 min was attributed to tricaprin (ISTD2) while
the peaks at 27.02, 27.11 and 27.36 min were attributed to campe-
steryl glucoside, stigmasteryl glucoside and g-sitosteryl glucsoside,
respectively. In Chromatogram (b), P-Cake, two groups of large
peaks were observed in the ranges of 11.68-13.90 and 26.94-
27.44 min. The first group was attributed to FAMEs and the second
one was attributed to steryl glucosides: campesteryl glucoside,
stigmasteryl glucoside and g-sitosteryl glucoside. Tiny peaks of
monoglycerides were also observed in the range of 15.50-
18.25 min. Di- and triglycerides were not found in this chromato-
gram. The result obtained from quantitative analysis of FAMEs,
MG and SG in PO-B100 and P-Cake is presented in Table 2. P-Cake
contained 13.3 mass¥ of steryl glucosides, FAMEs detected mainly
in the rest should be the biodiesel that could not be completely re-
moved from P-Cake by filtration. By comparing the relative
amounts of FAMEs - MG and of SG - MG in PO-B100 and in P-Cake,
monoglycerides detected in P-Cake should be the one dissolved in
biodiesel remaining in the sample rather than in the precipitate.
Therefore, steryl glucosides group compound was considered as
the main component causing the precipitation in the storage tank
of PO-B100. Similar to Chromatogram (a), there were only three
peaks in the range of 26.90-27.43 min appearing in Chromatogram
(c), Washed-P. This means that Washed-P consisted of steryl gluco-
sides; campesteryl glucoside, stigmasteryl glucoside and: g-sitoste-
1yl glucoside, Characteristic of Chromatogram (d), Bag-Res, was
similar to that of Chromatogram (b), P-Cake. FAMEs, steryl gluco-
sides and trace amount of monoglycerides were observed without
existence of di- and triglycerides. Quantitative analysis revealed

fable 1
“atty acid methyl ester composition in PO-B100. that Bag-Res consisted of 48.9 mass¥% of steryl glucosides. By

Compound {mass%)
Methyl laurate 12:0 0.86
Methyl myristate 14:0 2.14 Table 2
Methyl palmitate 16:0 44.85 Compositions of PO-B100, P-Cake, Bag-Res, CSP-23 and CSP-32.
Methyl palmitoleate 16:1 0.27
Methy! stearate 18:0 526 FAME (mass¥) MG (massX) SG (mass¥X)
Methyl oleate 18:1 45.64 PO-B100 98.5 0.70 0.011
Methyl linoleate 18:2 047 P-Cake 85.1 0.60 13.3
Methyl linolenate 18:3 0.51 Bag-Res 50.2 0.36 48.9
Saturated methyl ester - 53.11 CSP-23 915 0.62 6.9
Unsaturated methyl ester - 46.89 CSp-32 85.6 0.59 124
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Fig. 1. GC-FID chromatograms of (a) SG-STD, (b) P-Cake, {c¢) Washed-P and (d) Bag-Res; tricaprin was used as an internal standard.
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Fig. 2. Effect of temperature on composition of precipitate. GC-FID chromatograms of (a) CSP-23 and (b) CSP-32; tricaprin was used as an internal standard.
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Fig. 3. Mass spectra of the peaks corresponding to retention time (RT) (a) 27.02, (b)27.11 and (¢) 27.36 min.
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considering the amounts of FAMEs, MG and SG in PO-B100 and
Bag-Res (Table 2), the result also indicated that the solid sus-
pended in the PO-B100 storage tank was also steryl glucosides,
not glycerides.

Fig. 2 shows chromatograms of CSP-23 and CSP-32 analyzed by
GC-FID. In these chromatograms, steryl glucosides and FAMEs
were observed as major components and trace of monoglycerides
was detected without di- and triglycerides. Similar to the cases
of P-Cake and Bag-Res, trace amount of monoglycerides in both
cold soak precipitates should be the one dissolved in FAMEs
remaining in the samples rather than in the precipitates. This re-
sult indicated that the precipitates formed in PO-B100 during stor-
age in the temperature range of 23-32°C were due to steryl
glucosides, not glycerides.

3.2, Identification of minor components

To identify the components in the precipitate, SG-STD and
Washed-P were comparatively analyzed using GC-MS and FT-IR
fechniques.

3.2.1. GC-MS analysis

Fig. 3(a-c) shows mass spectra corresponding to the peaks ob-
served at 27.02, 27.11 and 27.36 min in the GC-FID chromatograms
of SG-STD and Washed-P. At each retention time, the mass spectra
of SG -STD and Washed-P were similar and could be considered as
the same compounds. ldentification of m/z ratio as fragment of tet-
ratrimethylsilyl (TMS) derivatives was performed by comparing
with literature {3,5,14,15]. The peaks at m/z ratios of 361, 217,
204 and 147 corresponding to TMS glucose fragment [14,15] were
observed. The peaks at m/z ratios of 383, 395 and 397 are the char-
acteristic fragments of campesterol, stigmasterol and g-sitosterol,
respectively [3,5,14,15). These results indicated the presentation
of campesteryl glucoside, stigmasteryl glucoside and g-sitosteryl
glucoside in the precipitates.

3.2.2, FT-IR analysis

Fig. 4 shows the FT-IR spectra of Washed-P and SG-STD. ldenti-
fication of absorbed peaks was performed by comparing with liter-
ature [4.6,11,16,17]. Characteristics of both spectra were similar.
Both spectra had a broad peak of OH stretching vibration around
3400 cm~!, asymmetric and symmetric vibration of CH, at 2935-
2870 cm™?, bending vibration of CH, and CHs; at 1464, 1446,
1381, and 1370 cm™! and vibration of C—O moiety in the range

Transmittance [-]

H )
1Ty e e e

4000 3200 2400 1800 1400 1000 650
Wavenumber [1/cm]

Fig. 4. FT-IR spectra of (a) Washed-P and (b) SG-STD.

of 1185-1000 cm™". No peak attributed to C=0 functional group,
indicating methyl esters, mono-, di- and triglycerides, was ob-
served in the spectrum of Washed-P. These results revealed that
the components in Washed-P and SG-STD had almost the same
chemical bonds and structures.

The results in Sections 3.1-3.2 clearly showed that in high
quality PO-B100, meeting EN14105 and Thailand's regulation,
there were the unreacted and incompletely reacted glycerides with
the amount much higher than the amount of SG. However, SG was
detected as a major component while trace amount of monoglyce-
rides was detected in P-Cake, Bag-Res and cold-soak precipitates.
These results indicated that the precipitation in PO-B100 at the
temperature near cloud point and at the ambient temperature
during production and storage was due to the presence of SG,
not the presence of neither unreacted nor incompletely reacted
glycerides. This finding was consistent well with the results
reported by Hoed et al. and Bondioli et al. [3,4] who investigated
the precipitation in palm oil derived biodiesel at room tempera-
ture. However, it was inconsistent with the result reported by Tang
et al.; the precipitates in palm oil based B100 and palm oil based
diesel blends obtained at 4-23 °C after cold soaking at 4 °C were
monoglycerides, not SG [11]. Tang et al. considered the inconsis-
tency of their finding with the results reported by Hoed et al.
and Bondioli et al. as a result of different oil treatments and
biodiesel production techniques.

