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Abstract

This research aims to investigate suitable conditions for sub- and supercritical fluids extraction of
natural materials in Thailand to produce value added products. The first part involves extraction of
carotenoids and the purification of the compound by chromatography. The second part of the

project involves subcritical water extraction of herbs and natural materials.



Executive Summary

289 Mainnasladsnaneiiaasvadinalag ﬁﬁqm%gﬁua:mmé’uqaﬂ’hqm%gﬁ‘iﬂqmawaﬂm

v lesfisamsinganunsfssanzaampluazanuduiissse: livsngaglunannslavse
Pa9ma7 vadlwansinge @aslnafiannzlndaniginge) uazvaslnadngasiaisiiias sansn
ﬁnmﬂizqnm‘lﬁﬁumzmumsﬁﬁﬁ@@me] wauTda 1w nazwIunIEnaaIaAYINATaywlns
MINRAARAUN  DNWALLARTA AT LLa:mgmﬂwaﬁLuai’m‘m@L§ﬂLﬁamsﬂizqﬂ@ﬁlﬁuqmm%mm
#199  nananibnalulafvedlnadngadesauazvadlvaidnged  SoldAunszuiumsdessas
204 F8N1TUGARANTINENGIL  NTTUIUNTIEY Freduluvasinansdngauazaasinaings
2089 unsziiumIfinei wadsands uwaglddaslFdmisalfisem mu’i%&ﬁf@qﬂizaaﬁﬁﬁ]ﬂ%
maluladvasnansingalunsnawniadmsianninenImenIsneEasveslssing uasvinlwas
aﬁ'@ﬁmmu‘%qw%;gﬁuﬁaﬂ%%lﬂsuwimsﬂiwﬂ lugInusn I INMm e IaNaIwInLALlIAkase
LLazludauﬁaaaLﬂuﬂ’]saﬁ'@mﬂumju?\luaﬁﬂﬁ'sm{']ﬁam’;:ﬁﬁﬂn@ (amnniiszning 100 fis 375

perLTaITE lasANARGINENINHNANIZVBINAT)



LHADWIIINIRY
UN
& A A = a a £ a va = o
\uninmuddunaluladvesinaingadisauazsadinanaingaldiuanuaulauazinisdszgndls
LﬂﬂIuIaﬁﬁluﬂiZU’mﬂﬁWNqmﬁﬁﬁﬂiiu@iﬁﬂ6] 2819199 LU NITUVIRNTENASITENA Y IINAD
Aa A o & > & a & = A
aywlns  mawdandAnel  puazindsAMe  uwazeumeawefiwafumalaniNanlszendltlu
1 ¥ a Q' & =) kg Qs U
9ARNNTING 9 wanninaluladvadlwaingadisnauazaadlnandingai gelinunszuinnng
1 v 1 v U é =)
fJasamwaaLﬁﬂmﬂiﬁmuq@mvxmsuﬁnmfJ AszUIUMIENgg  sauluvadlnanadingauazuad
Twaingagiads unszuaumsnaass uaztseans waslidasldaaisafisen
d' ™ d‘y wa @ = U A a n' d'
lulassnsfiauezaiunuil fHdvazdnsinislfinaluladvasinaingamebiuazvadlnans
INYALUMINAWINTZVIUNINAANRANA NG INNITWEININIMINEATVIUTENG  lasudis
a o I ' ' = o & ea A o Aa
NwIdweanilumaddin  uEmuIn  AnvnTitasvenlasenloaingasiadslunmsanasnsng
1 ldunansdonualsfivesd  andzayulnslng  guanamigfin  naenanFasui
¥ A \ v o & o a £ A { A
wannil 1asanyadiasmIanadiluiuauLIgnveia s SulaNanInnNTAIves
a U = [ v 1 { = o v a Af =3
mﬂuﬂqmmimuaﬂﬁum um’]Lﬂumiqumﬁﬁ]zwwmm:mumiml‘v\mqmmaamnmiwuay@T
LA { o v a Qg =Y { Qs =) g
AidpdsauanazAnmnislduignizessnsualsfiuasdnana lalasawizangfinuigninaan
A A a o o [ ’~ A A =<
AN309 (Luam’mumwmaummmq@mmao@aﬂ@mLiaamww:ﬂgﬂmﬂmyluﬂizmﬂ VDI
a Agdl =3 A ] aa o dll o v Aa A€9/ =3 all
VIMILIANTNFINUNBY 20,000 Undaiianiv) Luaamﬂm:mumsmlﬂmqmmsmmnwaﬂ‘n
lanldvw  JUuaaunaltiwaa ﬁﬂﬁmiﬁ'@nmmmwm@lm:ﬁuqmm%msmﬂuvlﬂvl@?@iauﬁ’m
1 Jm a d' % =] = d' 1
pn lusuiiTuiauanazwamnszuiunmilesanlannil lasfinmaniizianzaudansuen
(1T% THAVDY Stationary phase Lz Mobile phase UIADRNIATBY Stationary phase LRZaNIINT
18289 Mobile phase)
° % > a & v 6 [ a ] A
fSusunsanaansdssianiitn mslteanivenlesenladingasiadsanaliinanzauitasann
& & & Aa & o o & \ A o wn o 2 P v A
asuanlaaan loaiduwa1INdwadn  asnuluaiungasvadtatanalasans Eaﬁmmmuamﬂmmw
A Aa a 1 =1 = > nl'u.z
ANN2zNIINAa (QannATzning 100 09 375 asrmiaaiTus I@ﬁmm@ugawamﬂmam's:maamm)
& s a o ‘U 1 ‘g Aa v { 1 1 :’ ﬁ a
Lﬂumﬂmﬂummﬂ@mimﬂfymnﬁﬂwﬂuﬂqwﬁ NNNWIBNERNINLTT  ININgaaanTn
aﬁ'@msnﬁjmauﬂﬁﬂ'ﬂuuﬁﬁnmﬁﬂmaaéfuﬂa ‘ﬁ%aﬁmﬂéjw?\luaaﬂmﬂﬁmaguvlwmmMﬁ@ LT
g v ] a a A Y g: { :/ & a
vr3zdun  wieana nolaasiflids=fnsaw  wazuannantadIRANNRIINAaRIVRIINNIANY A
£ g‘ ﬁ a e A wa s I3 v K & a ) ™ aaa a
us? hnsingedidisntansuandadulesanldd Fssusaduainasdmsuljnselaleslads
{ a a o A a o 24
PYDITINIARIANINVDINTHANIINITN AT Lﬁamma@wammsﬁyammu e luwafanuininng
a o L = a o U v 1 a a a s g; 1 dl
AIngasunTashanltlumsanaldsdunaznsaeziluanindnlaesnafidsedintam  aanulusiui
R09U0IT LR WA LATINITI ?jaﬁﬁ'@qﬂszmﬁl,ﬁa?iﬂmmmﬁ'@ayuvlwsmﬁ@ﬁuﬁaﬁ%'@%’aﬂén PREGR
ﬁm:nm’mLi"fluvlﬂvl,@‘ijl,uﬂ'mﬁwﬂizaw%mwmaammﬁ'@ﬁaﬂmsm%wi'mqaﬂummﬁ'@hsﬂ,"ﬁ

wmaluladlulasan



Namaamﬁ%’ﬂﬁﬁﬂﬂg&ﬂﬁﬂ'@umm:mumiﬁﬂaa@ﬁ'ﬂ@iagi:u‘ﬂmLLazaaLLamﬁauluﬂWiLﬁu
' v A A ') o @ < o a A o
gaml%ﬂuwmguvlws"lwmsmmumwmﬂsmmymaaﬂszmﬂ saummq@umﬂuwawaamvl,ﬂmo
= g; % & v 6 1 d'o & 1 6 a d' a
NMINBAT Emmmmumimwammmﬂm wQWLﬂumaﬂWiﬂizqﬂmLﬂﬂIuIawaa"lmam'mqmmz

289 na3ngaeadslunIzuInnIaIna

[ 6
10qilszden

o ada s o v a £ 1 a [ K% ad |
1 NIUIITNIIRNG LLazmsm‘lﬂmsmqmmaamiﬂqmmi‘muammmﬂmuﬂmmﬁw
2 ANWIRNNENANZRN ‘lumsaﬁhmsmjwﬂuaﬁnﬁa #ii1NaIng @

= ada v
S IENERRRL
1 SIUTINLBNFNTILY
2 NARAUITNIILATIZRENT
[ 1 a 6 o v a wa ad =
3 maaamiaﬂ@msﬂéguLmiiwuaﬂ@Ltamﬂﬂmsmqmmmﬂmuﬂmm’]w
s 1 a a o v v g/ A a
4 maaaanmmanuﬂuaaﬂ’l,mw’nLLazLﬂﬁaﬂwwawmummaﬂqm
4 agﬂmau,a:ﬁﬁ']mmua:m’%ﬂuwaamaﬁuw“lmwsmsmmm@



ci v a o
Haf laa1ngwIvy
AN o Ao g ) A A A o Ao A
nan laanawdanlulasenist  1asunsaRun lkINTENITINITZAUMWITIAIIWIY 6 1389
aaeia b

1. Boonnoun P., Opaskornkun T, Prasitchoke P., Shotpruk A. Purification of Free Lutein from
Marigold Flowers by Liquid Chromatography, Engineering Journal 16(5), 145-156.

2. Boonnoun P., Nerome H., Machmudah S., Goto M., Shotipruk A. Supercritical Anti-solvent
Micronization of Marigold-derived Lutein Dissolved in Dichloromethane and Ethanol, Journal
of Supercritical Fluids 77 (2013), 103-109 (IF2012=2.732).

3. Boonnoun P., Nerome H., Machmudah S., Goto M., Shotipruk A. Supercritical Anti-solvent
Micronization of Chromatography Purified Lutein Using Hexane and Ethyl Acetate Solvent
Journal of Supercritical Fluids 80 (2013), 15-22 (IF2012=2.732).

4. Prommuak C. Pavasant P., Quitain A., Goto M., Shotipruk A. Simultaneous Production of
Biodiesel and Free Lutein from Chlorella vulgaris. Chemical Engineering&Technology 36
(2013), 733-739 (IF 2012=1.366).

5. Wataniyakul P., Pavasant P., Goto M., Shotipruk A. Microwave Pretreatment of Defatted Rice
Bran for Enhanced Recovery of Total Phenolics Compounds Extracted by Subcritical Water,
Bioresource Technology124, 18-22 (IF 2012-4.750).

6. Chainukool S., Goto M., Hannongbua S., Shotipruk A. Subcritical Water Extraction of
Resveratrol from Barks of Shorea Roxburghii G. Don. Separation Science and Technology,

Accepted (IF 2012=1.164).

50971 1-3 dumaiamasgiudsszanaananiizad mmﬁ'@gminmﬁﬂﬁﬁmmu’%@m%ﬁuﬁazl
5lasunlans i LLa:ﬁﬂﬁLﬂum&mﬂmm@Lﬁﬂlumﬁ‘uauvlﬂaanvléﬁﬁ%ﬂqwma@ﬁa F097 4 (Jums
ﬂi:qﬂﬁﬁu@auﬁ"tﬁ?iﬂmmﬁ%m%umiaﬁ@LLasznmigﬁuﬁmzmﬂ@aﬂ@mﬁaaﬁummﬂﬂmi@ﬁu
SR liIINaIMINEARDLIAaN WIANTSE 30971 5-6 \dunsdnsmssnasssdyanioayulns

Lz TNA8NNINg e



4 4
b3IBIN 1

%aﬁlad (éimm:}) Purification of Free Lutein from Marigold Flowers by Liquid Chromatography

a £

A A o o A a A Y a
TALID (VLV]U) m‘m’ﬂ%usaﬂﬁmada %aajz'ﬂqﬂ@aﬂ@n?Liaﬂ@nUI@]?NWI@]?ﬂ?’TWTQGLV\ﬂ?

q Q
& 1

{ v s a e a Qf
Toiluu (Ine) Unigwed yywa ', suis Iamﬁmiqa1, Wanuwud Usedntloa’, Inlas Iuimiuqs

q v

=3 a 1
uazefinyTas ludwgn

A ' o o v A

TAaNUIBNWEINAVDINLUL Y (Ine)
1. AAITIAINIINLAT ARIAINTTNARAS gwwaamﬁwﬁwmé’y NJLNA 10330
2. 158 Uan. Inauaa Lalinaa 3x8a9

3. maimiuaduaziafitzgnd aninsaspinlulaz Qiu

T8I (ETGﬂm:r) Engineering Journal

A & ' Al A a ' a A Aa £ o a o = S8 A
@mLsaaLﬂJuLmawaaLLsnuIﬂWawLiﬂmﬂg'ﬂu saduanlgndduayuadazuazdunziis Il
U, Qs o vV A A€ { 1
sz lomisagnuan ﬁﬂ%ﬁmiﬁﬂmmsaﬂ@LLa:ﬂwsﬂwluusqﬂﬁmaamsgﬁuﬁﬁmmmm:awmams
o & A & addA) o ° o = Aa £
1°N’1u1umgw Immimm’]wmadmmLﬂmﬁﬂlmmnlumsml%miﬂizﬂaumsmwmmwmqm
o A A o A & o o, @ ' v aad Ao A= & P
Tmantaunuazigmainduiaduiiagydenisuanaluish lux‘l’]u’sﬁ]U%ﬁ]\‘lﬁﬂ‘]ﬂ”lﬂ”liLLﬂﬂﬁ’]iE}ﬂ%
daazaedtlaulani® lasldGines wazarvhasssnausznianawaziondaosdiaaduiy
meafsuazigmanfonil  @wWsau  FunmImsandIwimInzauaInazaonaylas
NaRaUNULATINLAINIINUNILI WUINATINEZANINNDAIIEIN 70:30 laolSunaTuadantan:La
NEROLTLAR Lﬂuéhﬁwa:mslﬁmm:auﬁm%’ummmgﬁuﬁ'sm%%‘[mm‘[mmwﬂLmuua%&mmWa
v aa A o ¢ L ' A Ao
mnaaadinisnenagislasunlanndlunasudswalna i WwuEanIauenananiuhianu
a Af U, a v 1 Q ¥ { v =) ¥ %
mqm"[@ﬁa 971 % laodtSuNmEalalyinny 60 % wanandk  LHasannIuenaledshands
% ™ aa a w . Q/ Q 1 & 1
WANMIVBINIATUYBIFNTNULUTINLAE mmaUﬁ?ﬁdﬁﬂmmsg@sﬁwaaszuumﬂm’s TINUIN

a a o A | o =
&IWf]@lﬂiillﬂ’ﬁ@@sﬁ‘]J‘ﬂﬁ&l@]'aLl]%leI@ﬂ&lLLUU%WGQG“IIBGLLSGL&IU?