3.3. Relation between SG content and precipitation time

Table 3 summarizes the contents of mono-, di-, triglycerides
and steryl glucosides in the biodiesels used to performed storage
stability test and the precipitation time of each sample. After stor-
ing biodiesel at 20, 23 and 32 °C, the precipitation was observed in
biodiese!l containing high level of steryl glucosides, SG(110)-B100
and SG(110)-B100L, within 3.5, 4 and 10 h, respectively. However,
no precipitate was observed in the biodiesel without steryl gluco-
sides, SG(0)-B100 and SG(0)-B100L, after storing for 24 h. This
observation agreed well with the results discussed in Sections
3.1-3.2. Moreover, concentration of mono-, di- and triglycerides
did not affect precipitation time or storage stability of biodiesel.

Since normal ambient temperature in production plants in
Thailand is 32 °C or higher, storage stability of PO-B100 at 32 °C
before and after treating PO-B100 with Magnesol® (Csg = 110-20
ppm, respectively) was further investigated. Table 4 summarizes
the SG content and the precipitation time of fresh and treated

Table 3
Effect of minor components on storage stability of biodiesel at different temperatures.

Precipitation time (h)

MG DG TG SG 20°C  23°C  32°C
(wtk) (wtX) (wiX) (ppm)

Minor component

$G(0)-B100 070 018 002 0 >24 >24 >24

SG(110)-B100  0.70 0.18 0.02 110 35 4 10

SG(0)-B100L 010 000 001 O >24 >24 >24

SG(110)-B100L 0.10 000 001 110 35 4 10
Table 4

Relation between SG content and precipitation time after storing fresh and treated
PO-B100 at 32 °C.

Fresh Treated
SG content (ppm)} 110 20°
Precipitation time (day) 1 >60
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PO-B100. After storing for several days, white precipitate was
observed at the bottom of the fresh PO-B100 bottle within 1 day
while no precipitate was observed in the treated PO-B100 bottle
even after 60 days of storage. It can be seen from Table 4 that the
fresh PO-B100 contains 110 ppm of SG which is 5.5 times of the
amount of SG in the treated PO-B100. This should be the reason
why the phenomena of precipitation in the fresh and treated
PO-B100 were different.

4. Conclusions

The compounds leading to precipitation in palm oil based
biodiesel (PO-B100) containing contaminants, mono-, di- and tri-
glycerides, within the specification according to EN-14214 and
Thailand's regulation have been identified. Mixture of campe-, stig~
ma- and g-sitosteryl glucosides was the main cause of the precip-
itation during storage at temperature near cloud point and at room
temperature, Storage stability of PO-B100 at 20-32 °C was further
evaluated. PO-B100 with high concentration of steryl glucosides
had stability lower than the one without steryl glucosides. In con-
trast, the amount of mono-, di- and triglycerides did not influence
the storage stability of PO-B100. Moreover, the stability of PO-B100
at normal ambient temperature was improved after decreasing
steryl glucosides concentration to 20 ppm.
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HIGHLIGHTS

« Post-treatment to remove steryl glucosides (SG) from biodiesel (B100) was proposed.

» SG was effectively removed by using magnesium silicate and bleaching earth at 65-80 °C.
« Magnesium silicate had overall performance in SG removal higher than bleaching earth.

« The proposed method could reduce SG to below 20 mg kg~! within 10 min.
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Steryl glucosides (SG) may cause problems including accumulation in downstream equipment in produc-
tion line, storage stability of biodiesel and filter plugging in a diesel engine. In this study, adsorption was
used as a post-treatment method to reduce the amount of SG in biodiesel. Commercial grade magnesium
silicate (MS) and bleaching earth (BE) were selected as potential adsorbents for SG removal and their per-
formances were evaluated comparatively. To investigate effects of important operating parameters
(adsorption time, adsorbent loading and temperature), batch adsorption experiment was performed

gfewarﬁmsi des using palm oil based biodiesel containing 97.6 mgkg™" of SG as a feedstock. The results revealed that
Bio?; esgel efficiency in SG removal of MS was higher than that of BE. In the tested range of 65-80 °C, by treating
Adsorption with 1 wt¥ of adsorbent, MS could reduce about 81.4-82.5% of SG, whereas BE could reduce only about

48.6-58.9% of SG. Only at low adsorbent loading, the efficiencies of both MS and BE were significantly
affected by temperature and then reached the maximum values at temperatures around 70-75 °C. Due
to the adsorption treatment, mono-, di- and triglycerides were simultaneously removed and the
maximum selectivities towards SG adsorption of MS and BE were 11.8% and 13.5%, respectively. In
addition, this adsorption treatment provides the higher efficiency in reduction of the concentration of
SG (approx. 20 mg kg~! within 10 min), comparing to a conventional method.

© 2014 Elsevier Ltd. All rights reserved.

Magnesium silicate
Bleaching earth

1. Introduction Depending on type of raw material, raw material treatment and
biodiesel production process, steryl glucosides (SG) and glycerides
(monoglycerides; MG and diglycerides; DG) are two main groups
of chemicals that have been considered as a cause of this precipi-

tation [1-10]. Steryl glucosides naturally present in plant oils as

Generally, biodiesel is commercialized as diesel blends, i.e.,
B2-B20, which is a mixture of petroleum diesel and 2-20 vol% of
biodiesel. Although the quality of biodiesel to be blended with

petroleum diesel is controlled by stringent ASTM D 6751 or
EN-14214, white solid precipitates were found in biodiesel and
diesel blends during storage, especially at relatively low tempera-
ture {1]. The use of biodiesel containing the white precipitates or
biodiesel, in which white precipitates will further form, may cause
filter plugging in engine systems [2,3].

* Corresponding author. Tel./fax: +66 23298360x169,
E-mail addresses: dnaranong@hotmail.com,
(D. Na-Ranong).

knduangk@kmitl.ac.th
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0016-2361/©-2014 Elsevier Ltd. All-rights.reserved.

free steryl glucosides (SG) and acylated steryl glucoside (ASG) at
different amounts. For examples, crude palm oils from Malaysia
contain 8-81 mg kg~! of SG and 173-352 mgkg~! of ASG, while
the one from India contains much higher SG and ASG; 686 mg kg~!
of SG and 2,212 mg kg~ of ASG [11,12]. In addition, the concentra-
tion of SG in biodiesel may be higher than that of raw materials
since the bond between glucose and fatty acid in molecule of
ASG is easily broken under alkaline condition during transesterifi-
cation [3]. MG and DG are formed from incomplete transesterifica-
tion of triglycerides (TG) and remain in biodiesel,
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Nomenclature

Csco initial concentration of SG in biodiesel (mgkg™")
Gse.t concentration of SG in biodiesel at time “t" (mg kg™*)

qs amount of component “i" adsorbed on an adsorbent
(mg; gzds)
R; reduction amount of component *i” (¥)

Sse selectivity towards SG adsorption (%)
tads adsorption time (min)
Wads mass of adsorbent (g)
Wsgioo  mass of biodiesel (kg)

The precipitation in soybean-derived biodiesel related to the
resence of SG and might occur even in biodiesel containing SG
wvith the concentration as low as 35 ppm [1]. The precipitation in
riodiesel produced from palm oil also related to the presence of
5G [3-5]. Moreau et al. [2] reported that the precipitates collected
rom equipment in supply chain of soybean-derived biodiesel con-
sisted of MG and DG. Tang et al. [6,7] investigated the precipitation
it low temperature in biodiesel produced from various raw mate-
ials. They found that the precipitates in biodiesel from soybean oil
vas SG, from poultry fat and palm oil mainly consisted of MG and
rom cottonseed oil was a mixture of SG and MG. Some recent pub-
ications indicated that saturated MG led to precipitation in biodie-
sels produced from canola oil and/or soybean oil and influenced
-old flow properties of these biodiesels [8-10].