13897 2
Tal3e9 (éimm:}) Supercritical Anti-solvent Micronizaton of Marigold-derived Lutein Dissolved in

Dichloromethane and Ethanol

A A ° v & = A A o A A a
o309 (lno) mimlmlluagmﬂmm@Lanma\‘i@wuﬂ@ﬁnﬂmaLia\ma:mU‘Luvl,@ﬂaaiiumw,m:
LANTILDA

A v A b 6 a a 6 a A
Todilon (Ine) Ualgwed ygwin angh wlua Fa ansyend lulaluy Inlaz uazanfinssm 1o
W
A , o o v A
Tanhonwainavegidon (lny)
1. wihgd JiamaAmnsueiiiveiuyaizasminensminm
MAITIAINTINAL AUAAINTINATAT gwwaansd&mﬁwmé’y NLNA 10330

2. ddfiadneasdiuwiainssn anineasuwline) 4w
TaIFNT (5\1ﬂmﬂ) Journal of Supercritical Fluids

Ac Sao ¢ A = ° v = = P o A o
mmasum@qﬂszaaﬂLwaﬂﬂw’m’ﬁml%Lﬂum‘gmwm@Laﬂmaagﬂu"l,@wlmmn@aﬂmaLiaamsmi
ANAZNaWANINNAIVNAZ AL miazmﬂgﬁuluvl@]ﬂaaIsﬁmu‘ﬁ%aLammaagﬂvﬁmﬁﬂﬂlu

6 A QI 1 o A d'd ' > d! 1 [ (% =S a a
msuau"l,@aaﬂvlsﬁmﬂqmm@mmummwmmmmﬂwnaagmﬂlwaam'}mu Tau@AnE1anTwa
2Y2IANNABLAZEATINT IRAVBIAS UK laaan UG IngAealedaTIaLaf g LaTNINITZNLAIVD

' =i & o ') Ad
UWNAVBIBUNA  WUTIVIALAREVBIARIALANAINN  202.3 vl,uimmmmmugmuﬂ"l,umu
AT UIUNNIRInTTWIA1.58 tulastuasuay 902 wluluas ém%’umsﬁﬂﬁﬁ@amgmﬂmm@Lﬁnim
lrlaaaalTTNBULAZIANTINES  ANIAU  MWNIFAITEUL LWL NABLAZEATINNT LAAY DY
m%uau"l,@aaﬂvlfﬁﬁ%ﬂqmm@‘ﬂaﬁm@iagﬂiwaé’nwmwaamgmﬂaziwﬁﬁfﬂéwﬁzy agalsfieny wui

ANMUABINAAI VU ALAZNITNIZINAIVDY a‘t{;mﬂmaagﬁu

10



138491 3
Ta1309 (éimm:}) Supercritical Anti-solvent Micronization of Chromatography Purified Marigold

Lutein Using Hexane and Ethyl Acetate Solvent Mixture

A A o v & = A A v & Yo o
TaLID (VLﬂU) ﬂ']?ﬂ']l“laﬂua%ﬂ']ﬂmu']@Laﬂmaﬂﬁﬂ%wqﬂﬂqﬂ@qjljaﬂi(ﬂUlﬁ@?ﬂqazaqﬂwaNLaﬂLsﬁu

LAZLDDROSTLAS

Todilon (lny) Yalgwed ygwin angh wlua Fa ansyend lulaluy Inlaz uazanfinrsm 1o
W

A ' o o v A
TanUI LW FINAVDINI T8 (Ine)
1. wholJuamAeansmualiNaiiuyaf12aInIneInImemw
MAITIIFINITNAY AR IAINTTUARAT gwwaansd&mﬁwmé’y NILNA 10330

2. dadiaInmasduwiainsin swninedouwlne giu
TaIRNY (ETGﬂf]H)Journal of Supercritical Fluids

a W@ ¥ 1 v o VYV & = a Af { v {
\‘nmﬁ]Uﬁ&;oLuumimslﬁLﬂumgmﬂmm@Lamlaamigﬁumqmﬁvlmnﬂ@Em@mSaaﬁa:a’m
ludrrazaenauszaanowLasiantaasdiaa (70:30 lasusnnas) Saduarviazananlnin
a P ° o a Lo aa A v & o
wxlmmau“nluns:mumsml%msm@f‘mﬁmmﬂmmimﬂﬁw NANIINARAILRAI A LAWINNINA
ﬁwamn&iaé’nwmwaom&mﬂ muﬁumwmﬁuﬁm’%uﬁmaagﬁuﬁnﬂ 1.5 104 3.2 FANTUGaNARNT

wazMIANEATINTT IMaTasasuanlaaanloaingaeadann 15 1w 25 Rafasdewf Lilinada

'
A

SnuMzrataMA adnd linaw wuiwm@agmmaﬁﬂa@mmn 2 1flu 0.8 lulasiiaas (Waiiu
sammilnsvasasvanledngaeias sluuuzaImmninsasTifianduasaunagiinuaasliiin
Tpfiudansucliibulasenmdn mmxﬁyjﬁﬁ nmudWasy  swalasalad  szydilainns
Lﬂ§wuﬂaamao‘[maﬁ%ﬁamoLﬂﬁmaomsgﬁumwé’wﬂ’mszmumsﬁﬂﬁlﬂumgmﬂmm@Lﬁn

uamnnftmqwmmsnlummxmwaag‘ﬁulumsazmﬂiﬂﬁmgaﬁumﬂﬁﬁmmm:mUﬁaﬂmﬂﬁau

Nﬁ%ﬂizﬂﬂuﬂﬁiﬁﬁlﬁLﬂuﬂ‘Léﬂ’]ﬂ‘ll%’]@]Lgﬂ aulanisazanadszuno 20%

11



13099 4

Tal3e9 (éimm:}) Simultaneous Production of Biodiesel and Free Lutein from Chlorella vulgaris
A A a a A a o o o a
o309 (lny) mma@l"l,ﬂa@LsﬁaLLazg‘nuam:"l,a.lwsamﬂumﬂﬂaal,iam VANIE

A v A [ a 6 a [ 6 6 A aAa a
TodilBuu (Inp) dasfing wananaan Usnady maud a1sainule 7 Gadu lulaluy Inlaz uas

a3 lodngny

A \ o o v a
Fawhonwainavegiion (lny)
1. wihodJuamiensmualilNaiiuyaf1uaInIng N m
MAITIAINTINAL AMIAINTINANFAT PNMINTAUUMIANGNAY NTINW 10330
a = s = 6 a s lﬂl [
2. madniaduazialdszend aminsaepanlulas diu
3. dadiaingapdwiaansin aninsapuwlne giu

%amsmi (Eﬁﬂqw) Chemical Engineering&Technology

lulafimauszanayadigeaiiumannndaldanioniuwanamianaluduzasaaaisaal Tande 43
Ufsednaltlunrmdiemnasfinduseslasnfimelsd  dszwgaawdumsasdulumafougfin
esinasvainia lusiuliidugfiudas:  waldvaslulefimagegaiidnvindy  33.6% Tagviminuas
Toduanawie dadffsuifadu 4 dalus uszdanduszwinanmuaauszinaritu 16:1
Taglddusolftiondn 6%  dauszunmuesluliinmiiiuwedmivluladimassvliiAansa
Uauliliatuadwsnynivasgiiwemnaivainialuduldidugfivdss:  laslinaldvindy  2.3%
Tasninasladiuanamineg  wenanit naznumsdmiumsuenlulefioauazgiiudaszean
INNWAANIWVDIU TN ﬂ'@gmauaﬁu LLa:ﬁwﬁq@ matszlumaessgeansidesduuanli

~ 1 a a =) a 1 a a}ld I3 U
L%%’J’]ﬂiZU’J%ﬂ’]iNﬂ@]vLUIaﬂL‘HaLLaza"{]uaaSZﬁ]’]ﬂﬁ’]%T} grianiaudwldle

12



138971 5
Tal3e9 (é’\mqr}) Microwave pretreatment of defatted rice bran for enhanced recovery of total
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Abstract. Marigold is a rich source of a Xanthophyll called lutein, which shows anti-
oxidant and anti-cancer activities and is beneficial to eye health. This has led to various
extraction and purification studies to obtain the high purity free lutein suitable for human
applications. Liquid chromatography is extensively used to purify high value natural
compounds because the process results in high purity products. The suitable mobile phase
and stationary phase are the key factors to achieve high purity. In this work,
chromatographic separation of lutein extracted from marigold flowers was investigated,
using silica gel and mixture of hexane:ethyl acetate as a stationary and a mobile phase,
respectively. Initially, the suitable composition of hexane:ethyl acetate was determined
using a thin layer chromatography. Hexane:ethyl acetate mixture at 70:30 volume ratio was
found to be an appropriate mobile phase for a normal phase chromatographic separation
of free lutein. Preliminary experiments on a semi-preparative and a preparative column
carried out at the mobile phase flow rate of 10 ml/min suggested that as high as 97.1 %
purity free lutien could be obtained with a 60 % approximate yield. Moreover, since the
separation by chromatography arises from the adsorption of free lutein onto silica gel, thus
to better understand the process, a batch adsorption study was carried out to obtain the
equilibrium adsorption data. The isotherm plotted from these data was found to be
reasonably described by Langmuir adsorption model.
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1. Introduction

Marigold flower is one of the richest sources of natural carotenoids. The major carotenoid in marigold is
lutein, which has been reported to be beneficial in several aspects to human health such as supporting eyes
and skin, and reducing the failure of the eyesight due to age-related macular degeneration (AMD), coronary
heart disease and cancer [1]. Therefore, lutein has gained much interest due to its potential in nutraceutical
and pharmaceutical applications.

In marigold flowers, lutein generally exists in the form of lutein fatty acid esters. Conventional method
for marigold lutein fatty acid esters extraction is achieved by solvent extraction (generally using hexane).
Alternatively, the environment friendly and non-toxic extraction solvent such as supercritical carbon
dioxide (SC-COy) can also be used so as to provide milder extraction conditions [2]. Since only in its free
form that lutein can be taken up by human body [3-4], marigold extract or marigold oleoresin must
therefore be saponified with an alkali solution, i.e. KOH solution, to obtain free lutein [5]. Unfortunately,
the saponified lutein mixture contains many impurities such as soap, oil, unreacted lutein fatty acid esters.
Thus, a purification process is generally required to obtain purified lutein for human applications.
Crystallization is a common process for purifying free lutein, however it results in rather low yield and
purity. Although high purity could be achieved by re-crystallization, the process requires several steps,
making it rather complicated, and thus lowering the overall yield [6].

Alternatively, liquid chromatography is extensively used to purify high value compounds from natural
product. The development of an appropriate protocol (i.e., the optimization of mobile phase system) for
chromatographic purification of a specific compound is generally performed via trial-and-error on an
analytical High Performance Liquid Chromatography (HPLC). The isolation procedure on such analytical
scales has been reported in existing literatures for free lutein derived from different raw materials, including
fruits, vegetables and marigold flowers [7-8]. However, very few reports on chromatographic purification of
lutein in larger semi-preparative and preparative scale were found.

In this work, normal phase chromatography with silica gel as a stationary phase was used for purifying
free lutein from the saponified marigold oleoresin. Firstly, the suitable mobile phase system was
investigated by using a thin layer chromatography (TLC), and with this suitable mobile phase, a preliminary
study on an open column semi-preparative chromatography for lutein purification was conducted. Finally, a
chromatographic separation was catried out on a preparative column to obtain the high purity free lutein.
In addition, since the chromatographic separation arises from the partitioning of lutein between the mobile
phase and the stationary phase by adsorption, the study on the adsorption equilibrium will provide better
understanding of this process. Batch adsorption experiments were thus carried out to determine the
adsorption isotherm of lutein on silica gel. The experimental results were fitted with the linearized forms of
various adsorption models, and an appropriate model was proposed.

2. Materials and Methods
2.1. Materials and Chemicals

Dried marigold flowers were obtained from PTT Grobal Chemical Public Company limited (Rayong,
Thailand). All the samples were finely powdered prior to use. Hexane (purity>99.5%) used for solvent
extraction, recovery of total xanthophylls and mobile phase of semi-preparative, preparative liquid
chromatography was supplied by Sigma-Aldrich. Chemicals used for saponification such as ethanol,
potassium hydroxide and hydrochloric acid were purchased from Merck, USA. Diethyl ether was supplied
by Merck, Thailand. Silica gel supplied by Merck, Thailand, was used as a chromatography column packing
material. Ethyl acetate supplied by Merck, Thailand, was used as one of the components in the mobile
phase of semi-preparative and preparative liquid chromatography. Lutein standards (analytical grade) were
purchased from Sigma-Aldrich, Germany.

2.2. Solvent Extraction
The amount 100 grams of dried marigold powder was extracted with 500 ml of hexane in a 1 L beaker. The
extraction was carried out for 4 h in a water bath whose temperature was controlled at 40°C. After

extraction, the mixture was left to stand for 20 min at room temperature to allow the residue to settle. The
supernatant was isolated and the caroteniods containing hexane solution was concentrated by a rotary
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evaporator at 40 °C. The extract was then dried by a vacuum oven at 30 °C for 8 h. The remaining solid
(marigold oleoresin) was collected and stored in a refrigerator at -20 °C for use in the next saponification

step [6].
2.3. Saponification

The amount 0.6 of gram KOH was dissolved in 10 ml of ethanol in a 125 ml flask, into which one gram of
marigold oleoresin was then added. The flask was shaken at 150 rpm and 50°C for 4 h. After the reaction
was completed, 50 ml of ethanol was added into the saponified mixture, and this mixture was then
transferred to a separation funnel, into which 100 ml of 5% Na>SOy4 solution (in distilled water) and 80 ml
of diethyl ether were added. All components were allowed to mix, and then separated into two phases. The
upper phase (ether fraction) was collected as free lutein stock solution, while the lower phase was discarded
water-soluble impurities still remained in the free lutein stock solution were extracted repeatedly with water
until the water phase became colotless [9]. The resulting free lutein stock solution was then stored in a -
20°C refrigerator for use in a column chromatography.

2.4. Purification by Chromatography
2.4.1. Thin layer chromatography experiment

Silica gel coated thin layer chromatography plates (TLC silica gel 60, 25 Aluminium sheets 20 x 20 cm,
Merck, USA) were used for screening for a proper mobile phase. Lutein stock solution was spotted onto
TLC plates, each of which was then placed in a chamber containing the mobile phase of different
composition. Mobile phases tested were mixtures at various compositions of hexane and ethyl acetate (at

the ratios of 100:0, 90:10, 80:20, 70:30 and 60:40 hexane:ethyl acetate).
2.4.2. Column packing procedures

Silica gel was suspended in hexane to the slurry at a concentration of 5% (w/v). The suspension was then
degassed overnight using a sonicator. The slurry was packed into a 8 mm X 240 mm semi-preparative open
column or a 35 mm X 240 mm preparative chromatography column.

2.4.3. Semi-preparative open column chromatography

The amount 5 grams of silica gel slurry prepared as described above were packed into a glass column
(8%240 mm) and 0.5 ml of lutein stock solution was then loaded into the semi-preparative glass column.
Then mobile phase mixture of hexane: ethyl acetate (70:30 v/v) was allowed to flow by means of gravity.
Fractions were collected on a one minute intervals for the HPLC analysis of free lutein content.

244 Preparative column chromatography

The amount 100 grams of silica gel slurry was packed into a glass column (35%X240 mm). 10 ml of lutein
stock solution was loaded to the column and eluted with the mixture of hexane: ethyl acetate (70:30 v/v).
The sample was eluted from the bottom of the column by means of a peristaltic pump (Masterflex, model
number 7523-60, Cole Parmer Thailand) at a flow rate of 10 ml/min. The fractions were collected at 10
minute intervals and were analyzed by HPLC.

2.5. Adsorption of Lutein on Silica Gel

A known concentration of free lutein stock solution was diluted to give a seties of solutions of free lutein
whose concentrations range from 2.0 to 12.0 pg ml!. Batch mode adsorption studies were carried out in a
125 ml covered conical flasks by first equilibrating an accurately weighed amount of silica gel (about 1 g)
with 10 ml of sample solutions of known initial concentration of free lutein. The samples were agitated in
an orbital shaker at 120 rpm and 30 °C for 30 min. After reach equilibrium, the contents of the flask were
analyzed for the concentration of free lutein by a spectrophotometer. The concentration of the adsorbed
free lutein was calculated by the difference of the known total amount of free lutein and the amount
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measured in the solution after equilibrium. The amount of adsotbed solute (Cag, pg free lutein/g dry silica)
was calculated from Eq. (1).

(VoCo = Cae (Vo + A1) "
Wa

whete the dilution volume, AT (ml) = (W, — W,)/p in ml, W, and W, are the weights of wet and dry silica

in g, respectively, 175 is the volume of the solution (ml), Cy and C, are the initial and equilibrium

Coa =

concentrations (Ug/ml).

2.6. Analysis of Free Lutein by High Pressure Liquid Chromatography (HPLC)

The extracted, saponified and chromatography purified samples were analyzed by HPLC to identify luteins
components in the samples. The reversed phase HPLC analysis was carried out using Agilant 1100,
Lichrocart C-18 column (30 cm length), a Diode Array Detector Module 335 and an automatic injector.
The mobile phase was a gradient solvent system composed of acetonitrile:methanol (9:1,v:v) (A) and ethyl
acetate (B). The gradient system was run by lineatly increasing solvent B from 0% to 100% over 30 min, at

a flow rate of 1 ml/min. The sample injection volume was 20 ul and the detection wavelength was set at
450 nm [10].

2.7. Analysis of Saponified Sample by Liquid Chromatography Mass Spectrometery (LC-MS)

The saponified sample was analyzed by by HPLC to identify the luteins components. The reversed phase
HPLC analysis was carried out using Agilant 1100, Lichrocart C-18 column (15 cm length), a Diode Array
Detector Module 335 and an automatic injector. The mobile phase was a gradient solvent system of
acetonitrile:methanol (9:1,v:v) (A) and ethyl acetate (B), from 0% to 100% of B using a linear gradient
injected over 30 min, at a flow rate of 1 ml/min. The eluents were analyzed by Bruker Daltanic Model:
Esquire 3000 to confirm mass of free lutein. MS was carried out in the positive ion measurement mode
with a detection voltage of 1.6 kV, an APCI temperature of 400 °C, a curved desolvation line of 250 °C,
and a block temperature of 200 °C. The flow rate of the nebulizer gas was 2.5 ml/min. Full scan spectra
were obtained by scanning masses between m/z 200 and 800 [11].

2.8. Analysis of Purified Sample by Hydrogen Nuclear Magnetic Resonance Spectrometry (H-
NMR)

Hydrogen Nuclear Magnetic Resonance Spectrometer (H-NMR) was acquired on a Varian INOVA model.
All spectra were measured in CDC13 at 25°C with CP/MAS solid probe and Nano probe.

2.9. Analysis of Adsorption Isotherm

Adsorption data obtained from the experiment were fitted to the Langmuir and Freundlich models (shown
in Table 1), to determine which of the models appropriately describes the results.

Table 1. Isotherm models.

Name Equation Linear form

. 1
Freundlich model  C,4 = KFCl/n log C,q = log Ki + Elog Ceq

eq
. KLaLCeq 1 1 1
Langmuir model  Cggq = m a = KLa—LCeq + K_L
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3. Results and Discussion
3.1. Liquid Chromatography Purification

HPLC and LC-MS analyses were used to determine the components of the saponified samples. The HPLC
analysis results indicated that the solution consisted of two major compounds whose retention times were
about 10 and 11 min, respectively (Fig. 1). The other impurities in saponified sample were detected at
retention times of about 8 and 16 min. The identification of the compounds was then carried out by Liquid
chromatography mass spectrometry (LC-MS), which indicated that the two compounds corresponding to
the mass of 568 and 551 were, respectively, free lutein and the anhydrolutein, a lutein compound whose
molecule was absent of an OH group (Fig. 2). This anhydrolutein might be a result of oxidization in the
presence of oxygen by light or at moderate temperatures [12] during the extraction and saponification
processes. LC-MS result of purified sample was compared to LC-MS result of lutein standard from
Molnar’s work [13]. From LC-MS results, purified sample contains free lutein, anhydrolutein and small
amount of other impurities but lutein standard contains only free lutein and anhydrolutein.

Fig. 1. HPLC chromatogram of saponified lutein sample.

Fig. 2. LC-MS chromatogram of saponified lutein sample.

3.1.1. Screening of mobile phase by thin layer chromatography (TLC)

The hexane:ethyl acetate mixtures of various compositions were tested. The results shown in Fig. 3
indicated that the green spots of the samples were moved upwards from the base line when the mobile
phase contains higher volume ratio of ethyl acetate. The most suitable ratio of the mobile phase was found
to be 70:30 (hexane: ethyl acetate v/v), giving the clearest separation of the two major components.
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Fig. 3. Separations on TLC by hexane: ethyl acetate mobile phases at various compositions: (a) hexane:
ethyl acetate = 100:0 v/v, (b) hexane: ethyl acetate = 90:10 v/v, (c) hexane: ethyl acetate = 80:20
v/v, (d) hexane: ethyl acetate = 70:30 v/v, (e) hexane: ethyl acetate = 60:40 v/v.

3.1.2. Chromatographic purification on semi-preparative and preparative columns

From the previous expetiment, a mixture of hexane and ethyl acetate (70 : 30 v/v) shows the possibility to
purify the free lutein from saponified solution. In this section, the 8 mm X 240 mm open column packed
with silica and mixture of hexane and ethyl acetate (70 : 30 v/v) were used for preliminary study of free
lutein purification. At this preliminary state, all the collected fractions were combined based on the color of
the fractions that was observed visually on the semi-preparative columns as the samples were eluted, where
two main color bands were observed: the yellow and the orange bands. The orange fractions eluted from
the semi-preparative sample made up to relatively large amounts, which were expected to be mostly free
lutein and its decomposed form mentioned above. Therefore the eluted fractions collected from this band
were divided into 3 fractions and were analyzed by HPLC, the first and second combined fractions that
were eluted from the semi-preparative column contain free lutein at rather high purity, whereas the last
combined fractions of the same orange band contained the decomposed form of lutein, and thus has lower
free lutein purity.

From the feasibility of semi-preparative column to putify free lutein, the larger scale of preparative
chromatography of free lutein was studied for purifying free lutein from the saponified product. Originally,
the scale up factor was calculated from the diameter of semi-preparative and preparative chromatography
columns as 19.14 (Eq. (2)) which was then used to estimate the operational conditions such as mass of
packing material, mobile phase flow rate and sample loading volume. For example, the scale up factor was
multiplied by the previous conditions on semi-preparative open column (10 gram of packing material, 2.5
ml/min of flow rate and 0.5 ml sample loading). Consequently, the conditions estimated from this factor
for the preparative chromatography column were 100 gram of packing material (silica gel), 70:30 v/v of
hexane: ethyl acetate mixture mobile phase, the flow rate was at at 50 ml/min and sample loading was 10
ml. However, due to the limit in the flow rate of the peristaltic pump currently employed in the study, the
lower flow rate of 10 ml/min was used.

()
2

Scale up factor = 2
p ( D, )2 @

2
Similar to semi-preparative purification, the two main color bands of yellow and the orange bands were
observed. The purity, yield and amount of free lutein in each fractionated solutions is shown in Table 2.
The first yellow bands were observed at fraction 2, 3 and 4 and the HPLC results show these fractions
contain more impurities which were weakly adsorbed on silica gel, thus were eluted easily from the column
(but eluted later from the HPLC reversed phase column) (Fig. 4(a)). The colorless fractions were observed
at fraction 5, 6 and 7 and no compound could be detected by HPLC from these fractions. The orange
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bands were observed in fraction 8 and 9 and the HPLC results show the higher purity of free lutein at 97.1%
(based on the HPLC peak area ratios) (Fig. 4(b)). Moreover, yield of free lutein which calculated base on
the amount of free lutein in stock solution before chromatographic purification was about 61%. The mixed
solution of free lutein and anhydrolutein was observed at fraction 10 to 17 (Fig. 4(c)). The purity and yield
of free lutein in these fractions were about 65% and 27% respectively. After the chromatographic
separation, the column was then washed by 100% ethyl acetate. This washed solution was also analyzed and
was found to contain the impurities which were most strongly adsorbed on silica and also a small amount
of free lutein (Fig. 4(d)).

Table 2. Purity, yield and amount of free lutein in each fractionation solutions.

Amount of free
Fraction number Fraction color lutein % Yield of free Purity of free
detected by lutein (%) lutein (%)
HPLC (mg)
1 Colotless Not detected 0 0
2-4 Yellow Not detected 0 0
5-7 Colotless Not detected 0 0
8-9 Orange 6.4310.38 61.78+3.63 97.1+1.85
10-17 Yellow 2.68+0.38 25.72+3.63 66.25+2.75
Washed solution Light yellow 1.3%£0.02 12.7£0.02 5+0.04

(@)

(b)
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©

@
Fig. 4. HPLC chromatograms of lutein sample after liquid chromatography purification; (a) fraction 2-4,
(b) fraction 8-9, (c) fraction 10-17, and (d) washed solution.

Fig. 5.  H-NMR chromatograms of lutein sample after chromatographic purification.
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To confirm structure of free lutein after chromatographic purification, the purified free lutein sample
was analyzed by H-NMR. The H-NMR result in Fig. 5 showed the similar peak pattern to those of Aman’s
work [14] and Khachik’s work [15]. From the result, it can be concluded that the purified free lutein sample
contained only free lutein, free lutein’s stereoisomers and anhydrolutein. The H-NMR result thus verifies
the HPLC analysis and the calculation of free lutein purify based on the HPLC peak area reported in Table
2.