In Thailand, biodiesel is mainly produced from palm oil and by-
oroducts from palm oil refinery process [13]. White precipitation
was observed over a wide range of temperature in many commer-
-ial plants and hence additional maintenance is required to main-
rain high processing efficiency. Furthermore, even the quality of
viodiesel fulfilled the requirements of Thailand’s regulation, which
s similar to EN-14214, fine particles suspending in biodiesel have
yeen occasionally found after storing the biodiesel for several days.
n such a case, biodiesel must be reprocessed. The previous work
focusing on precipitation in palm oil-based biodiesel (PO-B100)
revealed that the precipitates formed in PO-B100 were SG and
heir compositions were not influenced by storage temperature
20-32 °C) [5]. Therefore, a process to remove SG with reasonable
cost is necessary.

Few works focusing on the removal of SG from biodiesel were
reported in literature {14-20]. Lee et al. [14] disclosed that filtering
crude biodiesel through a bed of sugar, NaCl, citric acid, or diato-
maceous earth could reduce SG from 174 ppm to 22-39 ppm. Tang
et al. [15] applied cold-soak filtration, adsorption, centrifugation
and vacuum distillation to the reduction of SG in biodiesel pro-
duced from soybean oil and cottonseed oil. Among these four
methods, only vacuum distillation could completely Temove SG
from biodiesel, while the others could reduce the concentration
of SG to as low as 20 ppm but could not further reduce the concen-
tration of SG to below this soluble content. However, vacuum dis-
tillation reduced the oxidation stability of biodiesel due to losing of
tocopherol, natural antioxidant. Other available approaches are
based on enzymatic transformation of insoluble SG into soluble
forms, i.e., ASG and free sterols. Enzyme with capable of acylating
SG could transform SG in fatty acid alkyl esters (FAAE) into ASG
and could reduce at least 20-80% of SG presenting in FAAE {16].
Enzymatic hydrolysis of SG into glucose and sterols could reduce
SG up to 81% [17]. SG in biodiesel was also successfully removed
by using at least one of enzymes that can acylate and/or hydrolyze
SG [18,19].

In order to remove SG from biodiesel by vacuum distillation,
biodiesel must be heated to 130-150 °C and vaporized under high
vacuum condition (3 x 103 torr) {15]. In the case of cold-soak fil-
tration, biodiesel must be refrigerated at 4°C for 24 h [15]. To
apply this cold-soak filtration condition/to reduce SG-in, PO-B100,

which has cloud point around 17 £ 1 °C [21]}, cold-soak tempera-
ture cannot be set to be as low as 4 °C and cold-soak time must
be prolonged to obtain filterable size of particles. Enzymatic trans-
formation of SG into ASG at 50 °C requires at least 22-43 h of reac-
tion time [16]. To remove SG by enzymatic hydrolysis, an
emulsifier is required and must be removed after the reaction
[17]. Moreover, a mixture of biodiesel, water, emulsifier and
enzyme must be heated to 87 °C for 7h and pH of the mixture
must be carefully controlled at 5.5. Among these techniques,
adsorption provides the highest feasibility for industrial scale
application, especially when the selected adsorbent has high effi-
ciency and is inexpensive. Magnesol®, a commercial synthetic
magnesium silicate, showed good. performance in biodiesel dry
washing process {22-26]. Berrios and Skelton [24] reported that
0.75 wt% of Magnesol® was enough to reduce soap and glycerol
in biodiesel produced from refined and used cooking oils to fulfill
standard EN-14214 and removal of methanol by preheating crude
biodiesel enhanced performance of Magnesol®. Faccini et al. [25]
demonstrated that using 1 wt% of Magnesol® significantly reduced
acid value, soap, potassium, water and methanol but slightly
reduced free glycerol, MG, DG and TG in crude biodiesel produced
from soybean oil. Bleaching earth, mainly consisting of silica, is
commonly used in industrial process to purify vegetable oils [27].
It has high removal efficiencies for color materials and can also
remove pigments, soap, trace metals, phospholipids, oxidation
products and polyaromatics from palm oil [28-30].

In this study, adsorption was used as a post-treatment to reduce
SG in high quality biodiesel. Magnesol® and commercial bleaching
earth were considered as adsorbents with potential to selectively
adsorb SG in biodiesel. The main objectives were to demonstrate
the feasibility of using these adsorbents to remove SG from
biodiesel and to investigate the effects of important operating
parameters, including adsorption time, adsorbent loading and tem-
perature, on performance of these selected adsorbents.

2. Materials and methods
2.1. Materials

PO-B100 was taken from the outlet stream of the vacuum dry-
ing unit, where water remaining in biodiesel after wet washing
was removed. The temperature of as received PO-B100 was 75 °C
and was carefully kept above 70 °C to prevent solid formation in
PO-B100 before adsorption experiments.

Magnesium silicate (MS) or Magnesol® obtained from The Dal-
las Group of America and local bleaching earth (BE), synthesized
from Montmorillonite, provided by Bormnet Corporation were
used. MS and BE were dried at 110 °C in an oven for 24 h and stored
in a desiccator before being used in adsorption experiments.

Heptadecanoic acid methyl ester, 1,2,4-butanetriol, tricaprin,
N-Methyl-N-trimethylsilytrifluoroacetamide (MSTFA; GC derivati-
zation grade), glycerol, monoolein, 1,3-diolein and triolein sup-
plied from-Sigma-Aldrich Inc,, 'steryl glucosides (>98%) supplied
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by Matreya LLC, heptane (AR grade) supplied by Fisher Chemical
and pyridine (AR grade) supplied by Merck were used in gas chro-
matograph analysis.

2.2, Characterization of adsorbents

Composition of the adsorbents was measured by an X-ray Fluo-
rescence Spectrometer using SRS3400 (Siemens). Morphologies of
the adsorbents were observed by a scanning electron microscope
using EVO®MAT10 (ZEISS). Porous propetties of the adsorbents were
analyzed from nitrogen adsorption-desorption isotherm obtained
from BELSORP-max (BEL Japan, Inc.). BET plot was used to calculate
specific surface area and total pore volume.