3.2. Adsorption of Lutein on Silica Gel

To determine the time required for lutein to reach equilibrium adsorption on silica gel, a preliminary batch
adsorption study was conducted at initial free lutein concentration of 12.0 pg/ml and 1 g of silica at 30 °C.
The result showed that adsorption has quickly reached equilibrium within about 5 min. However, to ample
time for all samples to attain equilibrium, 30 min of agitation was allowed during the subsequent adsorption
experiment.

3.2.1. Profile of equilibrium isotherm
Adsorption isotherm of free lutein on silica gel is shown in Fig. 5. Two isotherm equations: Freundlich and

Langmuir equations have been tested in the present study to establish appropriate correlation for the
equilibrium curves of the adsorption data. The data fitted to the linearized models are shown in Figs. 6-7.

Cad (ug/g)

0 T T T ]

Ceq (3g/ml)

Fig. 6. Adsorption isotherm of free lutein on silica at 30°C.

Comparing the two models, it would appear that the Langmuir isotherm can better predict the equilibrium
adsorption results for free lutein on silica gel as indicated by higher R2 (R2= 0.992).

18 1 y = 0.8221x + 0.9742

17 4 R?=0.9786
16 -

1.5 -

514 -
(o]

O©13 -
7]
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Fig. 7. Fit of Freundlich model to experimental data.
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y=0.11x + 0.0051
0.12 4 R?=0.9921

1/Ceq

Fig. 8. Fit of Langmuir model to experimental data.

4. Conclusions

Screening for suitability of mobile phase composition of different ratios of hexane:ethyl acetate mixture
using thin layer chromatography, Hexane: ethyl acetate mixture at 70:30 volume ratio was found to be an
appropriate mobile phase on the normal phase chromatography system. Semi-preparative column
chromatography by using 70:30 volume ratio of hexane:ethyl acetate as mobile phase showed the feasibility
for purifying free lutein from saponified solution. The scale up factor was then used to estimate the
operational conditions for preparative column chromatography such as mass of packing material, mobile
phase flow rate and sample loading volume. At the most suitable condition, preparative chromatography
could produce high purity free lutein (>95%). Langmuir adsorption model was found to reasonably
describe the equilibrium adsorption data of free lutein on silica gel. Nevertheless, experiments at extended
range of concentrations would be needed to more accurately determine the maximum adsorption capacity.

Acknowledgements

The authors greatly appreciate Thailand Research Fund (TRF) through the Royal Golden Jubilee Ph.D.
Program (RGJ-TRF) and Higher Education Research Promotion and National Research University Project
of Thailand, Office of the Higher Education Commission (FW644A) for financial support.

References

[1] M. Wang, R. Tsao, S. Zhang, Z. Dong, R. Yang, J. Gong, and Y. Pei, “Antioxidant activity,
mutagenicity/anti-mutagenicity, and clastogenicity/anti clastogenicity of lutein from marigold flowers,’
Food and Chemical Toxicology , vol. 44, pp. 1522—1529, 2006.

[2] W. Palumpitag, P. Prasitchoke, M. Goto, and A. Shotipruk, “Supercritical carbon dioxide extraction of
marigold lutein fatty acid esters: Effects of cosolvents and saponification conditions,” Separation Science
and Technology, vol. 46, no. 4, , pp. 605-610, Jan. 2011.

[3] F. Khachik, G. Englert, R. Gary, J. Beecher, and C. Smith, “Isolation, structural elucidation, and
partial synthesis of lutein dehydration products in extracts from human plasma,” Journal of
Chromatography B, vol. 670, pp. 219-233, 1995.

[4] F. Khachik and M. Beltsville, “Process for extraction, purification of lutein, zeaxanthin and rare
carotenoids from marigold flowers and plants,” United States Patent no. 6262284, 2001.

[5] B. Olmedilla, F. Granado, I. Blanco, and M. Vaquero, “Lutein, but notalpha-tocopherol,
supplementation improves visual function in patients with age-related cataracts: A 2-year double blind,
placebo-controlled pilot study,” Nutrition, vol. 19, pp. 21-24, 2003.

[6] J. Vechpanich and A. Shotipruk, “Recovery of free lutein from tagetes erecta: Determination of
suitable saponification and crystallization conditions,” Separation Science and Technology, vol. 46, pp. 265-
271, 2011.

[7] P. Alisa, R. Helen, and J. J. Elizabeth, “Xanthophyll (lutein, zeaxanthin) content in fruits, vegetables
and corn and egg products,” Journal of Food Composition and Analysis, vol. 22, pp. 9—15, 2009.

>

154 ENGINEERING JOURNAL Volume 16 Issue 5, ISSN 0125-8281 (http://www.¢j.eng.chula.ac.th/eng/)



[8]

DOI:10.4186/¢j.2012.16.5.145

G. Dias, G. F. C. Filomena, and O. Luisa, “Carotenoids in traditional Portuguese fruits and
vegetables,” Food Chemistry, vol. 113, pp. 808—815, 2009.

S. Shibata, C. Ishihara, and C. Matsumoto, “Improved separation method for highly purified lutein
from chlorella powder using jet mill and flash column chromatography on silica gel,” Journal of
Agricultural and Food Chenstry, vol. 52, pp. 6283-6286 , 2004.

R. Piccaglia, M. Marotti, and S. Grandi, “Lutein and lutein ester content in different types of Tagetes
patula and T. Erecta,” Industrial Crops and Products, vol. 8, pp. 45-51, 1998.

N. Kiyotaka, K. Takehiro, H. Keijiro, A. Akira, K. Fumiko, S. Phumon, T. Tsuyoshi, A. Hiroyuki, and
M. Teruo, “Development of a high-performance liquid chromatography-based assay for carotenoids
in human red blood cells: Application to clinical studies,” Analytical Biochemistry, vol. 381, pp. 129—134,
2008.

N. E. Craft and J. E. Soares, “Relative solubility, stability and absorptivity of lutein and B-carotene in
organic solvents,” Journal of Agricultural and Food Chemistry, vol. 40, pp. 431-434, 1992.

P. Molnar, Z. Szabo, E. Osz, P. Olah, G. Toth, and J. Deli, “Separation and identification of lutein
derivatives in processed foods,” Chromatographia, vol. 60, pp. S101-S105, 2004.

R. Aman, J. Biehl, R. Catle, J. Conrad, U. Beifuss, and A. Schieber, “Application of HPLC coupled
with DAD, APcI-MS and NMR to the analysis of lutein and zeaxanthin stereoisomers in thermally
processed vegetables,” Food Chemistry, vol. 92, pp. 753—763, 2005.

F. Khachik, G. Englert, G. R. Beecher, and J. C. Smith Jr., “Isolation, structural elucidation, and
partial synthesis of lutein dehydration products in extracts from human plasma,” Journal of
Chromatography B, vol. 670, pp. 219-233, 1995.

ENGINEERING JOURNAL Volume 16 Issue 5, ISSN 0125-8281 (http://www.¢j.eng.chula.ac.th/eng/) 155



J. of Supercritical Fluids 77 (2013) 103-109

Contents lists available at SciVerse ScienceDirect

The Journal of Supercritical Fluids

journal homepage: www.elsevier.com/locate/supflu

Supercritical anti-solvent micronization of marigold-derived lutein dissolved in

dichloromethane and ethanol

Panatpong Boonnoun?, Hazuki NeromeP, Siti MachmudahP, Motonobu GotoP®, Artiwan Shotipruk®*

3 Chemical Engineering Research Unit for Value Adding of Bioresources, Department of Chemical Engineering, Faculty of Engineering, Chulalongkorn University, Bangkok 10330,

Thailand

b Graduate School of Engineering, Department of Chemical Engineering, Nagoya University, Furo-cho, Chikusa-ku, Nagoya 464-8603, Japan

ARTICLE INFO ABSTRACT

Article history:

Received 18 November 2012

Received in revised form 27 February 2013
Accepted 27 February 2013

Keywords:

Supercritical anti-solvent
Micronization

Lutein

Marigold

Supercritical fluid

This work aims to study supercritical anti-solvent (SAS) micronization of lutein derived from marigold
flowers. Lutein solution in dichloromethane (DCM) or ethanol was atomized into the stream of supercrit-
ical carbon dioxide (SC-CO,) through a concentric nozzle in a pressurized vessel. The effects of pressure
and SC-CO, flow rate on morphology, mean particle size (MPS) and particle size distribution (PSD) were
investigated. The reduction in lutein MPS from 202.3 wm of unprocessed lutein to 1.58 wm and 902 nm
could be achieved by SAS micronization using DCM and ethanol, respectively. In both solvent systems,
no significant effects of pressure and SC-CO flow rate on particle morphology were observed. However,
pressure was found to have a significant effect on MPS and PSDs of lutein particles.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Lutein (C49Hs560,, MW =568.87) whose molecular structure
is shown in Fig. 1, is an active pharmaceutical ingredient (API)
that have received considerable interest as it possesses sev-
eral beneficial properties such as preventing age-related macular
degeneration and having high antioxidant activity [1,2]. The com-
pound has been shown to have an amorphous structure, and have
the melting point of 177 °C and the heat of fusion of 27,500 kJ/mol
[3]. Natural sources of lutein include various fruits and vegetables,
many of which are taken as human diet. However, marigold flower
is well perceived as the most important natural source of lutein cur-
rently produced commercially. Lutein is highly soluble in organic
solvents such as tetrahydrofuran (THF) and chloroform [4] but
almost insoluble in water. However, same as other drugs and APIs,
lutein must be dissolved in water in order to exert their effects [5].

One approach to improve water solubility of drugs and APIs is by
micronization of these compounds which leads to increased parti-
cle surface area [6]. Lutein made into nano-sized particles has been
shown to have 76% solubility in water [7]. However, some prob-
lems arise when employing conventional micronization processes
including the degradation of thermal labile compounds by frictional
heat, such as in milling and grinding, and contamination with toxic
solvents used in chemical method such as re-crystallization [8].

* Corresponding author. Tel.: +66 2 218 6868; fax: +66 2 218 6877.
E-mail address: artiwan.sh@chula.ac.th (A. Shotipruk).
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Nowadays, techniques of particle micronization employing
supercritical fluids are widely studied as they require mild oper-
ating temperatures, making the processes particularly suitable for
heat-sensitive compounds. Of these techniques, supercritical anti-
solvent (SAS) micronization is one of the simplest processes and is
suitable for compounds that have rather low solubility in super-
critical fluids. In a typical SAS process, a solution in an organic
solvent is flown through a nozzle into a chamber simultaneously
with a supercritical fluid, which acts as an anti-solvent. Mass trans-
fer between the solution and the fluid thus occurs, leading to the
supersaturation state, which then results in the formation of the
solute particles. The particle morphology, size and size distribution
are influenced by several factors such as experimental set up (noz-
zle type and nozzle inner diameter) and the nature of the organic
solvent, as well as the operating conditions (pressure, tempera-
ture, and solution flow rate). Accurate prediction of the effects of
the process variables to particle size and morphology is however
difficult. This is due to the fact that SAS micronization involves
several processes such as the solvent jet disintegration or solvent
dispersion as it flows through the nozzle, mass transfer between
the liquid jet and the supercritical anti-solvent, as well as particle
nucleation and growth. Nevertheless, consideration of the mecha-
nisms involved, together with the fluid phase equilibrium provides
some basic guidelines of how particle size and morphology may be
controlled [9-16].

In this study, the SAS technique using CO, as an anti-solvent was
employed for micronization of marigold derived lutein particles,
due to its near zero solubility in CO, at our operating conditions


dx.doi.org/10.1016/j.supflu.2013.02.026
http://www.sciencedirect.com/science/journal/08968446
http://www.elsevier.com/locate/supflu
mailto:artiwan.sh@chula.ac.th
dx.doi.org/10.1016/j.supflu.2013.02.026

104 P. Boonnoun et al. / ]. of Supercritical Fluids 77 (2013) 103-109

Fig. 1. Chemical structure of lutein.

Fig. 2. SEM image of un-processed lutein sample.

[17]. Because their binary phase equilibrium data with CO, are
available in literature [18], dichloromethane (DCM) and ethanol
were chosen as solvents in which lutein was dissolved prior to the
SAS experiments. The effects of micronization operating conditions
including pressure and supercritical carbon dioxide (SC-CO,) flow
rate on the morphology, mean particle size (MPS) and particle size
distribution (PSD) of the resulting particles were investigated.

2. Materials and methods
2.1. Materials and chemicals

Dried powdered marigold flower sample was provided by
PTT Global Chemical Public Company Limited (Rayong, Thailand).

Hexane (purity >99.5%) was supplied by Sigma-Aldrich. Ethanol
and potassium hydroxide (KOH) used for sample preparation step
were purchased from Merck, USA. Diethyl ether, ethyl acetate and
sodium sulfate (Na;SO4) were supplied by Merck Ltd., Thailand.
Liquid CO, was supplied by Uchimura Sanso Co. Ltd. (Osaka,
Japan) with a purity of 99.97%. DCM and ethanol used for SAS
precipitation were supplied by Wako Pure Chemical Industries Inc.
(Tokyo, Japan).