2.3. Adsorption treatment

2.3.1. Batch adsorption

PO-B100 was heated and stirred in a hot oil bath to attain the
desired temperature for adsorption test. Adsorbent was mixed
with 80 ml of hot PO-B100 in a 250 m! Erlenmeyer flask and sha-
ken in an orbital shaker (4000ic, 1iA) at 220 rpm. Adsorption tem-
perature was varied from 65 to 80 °C and the amount of adsorbent
was varied from 0.1 to 4.0 wt%. Samples were taken before and
after adsorption for analysis of MG, DG, TG, glycerol and SG. The
amount of biodiesel retained in the adsorbent was calculated from
the difference between adsorbent weights before and after adsorp-
tion at 80 °C, 30 min.

2.3.2. Evaluation of adsorption performance

Performance of adsorbents in SG removal was evaluated based
on the following parameters; reduction amount of SG (Rsc; Eq. (1)),
adsorption capacity of SG (gsc; Eq..(2)) and selectivity towards SG
adsorption (Ssc; Eq. (3)). Reduction amounts and adsorption capac-
ities of MG, DG and TG were also calculated in the similar manner.,

Ry = (Csco — Csce) % 100 1)
Csco

Gse = WB]OO(C\:Z:: Cse,e) 2)

SSG Asc (3)

= Gsg + 9mc + 9o + e

2.4, Analytical methods

Amounts of FAME, glycerol, MG, DG, TG and SG were quantified
using a gas chromatograph connected with flame ionized detector
(GC-FID). Equipment and conditions used were reported previously
[5].

The amount of fatty acid methyl esters (FAME) was analyzed by
using heptadecanoic acid methyl ester with purity of 98.6% as an
internal standard, ISTD. Samples for analysis were prepared by
adding 0.1 g of biodiesel and 0.1 g of ISTD into a 10 ml volumetric
flask and heptane was added to make up the volume of the solu-
tion to be 10 ml.

Concentrations of glycerol, MG, DG and TG were analyzed fol-
lowing ASTM D6584.

Quantification of SG was performed by the method adapted
from ASTM D6584, similar to the one used in the previous work
[5]. Tricaprin (8 mg ml~! in pyridine) was used as an internal stan-
dard (ISTD2). Calibration curve of SG in PO-B100 matrix was made.
250 pl of a mixture of biodiesel (130 pl), ISTD2 (20 pl) and SG (5-
20 pg) in pyridine was prepared. The mixture was silylated with
MSTFA (350 pl) at 60 °C. After complete silylation, heptane (6 ml)
was added. to the vial. .1 pl.of silylated solution was injected to
GC-FID. The obtained calibration curve was a straight line

expressed as Wsc = 119.2 x (Asc/Aistp2) with R? = 0.992. For quanti-
tative analysis of SG in samples, pyridine (200 pl) and ISTD2 (20 pl)
were added to 130 il of individual sample. It was silylated and
analyzed with the same procedure used in calibration curve
preparation.

Acid values of PO-B100 before and after the adsorption treat-
ment were measured according to ASTM D974.

3. Results and discussion
3.1. Properties of adsorbents

Composition analysis by XRF technique revealed that MS
mainly consisted of SiO; (67.5 wt%) and MgO (26.6 wt¥) with trace
amount of Al;03 (0.312 wt¥), -while BE was composed of SiO,
(76.1 wt¥) and Al;0s; (10.3 wt¥) with trace of MgO (1.41 wt¥).
SEM images of MS and BE are shown in Fig. 1. Fig. 1(a) shows that
the particles of MS were sphere with diameters in the range of 1-
60 pm. In Fig. 1(b), no agglomeration of fine particles was observed
on the surface of MS. On the other hand, the agglomeration of
flake-like particles was examined in SEM images of BE, Fig. 1(c)
and (d). Fig. 2 presents N; adsorption-desorption isotherm plots
of MS and BE. Both isotherms were classified as Type IV according
to IUPAC system. MS had specific surface area (Spgr) of
445.4 m? g~1, while Sggr of BE was 55.8 m? g~'. Total pore volumes
of MS and BE were 0.5725 and 0.1752 cm®g~!, respectively. It
should be noted that Sger of MS was almost 8 times of that of BE
and total pore volume of MS was about 3 times larger than that
of BE.

3.2. Properties of PO-B100

As reported in Table 1, PO-B100 feedstock contained 98.2 mass%
of FAME, had acid value of 0.29 mg KOH g~! and contained MG, DG
and TG with the amounts of 0.681, 0.073 and 0.039 mass%, respec-
tively. These properties met the requirements of EN-14214. In
addition, PO-B100 feedstock contained 97.6 mg kg™ of SG, which
was much less than the amounts of MG, DG and TG. Furthermore,
appearance of PO-B100 feedstock was bright and clear. However,
when the temperature of PO-B100 feedstock was kept below
65 °C, white solid suspension could be observed within 1-2 h.

After adsorption using the highest value of adsorbent loading in
this study (4 wt%), samples of PO-B100 were collected for mea-
surements of FAME, acid value and other minor components in
order to investigate the effect of adsorbent on these properties.
As presented in Table 1, all treated PO-B100 contained FAME with
the amounts of 97.4-98.4 mass¥. Acid values of all samples were in
the range of 0.34-0.43 mg KOH g~. Although all treated samples
had acid values slightly higher than the feedstock, all acid values
were within the specification of EN-14214. As for minor compo-~
nents, the concentrations of MG and SG were significantly reduced,
while the concentrations of DG and TG were slightly decreased.
These results indicated that the adsorption treatment using MS
and BE not only reduced the amount of SG but also lowered the
amounts of MG, DG, and TG in PO-B100.

‘

3.3. Adsorption of steryl glucosides

In order to avoid the interference from the white solid forma-
tion aforementioned in Section 3.2, adsorption experiment must
not be performed at the temperature below 65 °C. It should be
noted that the selected testing temperature ranging from 65 to
80 °C is reasonable in the aspect of energy consumption even the
temperature of transesterification|in biodiesel production process
is generally set at'60-70°C [31]. Since, in wet washing process,
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Fig. 1. SEM images: (a and b) MS and (c and d) BE.
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Fig. 2. Nitrogen adsorption-desorption isotherms: (W) MS-adsorption, (O) MS-
desorption, (®) BE-adsorption and (O) BE-desorption.

crude biodiesel is usually washed with hot deionised water and
finally dried at 130-150°C under vacuum condition [32], the
adsorption unit can be installed in the process after vacuum drying
unit without additional energy requirement. In the case of dry
washing process, crude biodiesel is treated with selected adsorbent
and subsequently heated to 65 °C or above in order to remove the
remaining alcohol [32]. Therefore, additional energy is required to
increase the temperature of PO-B100 to the adsorption tempera-
ture (around 65-80 °C).

3.3.1. Effect of adsorption time on steryl glucosides adsorption

Fig. 3 shows time dependences of concentration of SG in PO-
B100 after treating PO-B100 with 1 wt% of adsorbents. For both
MS and BE cases, concentration of SG decreased rapidly within
5 min and slight decrease was further observed in 5-30 min. These
profiles indicated that the adsorption of SG rapidly occurred and
almost reached the equilibrium within 30 min. Comparison of
the profile obtained at 65°C with the one obtained at 80°C
revealed that temperature slightly affected the adsorption rate of
MS but did not affect the adsorption rate of BE. By comparing the
final concentration of SG in PO-B100, it should be noted that the
efficiency of MS in reducing SG was higher than the efficiency of
BE. In the case of MS, concentration of SG was reduced to about
20 mg kg~! and gsc was 7.91 mgsc gads. On the other hand, in the
case of BE, concentration of SG was reduced to about 50 mg kg™
and gsg was 4.68 mgsg gads, which was only 59.2% of the capacity
of MS.

Discussion on the performance of each adsorbent in the follow-
ing Sections 3.3.2-3.3.4, was based on the data taken after 1 h of
adsorption, which was reasonably considered as the performance
at the equilibrium of adsorption.

3.3.2. Effect of adsorbent loading on steryl glucosides adsorption
Fig. 4(a) shows the concentration of SG in PO-B100, after PO-
B100 feedstock was treated with various amounts of MS. The

Table 1
Properties of PO-B100 before and after treating with MS and BE, comparing with EN-14214,
EN-14214 PO-B100 feedstock MS (4 wt%, 1h) BE (4wt%, 1h)
65 70 80 65 70 80

FAME (mass¥) >96.5 98.2 97.6 98.4 974 98.1 98.1 97.4
Acid value (mg-KOH/g) <0.5 0.29 038 037 037 0.43 034 0.34
Glycerol (mass%) <€0.02 0 - - - - - -
Monoglycerides (mass¥) <£0.80 0.681 0473 0.460 0.409 0.595 0.606 0.612
Diglycerides (mass%) <£0.20 0.073 0.070 0.070 0.066 0.068 0.066 0.071
Triglycerides (mass%) <£0.20 0.039 0.036 0.035 0.033 0.037 0.035 0.034
Total glycerol (mass¥) €0.25 0.188 0135 0.131 0.117 0.166 0:168 0,170
Steryl glucosides'(mg kg=") No spec. 97.6 11.9 1.7 9.2 144 136 16.4
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Fig. 3. Concentration profiles of stery! glucosides in PO-B100 after treated with (a)
MS and (b) BE at (@) 65 and (M) 80 °C (W,gs = 1 WtX).

increase in adsorbent loading from 0.1 to 1.0 wt¥% resulted in low-
ering concentration of SG, which means that larger amount of SG
was removed, However, when the loadings were further increased
to 2 and 4 wt%, concentrations of SG were almost constant at about
9 mg kg~'. This characteristic was observed at all temperatures in
the tested range. In addition, similar characteristic was also
observed in the case of BE as shown in Fig. 4(b). Nevertheless,
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Fig. 4. Adsorption isotherms.of stery! glucosides in PO~-B100 for(a) MSand (b) BE at
temperatures of (¢#) 65, (W) 70, (a) 75 and (@) 80 °C; t,4; = 60 min.

the removal of SG was limited at approximately 13 mgkg™'. By
comparing the amounts of SG remaining in PO-B100 after treating
with MS and BE, more loading of BE was required in order to
remove the same amounts of SG. This result agreed well with the
adsorption capacity calculated in Section 3.3.1.

3.3.3. Effect of temperature on steryl glucosides adsorption

As shown in Fig. 5(a) and (b), for both MS and BE, temperature
significantly affected the reduction amount of SG only at low
adsorbent loading and the temperature effect became insignificant
when the adsorbent loading was high. For example, in the case that
0.1 wt% of MS was used, the SG removal efficiency increased when
temperature was elevated from 65 to 70 °C and decreased when
the temperature was further increased from 70 to 80 °C. Insignifi-
cant effect of temperature was observed when the MS loading was
1 wt% and higher as the efficiencies seemed to be constant over the
entire observed temperature range. When BE was used as adsor-
bent, similar characteristic was also observed, but at different
adsorbent loading.

Generally, adsorption is exothermic and hence the adsorbed
amount of adsorbate at equilibrium decreases with increasing of
adsorption temperature. However, the effect of temperature on
SG adsorption observed in this study deviated from the behavior
of an ideal adsorption system. This observation implies that
adsorption of other species presenting in PO-B100 simultaneously
occurred and affected the performance of MS and BE in reducing
SG. Although understanding of these competitive adsorptions
might be useful for adsorbent design, it is difficult to obtain infor-
mative results in the system containing several species like PO-
B100. Therefore, the effect of adsorption of some minor compo-
nents, which are regulated by ASTM D 6751 and EN-14214, on
SG adsorption was investigated and discussed in Section 3.3.4.

3.3.4. Effect of some minor components on steryl glucosides adsorption
Table 2 summarizes the performance of MS and BE in terms of
R; and q; obtained, after PO-B100 feedstock was treated with 1 wt¥
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Fig. 5. Effect of temperature on adsorption of steryl glucosides for (a) MSand (b) BE
with various adsorbent dosages: (M) 0.1,:(4)0:5.(®) 1,(0) 2, (O) 3 and (A) 4 Wt¥:
taas = 60 min.
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able 2
erformance of adsorbents in reducing SG, MG, DG and TG; t,4; = 60 min, adsorbent loading = 1 wt%.
T(°C) MS BE
Ri (%) Q1 (Mg/gaas) Ri (%) gr (mg/gads)
Rsc Rmc Rog Rrc Qsc M qoc gc Rsc Rmc Roc Ry Jsc qmc qoc g1
65 815 127 3.8 0.6 8.0 86.8 27 . 52.3 6.7 14 13 5.1 45.8 1.0 05
70 81.4 100 1.1 0.5 7.9 68.2 08 0.2 58.9 63 13 1.1 57 . 432 09 0.4
75 81.4 8.4 0.1 48 79 57.5 0.1 1.9 495 45 0.0 0.0 4.8 310 00 0.0
80 825 9.8 1.1 3.2 8.0 66.8 08 13 486 5.1 0.0 14 47 344 0.0 0.6
20 precipitates of SG were found at the bottom of the storage tank.
This result indicated that concentration of SG was still higher than
15 the soluble content in biodiesel (20 ppm, [15]).
—_ s This work has demonstrated that MS and BE were the effective
S 10 : * : adsorbents for the removal of SG from PO-B100. By loading enough
:,;3 1. amount of adsorbent (=1 wt% for MS and >3 wt% for BE), the
adsorption could reduce the concentration of SG in PO-B100 from
5 97.6 to be as low as 20 mgkg~! within 10 min. Therefore, this
adsorption treatment could significantly shorten the time to
0 * : . . reduce SG, comparing with the conventional method. In addition,

60 65 70 75 80 85
TPa

ig. 6. Selectivity towards steryl glucosides adsorption of (®) MS and (W) BE;
Nags = 1 WES, tgs = 60 min.

»f each adsorbent for 60 min at various temperatures. In MS cases,
he adsorption treatment reduced about 81.4-82.5% of SG and 8.4-
12.7% of MG in PO-B100, while DG and TG were slightly reduced
less than 5%). When BE was used as an adsorbent, similar charac-
reristic of the performance was observed but with less Rsc, Rmc and
Rpe. Only 48.6-58.9% of SG, 4.5-6.7% of MG and less than 1.5% of
DG and TG were removed. The reduction of glycerides in FAME
by adsorption treatment using Magnesol® was also previously
reported [24,26). However, in these works, crude biodiesel contain-
ing larger amount of MG, DG and TG was used.