2.2. Preparation of lutein sample

Following the procedure described in Vechpanich and Shotipruk
[19], 100 g of dried marigold powder was extracted with 500 ml of
hexane for 4h at 40°C in a stirred vessel whose temperature was
controlled by a water bath. The system was then left to stand for
20 min at room temperature to allow the residue to settle and sep-
arate from the extract. Hexane in the extract was evaporated under
vacuum at 40 °C, and the concentrated extract was further dried in
a vacuum oven at 30°C for 8 h. The dried marigold extract which is
hereby called marigold oleoresin was further subjected to saponi-
fication to convert lutein in the esterified forms to the free lutein.
0.6 g KOH was dissolved in 10 ml of ethanol in a 125 ml Erlenmeyer
flask, into which one gram of marigold oleoresin was then added.
The flask was shaken at 150 rpm at 50°C for 4 h. After the reac-
tion was completed, 50 ml of ethanol was added into the saponified
solution, and this solution was then transferred to a separation fun-
nel, into which 100 ml of 5% Na,SO4 solution (in distilled water) and
80ml of diethyl ether were added. All components were mixed
thoroughly and the mixture was then allowed to be separated
into two phases. The upper phase (the ether fraction) was col-
lected and was then extracted with water to remove water-soluble
impurities. After repeated extractions with water until the water
phase became colorless, the ether upper phases were collected and

Fig. 3. Schematic of supercritical antisolvent apparatus.
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Table 1
Operating conditions for SAS micronization of lutein using DCM as solvent.

105

Sample number P (MPa) T(°C) Solution flow CO; flow Density of CO; Re of CO, Re of DCM CO, molar Mean particle
(ml/min) (ml/min) (kg/m?) fraction? size
1 8 55 0.25 20 205 8261 489 0.935 -
2 10 55 0.25 20 303 9543 482 0.935 2.05 wm
3 12 55 0.25 20 504 12,149 475 0.935 2.49 pm
4 8 55 0.25 25 205 10,326 489 0.947 -
5 10 55 0.25 25 303 11,929 482 0.947 1.58 pm
6 12 55 0.25 25 504 15,186 475 0.947 1.94 um
2 CO, molar fraction is based on the binary DCM-CO, system.
Table 2
Operating conditions for SAS micronization of lutein using ethanol as solvent.
Sample number P (MPa) T(°C) Solution flow CO;, flow Density of CO, Re of CO, Re of ethanol CO, molar Mean particle
(ml/min) (ml/min) (kg/m3) fraction® size
7 8 55 0.25 20 205 8261 404 0.93 -
8 10 55 0.25 20 303 9543 40.2 0.93 341 pum
9 12 55 0.25 20 504 12,149 40.0 0.93 1.58 um
10 8 55 0.25 25 205 10,326 404 0.943 -
11 10 55 0.25 25 303 11,929 40.2 0.943 1.08 um
12 12 55 0.25 25 504 15,186 40.0 0.943 902 nm

3 CO, molar fraction is based on the binary ethanol-CO, system.

combined to obtain the lutein stock solution [20]. This solution was
thendried overnightinavacuum oven. The SEM image of the result-
ing dried sample is shown in Fig. 2 and the MPS was determined to
be 202.3 pm. The dried sample was tightly wrapped and stored in
a freezer for use in SAS micronization experiments.

2.3. SAS micronization of lutein

The apparatus for SAS micronization of lutein is shown in Fig. 3,
which consists of an LC-8A preparative liquid chromatography
pump (Shimadzu, Japan), a PU-980 intelligent HPLC pump (Jasco,

Japan), a cooler (Eyela Cool Ace CA 1100, Japan), a precipitation
vessel (SUS316 cell, inner diameter: 3 cm, length: 17.0cm, vol-
ume: 120.1 cm3, P-max: 30 MPa) and a double-tube nozzle (inner
diameter: 1/16 and 1/8in.) through which the CO, and lutein
solution were delivered. The precipitation vessel was housed in
a heating chamber whose temperature was controlled by air con-
vection (AKICO, Japan; T-max: 100 °C). The experiments begin with
pumping liquid CO, through a cooler at 0°C, to ensure the lique-
faction of the gas to prevent cavitation, before being delivered to
a precipitation vessel at a specified flow rate through the annu-
lar cross-sectional surface of the concentric nozzle. The pressure

Fig. 4. SEM images of SAS micronized lutein samples using DCM as solvent at 55 °C, 0.25 ml/min solution flow rate, and at pressure (a) 10 MPa, (b) 12 MPa for 20 ml/min CO,

flow rate, and (c) 10 MPa, (d) 12 MPa for 25 ml/min CO, flow rate.
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of the precipitation vessel was set to a desired value by a back-
pressure regulator (AKICO, Japan). The temperature of the heating
chamber was then set to a fixed value of 55°C. The initial lutein
solution in an organic solvent was prepared by dissolving lutein
in DCM or ethanol with continuous stirring for 30 min. Although
lutein solubility in DCM and ethanol at ambient temperature has
been reported to be 0.8 and 0.3 mg/ml, respectively [21], at the
same temperature as the SAS operating temperature (55 °C), lutein
solution of higher concentration of 1 mg/ml could be prepared. The
lutein solution was then pumped to the precipitation vessel by the
HPLC pump, through the inner tube of the concentric nozzle. Precip-
itated lutein particles were trapped by a filter (SUS316, Swagelok)
fixed at the bottom of the vessel. After the micronization process
was completed, the flow of the lutein solution was stopped but that
of pure SC-CO, was continued for an additional hour to ensure that
all the residual solvent was removed from the lutein particles. No
residual solvent could be detected by the gas chromatography (GC)
analysis of the solution of micronized sample in chloroform. This
was also confirmed by constantly weighing the micronized lutein
sample that was placed in a rotary vacuum evaporator at 40°C at
every 30 min interval for 3 h. The SAS micronization experiments
were conducted 2-3 times at some selected conditions to test the
reproducibility of the results. The conditions employed for the SAS
experiments with DCM and ethanol as solvents, respectively, are
shown in Tables 1 and 2, along with information on CO, density,
Reynolds’ numbers (Re) for solvent and CO, flows and the MPS of
the resulted particles.

2.4. Evaluation of particle morphology, MPS and PSD

A JEOL model JSM-6390LV scanning electron microscope (SEM)
was used to examine the morphology and size of the particles.
Conductive double-sided tape was used to fix the particles to the
specimen holder. A thin layer of gold was sputtered onto the sample
using an ion sputtering device (JEOL model JFC-1100E). In deter-
mining the MPS and PSD, 500 particles were measured using Image
J analytical software.

3. Results and discussion
3.1. SAS micronization of lutein dissolved in DCM

SAS micronization at various operating conditions of lutein
dissolved in DCM resulted in particles of various MPS, PSDs, and
morphologies. The effect of pressure (8, 10 and 12 MPa) on the
morphology, MPS and PSD of lutein could be drawn from the
sample numbers 1-3, whose operating conditions are listed in
Table 1. At 8 MPa, no particles could be collected. This could be
explained by considering the phase equilibrium data of all three
components involved in the SAS process. Although the ternary
data for lutein, DCM, and CO, are not available in literature, binary
phase equilibrium data of CO, and DCM [18] could be used initially
to address the feasibility of the process. The fact that the operating
condition at 8 MPa and 55 °C is located below the critical point of
the binary mixture caused the liquid and vapor phases to coexist.
Lutein then remained dissolved in the liquid organic solvent, which
was then carried over by the flowing stream of carbon dioxide,
through the filter, out of the micronization chamber, without
forming any particles. On the other hand, the pressures of 10 MPa
and 12 MPa were above the mixture critical point in which the
single supercritical region is reached. At these conditions, SC-CO,
became dissolved into the organic phase, causing the state of
supersaturation, thus resulting in the production of fine particles
(Fig. 4(a) and (b)). In both cases, rather than being spherical,
lutein particles have flake-like morphology, which can probably

be explained by the competition of the diffusion rate of SC-CO,
into organic solvent droplet as the solvent flowed out of the nozzle
and the nucleation rate of the lutein particles. In this case, it was
likely that the rate of SC-CO, diffusion was lower than that of
particle nucleation, causing the nucleation to start as soon as the
diffusion front forms, and not far from the droplet surface. Thus,
the flake-like particles whose morphology is similar to the droplet
surface were formed [22]. The results in Table 1 also indicated
that the increase in pressure leads to the increase in lutein MPS.
For the process operated at the SC-CO, flow rate of 20 ml/min, the
increase in MPS from 2.05 to 2.49 wm was observed as the pressure
increased from 10 MPa to 12 MPa, while for the SC-CO, flow rate
of 25 ml/min, particle MPS increased from 1.58 to 1.94 pm with
the same increased pressure. It should be noted that although the
flake-like morphology might lead to overestimation of particle
size when viewed under SEM, at all conditions, flake-like particles
were obtained, thus general trend could still be drawn from the
results of this present study. In addition to higher MPS, as shown in
Fig. 5, wider PSDs were observed at higher pressures. These results
could largely be due to the effect of pressure on the characteristics
of jet disintegration [23-25]. Generally, depending on the flow
rate and operating conditions such as temperature and pressure,
three regimes of liquid phase dispersion are observed: (i) the
dripping regime, in which the droplets are formed at the outlet
of the nozzle; (ii) the laminar regime, in which the solvent flows
smoothly and continuously before a break-up zone where uniform
size droplets are formed; (iii) the turbulent regime, in which the jet
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Fig. 6. SEM images of SAS micronized lutein samples using ethanol as solvent at 55°C, 0.25 ml/min solution flow rate and pressure (a) 10 MPa, (b) 12 MPa for 20 ml/min CO,

flow rate and (c) 10 MPa, (d) 12 MPa for 25 ml/min CO; flow rate.

surface becomes irregular and the resulting non-uniform droplets
are formed as stretched or small broken droplets [16].

In general, the ratio of inertia force and viscous force of liq-
uid flow, known as a Reynolds’ number (Re = pDU/[u; where p is
density, D is nozzle diameter, U is liquid velocity and u is liquid
viscosity) can be use to estimate flow regime. The Re numbers of
DCM at both pressures of 10-12 MPa were calculated to be about
400 (as shown in Table 1) which lie in the laminar flow regime.
However Re alone could not describe such complicated system of
SAS micronization. Indeed the jet hydrodynamics is determined
by another important dimensionless number, namely a Ohnesorge
number (Oh=(u/(Dpo)'/?); where o is interfacial tension), which
relates the viscous force and the interfacial tension [26]. However,
since the data for the transient interfacial tension of our system
at supercritical conditions is not available, it was not possible to
estimate the Oh numbers for the systems in this study. Despite
the unavailibity of Oh numbers, previous literature has shown
that the interfacial tension of DCM-CO, and ethanol-CO, systems
decreased with increasing pressure, and this in turn caused the
transition in the modes of jet dispersion [16]. At low pressure, and
thus high system interfacial tension, the smooth and continuous
solvent flow (laminar regime) is maintained, which results in the
formation of symmetric jet and uniform drops of solvent. At higher
pressure, solvent flow becomes irregular (turbulent) due to the low
value of interfacial tension, thus non-uniform drops are formed.
The increase in MPS and wide PSD as the pressure increased from
10 MPa to 12 MPa for this case suggested therefore that a transition
from laminar to turbulent regime could have occurred.

The effects of SC-CO, flow rate on lutein particle morphol-
ogy and MPS were observed for the SC-CO, flow rates of 20 and
25ml/min at a fixed lutein solution flow rate of 0.25 ml/min. As
shown in Fig. 4(a)-(d), increasing SC-CO, flow rate shows no sig-
nificant effect on particle morphology, that is, similar flake-like

particles were observed at both SC-CO, flow conditions. However,
the MPS of lutein decreased as the SC-CO, flow rate increased as
shown in Table 1 (sample numbers 2, 3, 5 and 6). As SC-CO, flow
rate increased, supersaturation was reached more readily as CO,
diffuse into the droplet, resulting in precipitation of fine particles.

3.2. SAS micronization of lutein dissolved in ethanol

Similar to SAS micronization with DCM as a solvent, no parti-
cles could be formed by SAS micronization of lutien dissolved in
ethanol at 8 MPa and 55 °C. Based on the binary phase equilibrium
data reported by Tsivintzelis et al. [18], this operating condition
again was below the critical point of ethanol and CO, mixture and
thus lie within the two phases region. Operated at higher pressures,
SAS micronization at 10 MPa and 12MPa resulted in flake-like
lutein particles (Fig. 6(a) and (b)). On the contrary to the previous
results with DCM as a solvent, when ethanol was used as a sol-
vent, the increase in pressure leads to the decrease in lutein MPS.
The decrease of MPS from 3.41 to 1.58 wm and from 1.08 um to
902 nm was observed for the SC-CO, flow rates of 20 ml/min and
25 ml/min, respectively. Moreover, narrower PSDs were observed
at higher pressures (as shown in Fig. 7). The Re numbers for ethanol
flow at both 10 and 12 MPa were about 40 (as shown in Table 2),
which was similar to the system with DCM, which lie in the laminar
flow regime. The decrease in MPS at higher pressure of 12 MPa how-
ever suggested that the jet dispersion characteristics of this system
might be different. As the interfacial tension of ethanol-CO, system
was reported to be lower than that of DCM-CO, at ambient condi-
tion (about 22 mN/m versus 28 mN/m) [16], it might be drawn from
this data that at higher pressure of 12 MPa, the ethanol-CO, inter-
facial tension would also be lower and would possibly approach
zero. When this is the case, jet dispersion behavior did not
follow any of the three flow regimes described earlier, instead no
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distinct droplets are formed and the particle formation on the
other hand occurred in favor of gas-phase nucleation and growth
within the dispersed gas plume, resulting in very fine nano-sized
particles [26]. The decrease in lutein MPS and narrower range
of PSDs observed at higher pressures in these experiments was
possibly the results of this shift from droplet formation to gas
mixing.

The effect of SC-CO, flow rate on morphology and MPS of lutein
was carried out at 20 and 25 ml/min. Similar to the previous results
with DCM, an increase in SC-CO, flow rate showed no signifi-
cant effect on particle morphology: flake-like lutein particles were
observed as shown in Fig. 6(a)-(d). The decrease in MPS of lutein
particles could be obtained when the SC-CO, flow rate is increased
as shown in Table 2 (sample numbers 8, 9, 11 and 12).
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4. Conclusions

Supercritical anti-solvent (SAS) micronization using DCM and
ethanol was shown to effectively produce fine particles of lutein
derived from marigold flowers. In both solvent systems, the
increase in pressure and SC-CO, flow rate did not have signifi-
cant effects on lutein particle morphology. However, significant
effects of increasing pressure on MPS and PSDs of lutein parti-
cles were observed. The increase in SC-CO, flow rate from 20 to
25 ml/min shows the reduction of MPS in both DCM and ethanol
system. It is noted some loss of product was observed in this study
and this was attributed to the relatively large filter pore diameter
(1 pm). Thus, filter with small pore size should be used in future
study. In addition, in order to further gain better insights into the
entire process, the investigations on interfacial tension and other
hydrodynamic parameters such as jet breakup lengths and diffu-
sion lengths should be carried out.
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ABSTRACT

This work aims to study supercritical anti-solvent micronization of marigold derived purified lutein that
was dissolved in the mixture of hexane and ethyl acetate (70:30 v/v), the solvent used as the mobile phase
for chromatographic purification. The results show significant effect of pressure on the morphology of
micronized lutein particles. The increase in lutein initial concentration from 1.5 mg/ml to 3.2 mg/ml
and the increase in SC-CO; flow rate from 15 ml/min to 25 ml/min show no significant effects on the
morphology of lutein particles. However, the reduction of mean particle size from about 2 pm to 0.8 pum
was observed by increasing SC-CO, flow rate. The X-ray diffraction patterns of the micronized lutein
particles show apparent amorphous nature, while the Fourier transform infrared spectroscopy results
show that no chemical structural changes occurred. Moreover, the solubility of the micronized lutein
particles in aqueous solution was found to increase significantly from being almost insoluble to having
approximately 20% solubility

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Lutein (C49Hs560,, MW =568.87) whose molecular structure is
shown in Fig. 1 is one of the most important active pharmaceutical
ingredients (APIs), which is now widely used as natural colorants.
In addition, due to its high antioxidant activity, the compound
exhibits other positive effects such as reducing the failure of the
eyesight due to age-related macular degeneration, as well as fight-
ing against coronary heart disease and cancers [1,2]. Although
lutein can be found in various fruits and vegetables, one of the rich-
est natural sources of lutein is known to be marigold flowers [3].
Therefore, a number of studies have been conducted on extrac-
tion and purification of lutein from this source [4-6]. Recently, we
successfully employed preparative chromatography technique to
purify marigold derived lutein to the purity up to 97%. In this pro-
cess, silica gel was used as a stationary phase and a mixture of
hexane:ethyl acetate (70:30 v/v) was used as a mobile phase [7].

Despite having high medicinal activities, many APIs and lutein
alike, are of low bioavailability due largely to their low solubility in
water [8]. An improvement in aqueous solubility of an API can gen-
erally be achieved by micronizing it to smaller particles. As a result,
the surface area increases, and thus the dissolution rate increases

* Corresponding author. Tel.: +66 2 218 6868; fax: +66 2 218 6877.
E-mail address: artiwan.sh@chula.ac.th (A. Shotipruk).

0896-8446/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.supflu.2013.03.033

[9,10]. This not only helps lower the dosage requirement, it can
also reduce any possible side effects associated with up-taking the
compound [11]. However, there are some concerns over the con-
ventional particle micronization such as grinding, milling, chemical
precipitation and spray drying. APIs undergoing mechanical pro-
cesses could be degraded by friction heat; and those undergoing
chemical processes may contain toxic organic solvent residues.
Alternatively, supercritical fluids, especially carbon dioxide
(CO3), have recently played an important role in the processing
of natural compounds, polymers, drugs and APIs. Micronization
of particles with supercritical carbon dioxide (SC-CO,) requires
mild operating temperature; and is therefore suitable for thermally
labile compounds. In addition, SC-CO, can easily be separated from
the particles as it returns to gas phase at ambient temperature
and pressure, leaving a solvent-free product [12]. Among several
particle micronization techniques using supercritical fluids, super-
critical anti-solvent (SAS) micronization has been widely studied
due to the effectiveness of the method in making fine particles
from various sources of compounds [13-17]. In a typical SAS pro-
cess with SC-CO, used as an anti-solvent, the interested solute is
first dissolved in an organic solvent, which is then flown simul-
taneously with SC-CO, through a nozzle. The solution becomes
supersaturated, and the solute is thus forced to precipitate into fine
particles. Previous research has demonstrated that beside the pro-
cess conditions such as temperature, pressure, as well as solution
and SC-CO, flow rates, the type of organic solvents in which the
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Fig. 1. Chemical structure of lutein (C4oHs602, M.\W.=568.87).

solute is initially dissolved also plays a key role in the formation of
the particles by the SAS process [18-20]. Common organic solvents
used include ethanol and dichloromethane and their equilibrium
data with CO; have been determined [21]. We have indeed demon-
strated that SAS micronization of lutein was possible using ethanol
and dichloromethane at some specified process conditions [22].

In this work, the feasibility of employing SAS technique was
determined for micronization of marigold derived purified lutein
that was dissolved in the mixture of hexane and ethyl acetate
(70:30v/v), the solvent used as the mobile phase for the prior chro-
matographic purification step [7]. This solvent system was hardly
used in previous SAS micronization study, and to our knowledge,
the phase equilibrium data with CO, are not available. Here, the
effects of SAS micronization conditions including pressure, the ini-
tial concentration of lutein in the solvent and the supercritical
carbon dioxide (SC-CO,) flow rate were determined on particle
morphology, mean particle size (MPS) and particle size distribu-
tion (PSD). In addition, the crystallinity of the micronized particles
was examined from the X-ray diffraction (XRD) patterns and any
chemical structural changes of the micronized lutein particles com-
pared to un-processed lutein were examined by the analysis of
Fourier transform infrared (FTIR) spectrum. Furthermore, the solu-
bility in aqueous solution of micronized lutein and un-processed
lutein were also investigated. The success of SAS micronization
using the same solvent system as the mobile phase of the chro-
matography process will imply that a step of solvent evaporation
from the eluted samples and re-dissolving the dried sample into
another organic solvent can be omitted. By this, not only the process
cost can be reduced, the degradation of lutein during complicated
processing steps can also be minimized.

2. Materials and methods
2.1. Materials and chemicals

Dried powdered marigold flower sample was provided by PTT
Global Chemical Public Company Limited (Rayong, Thailand). Hex-
ane (purity > 99.5%) used for sample preparation step was supplied
by Sigma-Aldrich. Ethanol (95% purity) and potassium hydrox-
ide (KOH, purity >99%) were purchased from Merck, USA. Diethyl
ether (purity > 99%), ethyl acetate (purity > 99%) and sodium sulfate
(NayS0y, purity >99%) were supplied by Merck Ltd., Thailand. Lig-
uid CO, was supplied by Uchimura Sanso Co. Ltd. (Osaka, Japan)
with a purity of 99.97%. Hexane (purity >99.5%) and ethyl acetate
(purity >99%) used for SAS precipitation were supplied by Wako
Pure Chemical Industries Inc. (Tokyo, Japan). Lutein standards
(purity > 90%) were purchased from Sigma-Aldrich, Germany.

2.2. Sample preparation

Following the procedure described in Vechpanich and Shotipruk
[6], 100g of dried marigold powder was extracted with 500 ml
of hexane for 4h at 40°C in a stirred vessel whose temperature
was controlled by a water bath. The system was left to stand for
20 min at room temperature to allow the residue to settle and sep-
arate from the extract. Hexane in the extract was evaporated under

vacuum at 40 °C, and the concentrated extract was further dried in
a vacuum oven at 30°C for 8 h. The dried marigold extract which is
hereby called marigold oleoresin was further subjected to saponi-
fication to convert lutein in the esterified forms to the free lutein.
0.6 g KOH was dissolved in 10 ml of ethanol in a 125 ml Erlenmeyer
flask, into which one gram of marigold oleoresin was then added.
The flask was shaken at 150 rpm at 50°C for 4 h. After the reac-
tion was completed, 50 ml of ethanol was added into the saponified
solution, and this solution was then transferred to a separation fun-
nel, into which 100 ml of 5% Na;SO4 solution (in distilled water)
and 80 ml of diethyl ether were added. All components were mixed
thoroughly and the mixture was then allowed to be separated into
two phases. The upper phase (the ether fraction) was collected and
was then extracted with water to remove water-soluble impurities.
Afterrepeated extractions with water until the water phase became
colorless, the ether upper phases were collected and combined to
obtain the lutein stock solution [23]. This solution was then dried
overnight in a vacuum oven. The dried sample was tightly wrapped
and stored in a freezer for use in SAS micronization experiments.
This sample if further purified by chromatography according to
Boonnoun et al. [7], lutein of up to 97% purity would be obtained.
In this micronization study however, we employed the extracted
and saponified lutein prepared as described earlier. The analysis of
the sample by HPLC following the method given in Boonnoun et al.
[7] indicated that the purity of the sample used in this study was
about 89%.

2.3. SAS micronization of lutein

The apparatus for SAS micronization of lutein is shown in Fig. 2,
which consists of an LC-8A preparative liquid chromatography
pump (Shimadzu, Japan), a PU-980 intelligent HPLC pump (Jasco,
Japan), a cooler (Eyela Cool Ace CA 1100, Japan), a precipitation
vessel (SUS316 cell, inner diameter: 3 cm, length: 17.0 cm, vol-
ume: 120.1 cm3, P-max: 30 MPa) and a double-tube nozzle (inner
diameter: 1/16 and 1/8 in.) through which the CO, and lutein
solution were delivered. The precipitation vessel was housed in
a heating chamber whose temperature was controlled by air con-
vection (AKICO, Japan T-max: 100 °C). The experiments begin with
pumping liquid CO, through a cooler at 0°C, to ensure the lique-
faction of the gas to prevent cavitation, before being delivered to
a precipitation vessel at a specified flow rate through the annu-
lar cross-sectional surface of the concentric nozzle. The pressure
of the precipitation vessel was set to a desired value by a back-
pressure regulator (AKICO, Japan). The temperature of the heating
chamber was then set to a fixed value of 50°C, after which the
lutein solution in mixture of hexane and ethyl acetate (70:30 v/v)
was then pumped to the precipitation vessel by the HPLC pump,
through the inner tube of the concentric nozzle. Precipitated lutein
particles were trapped by a filter (SUS316, Swagelok) whose nomi-
nal pore diameter was 1 wm fixed at the bottom of the vessel. After
the micronization process was completed, the flow of the lutein
solution was stopped but that of SC-CO, was continued for an addi-
tional hour to ensure that all the residual solvent was removed from
the lutein particles. At some selected conditions, SAS micronization
of lutein was conducted 2-3 times to test the repeatability of the
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Fig. 2. Schematic diagram of SAS micronization apparatus.

Table 1
Operating conditions for SAS micronization of free lutein and resulting mean particle size (MPS) and yield.
Sample P (MPa) T(°C) Co (mg/ml) Lutein solution?® CO; flow rate CO, molar Mean particle Yield (%)
number flow rate (ml/min) (ml/min) fraction® size (um)
1 6.5 50 2.5 0.5 20 0.931 - 0.0
2 8 50 2.5 0.5 20 0.931 21 58
3 12 50 2.5 0.5 20 0.931 Agg 30
4 10 50 1.5 0.5 20 0.931 Agg 21
5 10 50 2.5 0.5 20 0.931 Agg 23
6 10 50 3.2 0.5 20 0.931 Agg 27
7 8 50 2.5 0.25 15 0.953 2.2 67
8 8 50 2.5 0.25 20 0.964 2.0 31
9 8 50 25 0.25 25 0.971 0.8 27

Agg=agglomerated particles.
2 Lutein dissolved in the mixture of hexane and ethyl acetate (70:30 v/v).
b CO, molar fraction is based on the tertiary hexane-ethyl acetate-CO; system.

results. The purity of micronized samples was determined to be
the same as before SAS micronization (89% purity). The conditions
employed for the SAS experiments are shown in Table 1, along with
the MPS and yields of the resulted particles. The yields of lutein from
SAS micronization was calculated based on Eq. (1).

Yield of lutein

_ weight offree lutein final product (collected at filter)

- - — 100%
dry weight of free lutein before SAS precipitation x 100

(1)

2.4. Evaluation of particle morphology, MPS, and PSD of
micronized lutein samples

A JEOL model JSM-6390LV scanning electron microscope (SEM)
was used to examine the morphology particles. Conductive double-
sided tape was used to fix the particles to the specimen holder. A
thin layer of gold was sputtered onto the sample using an ion sput-
tering device (JEOL model JFC-1100E). The sizes of lutein particles
were analyzed. To determine the mean particle size (MPS) and par-
ticle size distribution (PSD), lutein samples were suspended into
DI water and 1000 particles were measured three times by HORIBA
Laser Scattering Particle Size Distribution Analyzer model LA-950.

2.5. Particle characterization

2.5.1. X-ray powder diffraction (XRD)

X-ray scattering measurements were performed on a Rigaku
RAD-1B Discover diffractometer. The dried sample powders were
prepared in a 0.5 mm thick specimen holder. Background (air scat-
tering) was measured for the same sampling time, typically 30 min,
and was subtracted from each measurement.

2.5.2. Fourier transform infrared spectrometer (FT-IR)

Micronized lutein FTIR spectra was recorded between 4000 and
400 cm~! in transmission/absorbance mode on FTIR Spectrum One
spectrometer (Perkin-Elmer, Norwalk, USA).