To investigate the effect of adsorption of MG, DG and TG on SG
adsorption, adsorption capacity of each species and the selectivity
towards SG adsorption were calculated. As presented in Table 2, for
both MS and BE cases, the amount of MG adsorbed on the adsor-
bent was much larger than the amounts of SG, DG and TG. Fig. 6
shows that the selectivity towards SG adsorption of BE was slightly
higher than MS and both adsorbents had selectivity towards SG
lower than 15%. The maximum selectivities towards SG adsorption
of BE (13.5%) and MS (11.8%) were obtained at the temperature of
75 °C. As reported in Section 3.3.2, the minimum concentration of
SG after adsorption treatment was limited to 9 mg kg™! for MS and
13 mgkg™! for BE. These results indicated that this limitation
should be considered as a result of adsorption equilibrium in com-
petitive adsorption between SG and other glycerides. Therefore,
the amounts of MG, DG and TG in biodiesel feedstock should be
an important factor for the success of adsorptive removal of SG
by the treatment using MS and BE.

3.4. Comparison of adsorption with a conventional method

In commercial plants, biodiesel leaving from the vacuum drying
unit is stored at room temperature in a large storage tank for sev-
eral days and only biodiesel in the top layer of the tank is pumped
through a filter bag in order to prevent occurrence of precipitation
in biodiesel. From GC-FID analysis, it was found that the concentra-
tion of SG in PO-B100 was reduced from 97.6 to about 40 mg kg™!
after treatment by this conventional method. No white solid parti-
cle suspendingin PO-B100-was, observed by naked eyes; even, it
was stored at room temperature for a few days. However, white

it was found that, using the minimum required amount of adsor-
bent (1 wt% of MS and 3 wt¥% of BE), the amounts of PO-B100 lost
due to sorption in the adsorbent was 1.27 wt¥ for MS and
1.93 wt¥ for BE.

Since the selected adsorbents showed high efficiency in SG
removal with short operating time at the temperature in the range
of 65-80 °C, this adsorption treatment does not require additional
energy if it is applied to wet-washed biodiesel and requires some
amount of energy in the case of application to dry-washed biodie-
sel, as discussed in Section 3.3. Therefore, this method should be
the promising method used to remove SG in biodiesel comparing
with the conventional one.

4. Conclusions

Commercial grade magnesium silicate (MS) and bleaching earth
(BE) were successfully applied as adsorbents for reducing steryl
glucosides (SG) in palm oil based biodiesel. By loading enough
amount of adsorbents (=1 wt¥ for MS and >3 wt¥% for BE), adsorp-
tion treatment could reduce the concentration of SG from
97.6 mg kg~* to as low as 20 mg kg~! within 10 min at the temper-
ature in the range of 65-80 °C. The maximum selectivities towards
SG adsorption, with respect to mono-, di- and triglycerides, of MS
and BE were about 11.8% and 13.5%, respectively. Although adsorp-
tion treatment using MS and BE slightly affected FAME content and
acid value of biodiesel, the properties of the treated biodiesels
were in the acceptable range according to EN-14214. The proposed
adsorption treatment should be a promising method used to
remove SG from biodiesel in an industrial scale operation because
it provided high efficiency in SG removal and required short oper-
ating time as well as low energy consumption.
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Due to the depletion of fossil fuel and environmental problems, fatty acid methyl esters
(FAMES) synthesized from vegetable oils, generally called biodiesel, has become promising
green and renewable fuel. In Thailand and other countries in South East Asia, palm oil (PO)
is an important raw material for biodiesel production. Although this region has high capacity
of palm oil plantation, the consumption amount of palm oil based biodiesel (PO-B100) is
limited. This is because PO-B100 has low storage stability and the use of PO-B100 may
cause engine filter plugging due to precipitate formation. Blending of PO-B100 and mineral
diesel with the limit of 5 percent is commercialized. To overcome this limitation, it is
necessary to develop an economical process for preventing the precipitate formation. In the
last few years, several works reported that the filter plugging tendency of various types of
biodiesel closely relates to the presence of steryl glucosides (SGs) [1, 2]. The presence of
SGs in biodiesels or diesel blends even less than 100 ppm may seriously cause the filter
plugging problem. On the contrary, Tang et al. [3] reported that the insoluble matters found
in PO-based biodiesel blends were attributed to monoglycerides, not SGs. This should be
resulted from the difference of feedstock and production conditions. The main objectives of
the present work are to identify the minor components causing the precipitate formation in
PO-B100 and to remove the components from PO-B100 by selective adsorption using an acid
treated resin (H-resin).

The precipitate collected from the bottom of PO-B100 storage tank and PO-B100
samples were obtained from a typical biodiesel production plant in Thailand. They were
characterized using GC-FID, GC-MS and FT-IR techniques. To improve the storage stability
of PO-B100, selective adsorption by the H-resin was conducted. Adsorption capacity of the
H-resin was measured under isothermal condition using batch adsorption experiments. The
performance of H-resin for treating PO-B100 was evaluated using a stainless tube packed
with H-resin. The breakthrough curves were measured under various operating conditions
(e.g. temperature, residence time in the adsorbent bed). The SGs content in the taken samples
were determined according to a modified ASTM D6584 [4] with GC (Shimadzu GC-
2010Plus) connected with an OCI injector and FID detector.

The contents of glycerol, mono-, di-, and triglycerides in the obtained PO-B100 were
acceptable according to ASTM D6584. Figure 1 showed the GC-FID chromatogram of the
precipitate and that of the SGs standard. The precipitate consists of several forms of SG
without the presence of monoglycerides. Therefore, selective adsorption of SGs from FAMEs
on the H-resin was further investigated. Figure 2 shows the typical time dependence of the
SGs adsorption on the H-resin in batch isothermal adsorption. The SGs adsorption capacity
of the H-resin was 128 mgscs-gresin-  T0 regenerate the adsorbent, we also investigated the
desorption of SGs using several organic solvents. This result will be discussed in the
presentation.
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Fig. 1 GC-FID chromatograms of (a) precipitate collected from the bottom of the PO-B100
storage tank, (b) SGs standard; Tricaprin in pyridine was used as internal standard
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Fig.2 Adsorption of SGs on H-resin at 328 K
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Abstract

Steryl glucosides (SG) causes precipitation in biodiesel. In this study, SG was removed from palm oil
biodiesel (PO-B100) by adsorption using diatomaceous earth (DE). Effects of adsorbent loading and
temperature on the efficiency of DE in SG removal were investigated in the ranges of 0.5 — 3 wt% and
65 — 80 °C, respectively. Using PO-B100 containing 97.6 mg/kg of SG as a feedstock, adsorption of
SG reached its equilibrium within 1 h. DE showed the best performance at 3 wt% and 80 °C, where
70.4 % of SG was removed, with the maximum selectivity towards SG adsorption of 43.3 %, with
respect to mono-, di- and triglycerides. The spent DE was regenerated by desorption at 65 °C using
several organic solvents (e.g. methanol, ethanol, isopropanol, hexane-isopropanol (Hex-IPA) and
acetone). Based on the amount of SG desorbed from the spent DE, Hex-IPA was considered as the
best solvent for the regeneration step.

Keywords: adsorption, biodiesel, diatomaceous earth, desorption, steryl glucosides

turbid and can be observed within an hour after

1 INTRODUCTION storing the biodiesel at room temperature. The

Biodiesel is widely used as renewable fuel. In

commercial scale production, it is generally
produced from transesterification of vegetable
oils and by-products from vegetable oil refinery
plants with methanol using a basic catalyst and is
obtained as a mixture of fatty acid methyl esters
(FAME). After the transesterification, crude
biodiesel is obtained from gravimetric phase
separation between glycerol and FAME. In order
to remove contaminants, including -catalyst,
glycerol, soap, salts and methanol, the crude
biodiesel is then washed with hot water. In the
last step, the washed biodiesel is then heated
under vacuum in order to remove the remaining
water. To be used as an alternative fuel,
biodiesel (B100) must have the amount of minor
contaminants within the specification according
to ASTM D 6751 or EN-14214.

Many researchers reported observation of white
solid precipitates in high quality biodiesel
produced from various types of vegetable oil [1-
6]. This white precipitate make biodiesel became

amount of the precipitate and the speed of its
formation depend on raw material as well as the
conditions used in the production process.

In the case of palm oil derived biodiesel (PO-
B100), this precipitation is mainly due to steryl
glucosides (SG) and might be accelerated by the
co-existing monoglycerides and diglycerides [6-
8]. Since this white precipitate leads to laborious
maintenance of production lines in biodiesel
plants and causes plugging in diesel engine
system, SG must be removed from PO-B100,
even there is no standard to control the amount
of SG in PO-B100.

Adsorption was reported as a promising post-
treatment method using to remove SG from:PO-
B100 [9-10]. To design an adsorption process
with reasonable operating cost, it is necessity to
find a cheap adsorbent which has high efficiency
in SG removal and can be easily regenerated.
Diatomaceous earth (DE) is widely used as a
cheap natural adsorbent for many applications.
Therefore, this study aimed to investigate the
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feasibility DE for removing SG from PO-B100.
Performance of DE in SG removal and effects of
two important operating parameters of
adsorption treatment (adsorbent loading and
adsorption temperature) on the efficiency of DE
in SG removal were investigated. Regeneration
of the spent DE ‘was performed by desorption
using several organic solvents and the
efficiencies of the organic solvents in desorption
of SG were comparatively evaluated.

2 EXPERIMENTAL

2.1Chemicals

Palm oil based biodiesel (PO-B100) obtained
from a commercial biodiesel production plant in
Thailand was used as received. The temperature
of PO-B100 was carefully maintained above 70
°C in order to prevent the formation of solid
particles before adsorption test. DE was dried in
‘an oven at 110 °C for 24 h before being used in
the adsorption test. Commercial grade methanol,
ethanol, isopropanol, hexane and acetone
purchased from local suppliers were used as
received, for regeneration of the spent DE.

2.2Characterization of DE

Composition of DE was analysed using X-ray
Fluorescence Spectrometer (SRS3400; Siemens).
Morphological structure of DE was analysed by
a scanning electron microscope (EVO®MAL10;
ZEISS). N2 adsorption-desorption isotherm was
performed using a BELSORP-max (BEL Japan,
Inc.). Specific surface area, total pore volume
and mean pore diameter were calculated using
Brunauer, Emmett and Teller (BET) method.

2.3Batch Adsorption

PO-B100 was heated and continuously stirred in
a hot oil bath to attain the desired temperature
for adsorption test. 80 ml of the hot PO-B100,
transparent without presenting of any solids, was
mixed with DE in a 250 ml Erlenmeyer flask and
shaken in an orbital shaker (4000ic; IKA) at 220
rpm. Adsorbent loading was varied from 0.5 to 3
wt% and adsorption temperature was varied
from 65 to 80 °C. The amounts of SG in PO-
B100 before and after adsorption were quantified
using a gas chromatograph equipped with flame
ionized detector (GC-FID).

Efficiency of DE in SG removal was evaluated
from reduction amount of SG (Rsg, Eq. (1)),
selectivity towards SG removal (SsG, Eq. (2))
and SG adsorption capacity (gse, Eq. (3)).
Amounts of monoglycerides (MG), diglycerides

(DG) and triglycerides (TG) adsorbed on DE
were calculated from Eq. (3).

Cer o —C.
RSG =MX100 (1)
SG,0
S = Isa x100 (2)
dse *+ 9mc + 9pc T 916
L= Wmoo(;i,o —Ci,t) (3)
ads

2.4Regeneration of Spent DE
Methanol, ethanol, isopropanol, a mixture of
equal volume of hexane and isopropanol (Hex-
IPA) and acetone were used to desorp SG from
the spent DE. In order to compare the desorption
efficiencies of these organic solvents, adsorption

- of SG in PO-B100 was performed (65 °C, 3 wt%

and 2 h) and the spent DE was then separated
from PO-B100 by vacuum filtration through a
filter paper (pore diameter of 0.2 um). The solid
cake remaining on the filter paper, the spent DE,
was mixed with the solvent (0.25 wt%) and the
mixture was shaken at 65 °C for 2 h. Then,
vacuum filtration through 0.2 um filter paper
was used to separate the solvent from the
regenerated DE and the organic solvent was
removed from the filtrate by heating at 60 °C in
a vacuum oven. Total amount of SG desorbed
from the spent DE was quantified using a GC-
FID.

2.5 Analytical Methods

Amounts of FAME, glycerol, MG, DG, TG and
SG were quantified using a GC-FID. Equipment
and conditions used were the same as previous
work [9]. Quantification of SG was performed
by the method adapted from ASTM D6584,
similar to the one used in the previous work [9].
Tricaprin (8 mg/ml in pyridine) was used as an
internal standard (ISTD2). Calibration curve of
SG in PO-B100 matrix was made. 250 pl of a
mixture of biodiesel (130 ul), ISTD2 (20 pl) and
SG (5-50 pg) in pyridine was prepared. The
mixture was silylated with N-Methyl-N-trime-
thylsilytrifluoroacetamide (MSTFA, 350 pl) at
60 °C. After complete silylation, heptane (6 ml)
was added to the vial. 1 ul of silylated solution
was injected to the GC-FID. The obtained
calibration curve was a straight line expressed as
Wse = 119.2(4sc/4AisD2); R = 0.992. For
quantitative analysis of SG in samples, pyridine
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(200 pl) and ISTD2 (20 pl) were added to 130 pl
of each sample. It was silylated and analyzed
with the same procedure used in the preparation
of calibration curve.

3 RESULTS AND DISCUSSION

3.1 Properties of Diatomaceous Earth
Composition analysis by XRF revealed that DE
consisted of SiO2 (75.13 wt%), AlLOs: (12.12
wt%), Fe203 (9.25 wt%) with trace amount of
K20 (2.25 wt%). Figure 1 shows that DE has a
flake-like broken structure. DE contains nearly
regular array of submicron pores with diameters
in the order of about 0.5 — 1 pum. The result
obtained from N2 adsorption-desorption isotherm
revealed that DE had adsorption isotherm of
Type IV according to IUPAC system and DE
had BET specific surface area, total pore volume
and mean pore diameter of 25.4 m*/g, 0.0298
cm’/g and 4.69 nm, respectively.