2.5.3. Dissolution test

The dissolution test was performed for processed and un-
processed lutein by SAS micronization using a USP Il rotating paddle
apparatus Pharmatest PTW SIII (Pharma Test, Germany) at 37 °C at
rotating speed of 100 rpm in 500 ml of a buffer prepared by mix-
ing 50 ml of 0.2 M KCI with 85 ml of 0.2 M HCI at pH 1.2. 15 mg of
lutein samples were then placed in the basket which was connected

Fig. 3. SAS micronized lutein samples: (a) fine powder obtained at 8 MPa, (b)
agglomerated particles obtained at 10 and 12 MPa.
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Fig. 4. SEM images of SAS micronized lutein samples obtained at 50°C, 0.5 ml/min
solution flow rate, 20 ml/min CO; flow rate, 2.5 mg/ml lutein concentration, and at
various pressures (a) 8 MPa, (b) 10 MPa, (c) 12 MPa (sample numbers 2, 5, and 3).

to rotating paddle apparatus. Then 5ml of liquid samples were
withdrawn at selected time intervals of 5, 15, 30, 45 and 60 min.
Aliquots were filtered through 0.22 pm filters and assayed by a UV
spectrophotometer at 450 nm [24].

3. Results and discussion
3.1. Micronization of lutein by supercritical anti solvent (SAS)

3.1.1. Effect of pressure

The effect of pressure on the morphology of micronized lutein
could be drawn from the sample numbers 1, 2, 3 and 5, listed in
Table 1, which were obtained at 6.5, 8, 12 and 10 MPa, respectively.
At 6.5 MPa however, no particles could be collected. It was possi-
ble that the condition at 6.5 MPa and 50 °C was below the mixture
critical condition, thus CO, did not act as an anti-solvent. Thus the
two phases coexisted in the system at this condition, in which the

Fig. 5. SEM images of SAS micronized lutein samples obtained at 50°C, 10 MPa,
0.5 ml/min solution flow rate, 20 ml/min CO, flow rate, and various lutein con-
centrations (a) 1.5 mg/ml, (b) 2.5 mg/ml, (c) 3.2 mg/ml (sample numbers 4, 5, and
6).

lutein remained dissolved in the organic liquid phase, which was
then carried over out of system by the flowing stream of CO,. As the
pressure of the system increases to 8 MPa, the single supercritical
region may have been reached, the solubility of lutein in organic sol-
vent decreased, due to an increase of SC-CO, concentration in the
organic liquid phase [25]. As a result, the lutein solution immedi-
ately reached the supersaturation state, resulting in the production
of fine particles at 8 MPa or higher pressures. However, the resulted
lutein particles have different appearances. As shown in Fig. 3(a)
and (b), fine powder with the MPS of 2.1 um was obtained at 8 MPa,
while particles obtained at 10 and 12 MPa tended to be agglomer-
ated. Due to the agglomeration of the particles, it was difficult to
measure the MPS at these conditions. Therefore, the effect of pres-
sure on MPS and PSDs of micronized lutein could not be drawn. In
addition, the agglomerated particles are likely to adhere to the wall
of the precipitation vessel, resulting in much smaller yield (30%),
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Fig. 6. SEM images of SAS micronized lutein samples obtained at 50°C, 8 MPa,
0.25 ml/min solution flow rate, 2.5 mg/ml lutein concentration, and various CO; flow
rates (a) 15 ml/min, (b) 20 ml/min, (c) 25 ml/min (sample numbers 7, 8, and 9).

compared with the non-agglomerated particles obtained at 8 MPa
(58%), whose loss was mainly attributed to the loss of particles of
smaller size than the filter pores (1 pm). At 8 MPa, the resulted par-
ticles possess the ellipsoid to spheroid morphology as shown in
Fig. 4(a). At 10 and 12 MPa on the other hand, the flake-like and
the twisted leaf-like particles were obtained, respectively (Fig. 4(b)
and (c)).

The different morphologies could largely be due to the effect
of pressure on the characteristics of jet disintegration [19,26,27].
This jet disintegration occurs at the early stage in the process as
organic solvent flows out of the nozzle. The jet flow behavior is
connected to the presence of two distinct fluid phases because
there is no mass transfer between the organic solvent and anti-
solvent at this stage. Therefore, it could be classified by principal
regime of liquid phase dispersion observed for liquid-liquid and
liquid-gas systems [28]. Although phase equilibrium behavior, on
the other hand, comes in to play at a later stage, it determines the
success of the SAS process, and the micronization conditions must

25
20 (@
15

10

Volume (%)

16

12 -

Volume (%)

o N B O

10 13 17 23 30 39 51 6.7 88 116 15.2

Particle size (um)

25
20 -
15

10

Volume (%)

0

© a Q N m
S O «H « o -

1.7

© mw o s a
N o Nmno;om

oo~ o
o o o < v

Particle size (um)

Fig. 7. PSD of SAS micronized lutein samples obtained at 50 °C, 8 MPa, 0.25 ml/min
solution flow rate, 2.5 mg/ml lutein concentration, and various CO, flow rates (a)
15 ml/min, (b) 20 ml/min, (c) 25 ml/min (sample numbers 7, 8, and 9).

lie above the mixture critical point as previously described. Gen-
erally, depending on the flow rate and operating conditions such
as temperature and pressure, three regimes of liquid phase disper-
sion are observed: (i) the dripping regime, in which the droplets are
formed at the outlet of the nozzle; (ii) the laminar regime, in which
the solvent was flowed smoothly and continuously before a break-
up zone where uniform size droplets are formed; (iii) the turbulent
regime, in which the jet surface becomes irregular [28] and the
resulting non-uniform droplets are formed as stretched and small
broken droplets. The ellipsoid-spheroid morphologies observed at
8 MPa suggested that the jet disintegration occurred at the laminar
regime. As the pressure increased to 10 and 12 MPa, the organic
solvent and CO, interfacial surface tension decreased, the jet disin-
tegration entered the turbulent regime [28], resulting in irregular
jet surface. As a result, non-uniform flake-like and twisted leaf-like
particles were formed.

3.1.2. Effect of lutein initial concentration
The effect of lutein initial concentration (1.5, 2.5 and 3.2 mg/ml)
on the particle morphology could be observed from sample
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numbers 4, 5 and 6 for the fixed pressure of 10 MPa and the fixed
SC-CO, flow rate of 20 ml/min. The SEM images of the resulted par-
ticles are shown in Fig. 5(a-c). There seemed to be no differences
in the morphologies of the particles obtained with different lutein
initial concentrations. In all cases, the flake-like particles of lutein
were obtained. However, as mentioned above, the particles formed
at 10 MPa tended to be agglomerated. As aresult, large lumps of par-
ticles were seen for the samples formed from the lutein solution as
the initial concentration increased.

3.1.3. Effect of SC-CO; flow rate

The effect of SC-CO, flow rate on morphology, MPS and PSD
of micronized lutein could be observed from sample numbers 7,
8 and 9 for the fixed pressure of 8 MPa and the fixed lutein initial
concentration of 2.5 mg/ml. As shown in Fig. 6, at 8 MPa, similar
ellipsoid-spheroid shape morphology of micronized lutein parti-
cles were observed for all SC-CO, flow rates (15, 20 and 25 ml/min).
However, as SC-CO, flow rate increased, MPS decreased from
2.2 m to 0.8 wm. At higher SC-CO, flow rates, supersaturation
was reached more readily as CO, quickly diffuse into the droplet,
resulting in precipitation of very fine particles.

Moreover, the size distributions of the particles obtained at var-
ious SC-CO, flow rates are shown in Fig. 7. It can be inferred from
Fig. 7 that some particles whose size was smaller than the filter
pores were lost as it passed through the filter. Considerable loss
was observed particularly at the SC-CO, flow rate of 25 ml/min, in
which particles of the smallest MPS were formed giving the yield
of only 27%. Despite this, it could still be drawn from Fig. 7 that
slightly wider lutein PSD was observed when the SC-CO, flow rate
increased from 15 ml/min to 20 ml/min, while increasing SC-CO,
from 20 ml/min to 25 ml/min, on the other hand, resulted in nar-
rower PSD. The larger PSD as the SC-CO, flow rate increased initially
from 15 ml/min to 20 ml/min could be due to the interference by
the increased aerodynamic force resulted from the increasing of
SC-CO, flow rate, thus the liquid phase dispersion became irregular
and the uniform size of droplet cannot be formed. When the SC-CO,
flow rate increased to 25 ml/min however, much smaller particles
were formed, thus the PSD became narrower.

Fig. 8. XRD pattern of SAS micronized lutein samples; (a) un-processed lutein (b)
SAS micronized lutein sample obtained at 50°C, 8 MPa, 0.25 ml/min solution flow
rate, 2.5 mg/ml lutein concentration, and 15 ml/min CO, flow rates.

3.2. Characterization of micronized lutein

Because the highest yield of non agglomerated micronized
lutein particles were obtained for the sample number 7 (operated
at pressure 8 MPa, 15 ml/min of SC-CO, flow rate and 2.5 mg/ml of
lutein initial concentration), the particles were subjected to char-
acterization study to examine the particle crystallinity and the
changes in the chemical structures using XRD and FTIR analyses,
respectively.

The XRD patterns of un-processed lutein and micronized lutein
powder shown in Fig. 8 imply that lutein was completely amor-
phous in nature. The amorphous structure could be attributed to
the fact that the supersaturation state was reached suddenly as
a result in of the solubility decrease by the diffusion of SC-CO,
into the solvent. Moreover, the FTIR spectroscopy results of the
processed and un-processed lutein particles are shown in Fig. 9.
The corresponding OH stretching vibration band between 3200
and 3600 cm™! is a rather broad peak. The bands corresponding
to stretching vibrations in the CH, groups are at 2852cm~! and
2922 cm~!. The band assigned to the stretching vibrations of the
C=C groups is at 1630cm~!. The bands corresponding to bend-
ing vibrations in the CHs groups are at 1447 cm~! and 1376 cm™1.
The out of plane deformation of =C—H group (oop bend) is present

Fig. 9. FTIR Transmission of lutein samples; (a) un-processed lutein (b) SAS micronized lutein sample obtained at 50°C, 8 MPa, 0.25 ml/min solution flow rate, 2.5 mg/ml

lutein concentration, and 15 ml/min CO, flow rates.
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Fig. 10. Dissolution profile of (a) un-processed lutein and (b) SAS micronized lutein
sample obtained at 50°C, 8 MPa, 0.25 ml/min solution flow rate, 2.5 mg/ml lutein
concentration, 15ml/min CO, flow rates (dissolution conditions at 37 °C, rotating
speed of 100 rpm, 15 mg of samples in 500 ml of medium solution (pH=1.2)).

at 966 cm~!. From the FTIR results, no chemical structural change
in the micronized lutein particles occurred as a result of the SAS
process.

3.3. Dissolution of micronized lutein particles

Dissolution study was conducted on the micronized lutein pow-
der obtained for the sample number 7 (operated at pressure 8 MPa,
15 ml/min of SC-CO, flow rate and 2.5 mg/ml of lutein initial con-
centration) and the un-processed lutein. As shown in Fig. 10, the
un-processed lutein was found to be hardly soluble in the aqueous
solution, while the % dissolution of the micronized lutein particles
sharply increased to about 17% within 5 min, then slowly increased,
and reached 20% in 60 min. The improvement in % dissolution of
the micronized lutein particles could be explained by the increased
surface area as the MPS reduced from 202.3 pm to 2.2 wm (Table 1).

4. Conclusions

The supercritical anti-solvent (SAS) process could be employed
for the micronization marigold lutein particles, using a mixture
of hexane and ethyl acetate, the mobile phase in the earlier step
of chromatography purification. Pressure was found to have sig-
nificant effect on the particle morphology. The increase in lutein
initial concentration from 1.5 mg/ml to 3.2 mg/ml and the increase
in SC-CO, flow rate from 15 ml/min to 25 ml/min show no signifi-
cant effect on the morphology of the micronized lutein particles.
However, the reduction of lutein particle size from about 2 pm
to 0.8 wm by increasing SC-CO, flow rate was observed. The suit-
able conditions for lutein micronization in this work were found
to be at 8 MPa, 2.5 mg/ml initial concentration and 25 ml/min SC-
CO, flow rate, giving non-agglomerated fine particles of 0.8 um
MPS. The micronized lutein particles were found to be amorphous
and no significant changes in the chemical structure of lutein were
observed after the SAS micronization process. Moreover, signifi-
cant improvement in the dissolution micronized lutein particles
was found compared to the un-processed lutein. In addition, in
order to further gain better insights into the entire process, fur-
ther investigations on phase equilibrium of the system and regime
of liquid phase dispersion should be carried out.
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Research Article

Simultaneous Production of Biodiesel and
Free Lutein from Chlorella vulgaris

Biodiesel and valuable free lutein were demonstrated to be simultaneously pro-
duced from Chlorella vulgaris lipid extracts. The alkali catalyst used in the transes-
terification of triglycerides acted as a reactant in converting lutein fatty acid esters
to free lutein. A maximum biodiesel yield of 33.6 % by weight of the algal lipids
was obtained after a 4-h reaction with MeOH at the MeOH/biomass ratio of 16:1
using 6 % alkali catalyst. The excess of alkali and MeOH employed in the produc-
tion of biodiesel ensured the complete saponification of all lutein fatty acid esters
to free lutein, giving a maximum yield of 2.3 % by weight of the algal lipids. In
addition, a process for the separation of the biodiesel and free lutein products
from the reaction mixture is proposed. Finally, a preliminary economic assess-
ment was conducted, the results of which suggest that the process for the simulta-
neous production of biodiesel and lutein from C. vulgaris may be economically

3 Department of Chemical feasible.

Engineering,
Graduate School of
Engineering,
Nagoya University,
Nagoya, Japan.