Figure 1. SEM image of diatomaceous earth

3.2Properties of PO-B100

Quantitative analysis using GC-FID revealed
that the composition of PO-B100 fulfilled the
requirements of ASTM D 6751 and EN-14214.
It contained FAME, glycerol, mono-, di- and
triglycerides with the amounts of 97.1, 0, 0.7,
0.18 and 0.02 mass%, respectively. Quantitative
analysis of SG confirméd that PO-B100
contained SG with very low concentration (97.6
mg/kg). Moreover, it was found that PO-B100
became highly turbid due to the formation of
fine particles within 1 h after the temperature of
PO-B100 was reduced to the room temperature,
about 30 °C.

3.3Efficiency of DE in Adsorption of SG
Adsorption of SG on DE was investigated in the
temperature range of 65-80 °C. Firstly, time
required to reach the equilibrium of adsorption
was measured at the lowest temperature (65 °C).

At this temperature, after PO-B100 was treated
with DE (1 wt%), the concentration of SG
decreased rapidly in the first 10 min and it
became constant at around 64.9 mg/kg within
1 h. Accordingly, time to reach the equilibrium
of SG adsorption was considered as 1 h and the
performance of DE evaluated at 1 h will be used
for further discussion in this work.

Effect of Adsorbent Loading

Figure 2(a) shows the amount of SG removed
from PO-B100 (Rsg) by DE when PO-B100 was
treated with various amounts of DE. Rsc
increased with the increase of adsorbent loading
from 0.5 to 3.0 wt%. However, the effect at
higher temperature (80°C) was slightly more
significant comparing with the effect in the
lower range of temperatures (65-75 °C). Figure
2(b) shows that the amount of SG adsorbed on
DE (gsc) decreased with the increase of
adsorbent loading. The effect in the range of
lower adsorbent loading (0.5-1.0 wt%) was more
significant comparing with the effect in the
range of higher adsorbent loading (1.0-3.0 wt%).
The lowest concentration of SG (28.9 mg/kg) in
PO-B100 was obtained after adsorption at 80 °C
and 3.0 wt%, corresponding to Rsc = 70.4%.

Rya (%6)

Tye (mg/g)

0 1 2 3 4
Adsorbont koading (%)

Figure 2. Effects of adsorbent loading on
efficiency of DE in SG removal at T (¢) 65,
(0) 70, (A) 75, (x) 80 °C; Csa, = 97.6 mg/kg
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Effect of Adsorption Temperature

Figure 3 reveals that effect of temperature on gsc
was significant at low adsorbent loading (0.5-1.0
wt%) and the effect became insignificant when
the adsorbent loading was 2.0 wt% and higher.
At low adsorbent loading, gsc reached the
maximum values at temperature around 70-75
°C. This similar characteristic was also observed
when magnesium silicate or bleaching earth was
used as adsorbent for removing SG from PO-
B100 [9]. This characteristic implied that some
other minor components presenting in PO-B100
were simultaneously adsorbed on DE while SG
adsorption occurred.

10

gna (mg/D

O N A & =

60 65 0 75 & 85

00

Figure 3. Effect of temperature on efficiency
of DE in SG removal at Wags = (©) 0.5, (O)

1, (4) 2, (x) 3 wt%; Csc,0 = 97.6 mg/kg

3.4Effect of DE on Other Components

Since biodiesel has many minor components and
quantification of all the minor components is
difficult, MG, DG and TG, which are strictly
controlled according to ASTM D 6751 and EN-
14214, were quantified and their effects on SG
adsorption by DE were further discussed in this
study. Figure 4 shows the reduction amounts of
SG, MG, DG and TG when PO-B100 was
treated with DE (1 wt%) at various temperatures.
At these conditions, more than 30 % of SG was
removed whereas less than 4 % of MG, DG and
TG were removed from PO-B100. As shown in
Figure 5, the selectivity of DE towards SG
adsorption (Ssg) at temperatures in the range of
65-75 °C was small (around 11.0-15.2 %). This
small value of Ssc indicated that DE was mostly
occupied by MG, DG and TG. This result
suggested that to obtain high efficiency of DE in
SG removal in this range of adsorption
temperature, the amounts of MG, DG and TG in
biodiesel feedstock must be low enough, to

reduce competitive effect from MG, DG and TG
adsorptions. In contrast, when the adsorption
was performed at the higher temperature (80
°C), Ss was as high as 43.3%.

%SG MG eDG &TG
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£ 304 6 &
‘E -]
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660 6 T 75 80 B
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Figure 4. Effect of adsorption temperature
on reductions of SG, MG, DG and TG (Csg,0
= 97 mg/kg, adsorbent loading = 1 wt%)
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Figure 5. Selectivity towards SG adsorption;
Wads = 1 Wt%, Csc,0 = 97.6 mgl/kg

3.5Regeneration of Spent DE

Since SG is one derivative of sterol and it has
high value, desorption of SG from the spent DE
should be challenged. As presented in Table 1,
Hex-IPA was the best solvent that can be used to
desorb SG from the spent DE in the regeneration
step. However, desorption at this condition could
desorb only 4.4 % of the adsorbed SG. Since it is
well known that SG has very specific molecular
structure and has extremely low solubility in
commonly used solvents, the low efficiency in
SG desorption was considered as a result of the
low solubility of SG in Hex-IPA. To increase the
amount of SG that can be recovered in the
regeneration step, continuous desorption should
be performed.
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Table 1. Desorption of SG (Wags = 0.25
Wt%, Tdes = 65 oC, tdes = 2 h)

Solvent Wsa, des (Ug)
methanol 66.8
ethanol 86.4
isopropanol 185.9
Hex-IPA 253.2
acetone 19.7

4 CONCLUSIONS

Diatomaceous earth was used as adsorbent to
reduce the amount of steryl glucosides (SG) in
palm oil based biodiesel. At 80 °C and 3 wt%, it
could remove up to 70.4 % of SG presenting in a
feedstock containing 97.6 mg/kg of SG and it
had the selectivity towards SG adsorption, with
respect to mono-, di- and triglycerides, of 43.3
%. A mixture of equal volume of hexane and
isopropanol was the best solvent for regeneration
of the spent diatomaceous earth.
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NOMENCLATURES

Asg  area under the peaks of SG (uV's)

Aistp2 area under the peaks of ISTD2 (uV:s)

Cio initial concentration of “i" (mg/kg)

Ci+  concentration of “i" at any time (mg/kg)

gi amount of “i" adsorbed on DE (mg/g-
DE)

Rsc  reduction amount of SG (%)

Ss¢  selectivity to SG removal (%)

T adsorption temperature (°C)

Tses  desorption temperature (°C)

t adsorption time (h)

fdes  desorption time (h)

Was  weight of DE (g)

Wsioo weight of PO-B100 (g)

Subscript

DG  diglycerides
MG monoglycerides
SG  steryl glucosides
TG  triglycerides
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