1 Introduction

As an alternative to fossil fuels, biodiesel has now become widely
accepted as a potential fuel that may help overcome the energy
crisis faced by countries all over the world. However, currently it
is still produced from oil crops, which poses some concerns re-
garding the invasion of the food crop area and the future avail-
ability of sufficient food for the growing world population.
Microalgae are another interesting source for biodiesel pro-
duction due to their rapid growth rate, comparable lipid con-
tent and, above all, the need for only relatively small cultiva-
tion land areas [1]. Nevertheless, the production of biodiesel
from microalgae has not yet been economically practiced on
the industrial scale since the production cost is still much
higher than that of the conventional fossil fuel. Besides, most
systems for algal fuel production consume more energy than
that contained in the algae [2]. Indeed, it has been suggested
that the overall economic feasibility of biodiesel production
from microalgae is largely dependent on the selection of a suit-
able microalgal strain. Desirable traits include not only an
alga’s rapid growth and high lipid content but also its environ-
mental hardiness and the possibility of simultaneously gener-
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ating valuable coproducts. Microalgal species that have re-
cently been extensively studied as potential biodiesel
feedstocks include Chlamydomonas reinhardtii, Dunaliella sali-
na, Botryococcus braunii, and Chlorella sp. [3]. Due to the pos-
sible capacity of Chlorella species to produce high-value copro-
ducts in particular, cultivation of these algal species to harvest
the lipids [4—6] for biodiesel synthesis [7, 8] has gained a surge
of interest in recent years. Besides their high lipid content
(14-56 % by dry weight) [9], Chlorella is also one of the major
sources of the naturally occurring carotenoid lutein (2—4 mg/g
of dry biomass) [10, 11]. The compound has great capability
of preventing cancers as well as eye and heart diseases [12]; its
price is as high as USD 570-790 per kilogram (prices from
Changsha Winner Bio-tech Co., Ltd., Changsha, China; Chang-
sha Sunfull Bio-Tech Co. Ltd., Changsha, China; Xi’an Aladdin
Biological Technology Co., Ltd., Xi’an, China). Indeed, Chlorella
species have long been cultivated for the production of biomass
(for protein) and high-value products [4,5] and, as a conse-
quence, the economical harvesting and processing methodolo-
gies for these products are already well established, regardless of
biodiesel production [3]. Although a number of studies have
recently been conducted on the production of biodiesel from
Chlorella lipids, we believe our investigation into the simulta-
neous production of both biodiesel and free lutein from Chlor-
ella microalgae to be the first study of its kind.

Specifically, we sought first to isolate algal lipids from
Chlorella vulgaris which are rich in lutein fatty acid esters
(LFE) and then to transesterify them using an excess of alka-
line MeOH, yielding fatty acid methyl esters (FAME) (Fig.1a)
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a)

b)

120mgL™ ammonium phosphate
((NH4)5PO,), urea (CO(NH,),), and lime.
Aeration was applied at a rate of
10 Lmin™". The microalgae were harvested
on day4 at the end of log phase growth
and dewatered by 8000-rpm continuous-
flow centrifugation in a disc centrifuge
(Alfa Laval DX203B-34; Spain). The result-
ing alga paste was subsequently lyophilized
(FreeZone freeze-dry system (-50°C);
USA), and the dry Chlorella powder was
then stored at 4 °C until use.

2.2 Feasibility Study on the
Simultaneous Transesterifica-
tion and Saponification of
C. vulgaris Lipids

The experiment was carried out using
a two-step (extraction-transesterification)
method following the flow diagram shown
in Fig.2. Lyophilized Chlorella algae pow-
der (3 g) was extracted for 4 h in a Soxhlet
apparatus by a 2:1 v/v mixture (180 mL) of

Figure 1. Reactions of (a) the transesterification of triglyceride, (b) the saponification of 15 0form (RCI Labscan Ltd.) and MeOH

LFE.

known as biodiesel. These conditions were deemed suitable
also for the saponification of LFE into free lutein (Fig.1D)
[13], which then allows the production of biodiesel and free
lutein as coproduct in a single step. Furthermore, the effects of
key reaction parameters on the yields of biodiesel and free lu-
tein were investigated, including the amount of catalyst, the
biomass-to-alcohol ratio, and the reaction time. In addition, a
possible process for the separation of the biodiesel and lutein
products from the reaction mixture is proposed. Finally, a pre-
liminary evaluation of the economic feasibility based on the ex-
perimental results is presented.

2 Materials and Methods

2.1 Biomass and Sample
Preparation

C.vulgaris was cultivated in a bubble
column photobioreactor with a diameter of
75cm and a volume of 170 L (Department
of Chemical Engineering, Chulalongkorn
University) under outdoor conditions, i.e.,
24-32°C and a diurnal illumination cycle at
the intensity of 0-100klux. The cultivation
medium, purchased from the Pathumthani
Inland Fisheries Research and Development
Center (Patumthani, Thailand), was com-
posed of fertilizers including 10mgL™
triple super phosphate (Ca(H,PO,),), tion.

www.cet-journal.com
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(Mallinckrodt Chemicals Inc.). The solvent

was then removed using a rotary evapora-
tor and the weight of the remaining crude lipid was measured.
The crude lipid was then charged into a glass vessel equipped
with a condenser, along with a solution of KOH (6 % by dry
weight of the biomass) (Wako, Japan) in MeOH, with a ratio
to dry algae of 16:1. The system was then heated to 60°C un-
der agitation at 350 rpm with a magnetic stirrer, and was kept
at this temperature for 4 h, after which it was cooled to room
temperature. Chloroform and water were then added into the
reaction mixture at a ratio of mixture/chloroform/water of
10:10:9, and the mixture was shaken vigorously. The mixture
was then centrifuged (2000 rpm, 10 min) resulting in separa-
tion into two phases. MeOH and polar impurities such as glyc-
erol dissolved in the water forming the upper phase, and the
lower chloroform phase was retained for the analysis for the
FAME and free lutein contents.

Figure 2. Diagram of the conventional two-step process of extraction and transesterifica-

Chem. Eng. Technol. 2013, 36, No. 5, 733-739
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2.3 Effects of Varying Reaction Parameters on the
Biodiesel and Free Lutein Yields

The procedure described in Sect. 2.2 was repeated in subse-
quent experimental runs, each one varying in transesterifica-
tion duration (either 1, 2, 3, or 4h), amount of KOH (in the
range of 0.1-8.0 % by dry weight of the algae), or MeOH-to-
biomass ratio (1:1, 8:1, 12:1, and 16:1 v/w).

2.4 Gas Chromatographic Analyses for FAME

The analyses for FAME were carried out using a Shimadzu GC-
14B gas chromatograph equipped with a flame ionization detec-
tor (FID). The sample injection volume was 0.1 pL and the col-
umn used was a capillary CP-FFAP CB column of 25 m length,
0.32mm i.d., and 0.3 um film thickness (Varian, CA, USA). The
injector and detector temperatures were set at 270 and 300 °C,
respectively. The elution temperature program featured an ini-
tial hold at 100°C (5 min) prior to a linear ramp (10°C min™")
up to 250 °C. This final temperature was then held for 20 min,
resulting in a total run time of 40 min. The samples were quan-
tified using methyl heptadecanoate as internal standard.

2.5 High-Performance Liquid Chromatographic
Analyses for Free Lutein

The high-performance liquid chromatography (HPLC) analy-
ses for free lutein were carried out using the method reported
by Roberta et al. [14] with modifications. Of sam-
ple, 20pL was injected into a Lichrocart C-18
column equipped with a Diode Array Detector
Module 335 (detection wavelength 450 nm). Chro-
matographic separation was obtained with a gradi-
ent system of acetonitrile/MeOH 9:1 (v/v) as sol-
vent A (HPLC-grade acetonitrile; Sigma-Aldrich,
Germany) and ethyl acetate as solvent B. Solvent B
was run with a linear gradient at a flow rate of
1 mLmin™ from 0 to 100 % over 30 min.

a)

3  Results and Discussion

b

3.1 Feasibility of the Simultaneous )
Production of Biodiesel and Free
Lutein from C. vulgaris Lipids

The transesterification of a C. vulgaris crude lipid
extract with MeOH at the MeOH/biomass ratio of
16:1 and 6 % KOH catalyst by algal weight resulted
in a reaction product that contained FAME with a
yield of 33.6 % by crude lipid weight (or 4.7 % by
algal weight). This yield lies within the range of
biodiesel yields reported by Montes D’Oca et al.
[15] and Li et al. [16] for the transesterification of
C. pyrenoidosa and Nannochloropsis lipids, respec-
tively. In addition, the analysis of this sample re-

Chem. Eng. Technol. 2013, 36, No. 5, 733-739
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vealed that the composition of the FAME produced in this
study was similar to that reported by Lee et al. [6]. Specifically,
methyl palmitate (37.7 wt %) and methyl linoleate (34.6 wt %)
were found to be major components. Other than these, methyl
linolenate (15.6 wt %), methyl oleate (9.7 wt %), and methyl
stearate (2.4 wt %) were also detected.

Apart from the predominant FAME, the same sample was
also analyzed by HPLC for the expected free lutein. The sample
was found to contain free lutein with a yield of 2.0 % by weight
of algal lipids or 3.0 mg free lutein/g of algae. Fig. 3 a shows the
chromatogram of the crude extract, which reveals the peak of
free lutein at the retention time of 9.863 min and a group of
lutein esters at a later time. After the reaction (Fig.3b), a de-
crease in the peak intensity of LFE was observed while the peak
intensity of free lutein (retention time of 9.956 min) had in-
creased. This attests the occurrence of saponification of LFE
during the production of algal biodiesel, and thus free lutein
was coproduced.

3.2 Effects of Reaction Parameters on the Biodiesel
and Free Lutein Yields

3.2.1 Effects of Reaction Time

The effects of the reaction time on the biodiesel and free lutein
yields are shown in Fig. 4. The FAME yield increased with the
reaction time from 1 to 4h, while the free lutein yield in-
creased similarly from 1 to 2h but remained almost constant
thereafter. This leveling off could simply be a consequence of

Figure 3. HPLC chromatograms of (a) the crude lipid extract, (b)the product
after alkali reaction (6 % KOH, 16:1 MeOH /biomass, 4 h).

www.cet-journal.com
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Figure 4. Effect of the reaction time on the biodiesel and free lutein yields (4% KOH,

16:1 MeOH /biomass).

2h being sufficient to release the entire free lutein content of
the lipids in the sample [10].

3.2.2 Effects of the Alcohol-to-Biomass Ratio

Employing a fixed reaction time (4h) and catalyst amount
(4 %), the results shown in Fig. 5 reveal that an increase in the
MeOH-to-biomass ratio from 8:1 to 16:1 resulted in only a
slight increase in the biodiesel yield. This is probably because
this surplus of MeOH was far greater than that in the theoreti-
cal ratio required for biodiesel conversion. Specifically, the the-
oretical molar ratio for the conversion of triglycerides is 3:1,
which is equivalent to a MeOH-to-biomass (v/w) ratio of only
1:100. This was calculated based on the assumption that the
total lipid content of dry algae is, on average, 14 wt % and that
only 50 % of this lipid is suitable for biodiesel production. It
should be noted that no biodiesel product was observed with
the smallest ratio of MeOH/biomass of 1:1 used in this study,
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Figure 5. Effect of the MeOH/biomass ratio on the biodiesel and free lutein yields

(4% KOH, 4h).
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despite the fact that this ratio is consider-
35 ably higher than the theoretical ratio
(1:100). This result could be attributed to

30 2 poor mixing in the highly viscous reaction
25 T ; system.
25 On the other hand, the free lutein yields
20 E.g obtained at any ratio of MeOH/biomass in
15 E £ this study did not differ significantly. In
wg fact, the yield decreased slightly with in-
10 L i creasing MeOH amount, probably due to
2 KOH dilution by the excess MeOH slowing
5 > .
< down the reaction.
0

3.2.3 Effects of the Catalyst Quantity

The effects of varying amounts of KOH
catalyst on the biodiesel yields were investi-
gated by fixing the reaction time (4h) and
the alcohol-to-biomass ratio (16:1). Fig. 6 illustrates the in-
crease in the biodiesel yield as the concentration of catalyst
was raised from 0.1 to 6%. However, the yield thereafter
dropped on further introduction of catalyst (8 %). This de-
crease could arise from partial saponification of the FAME
produced (forming water and amphipathic ‘soap’ salts), there-
by competing with the desired transesterification reaction.

The amount of alkali catalyst also seems to have an effect on
the free lutein yield. The use of 0.1 % KOH was found to yield
very little free lutein, despite the fact that this quantity still
provides a stoichiometric excess of KOH with the potential to
completely transesterify all lutein esters in the algal lipid sam-
ple. One possible reason for the low free lutein yield is that
part of the KOH instead preferentially participated (as catalyst)
in the transesterification of triglycerides. Another reason may
be based on interferences with the reaction caused by existing
impurities in the Chlorella crude extract, such as free fatty
acids (FFA) [17] and pigments such as f-carotene, chlorophyll,
and astaxanthin [18]. As more KOH (1 %) was introduced, the

free lutein yield increased from 0.9 to over

2.3 % by weight of algal lipids, after which

further KOH (in the range of 2-8%) did

35 not appear to significantly affect the yield.
Based on the results shown in Fig.6, 1%

30 -g_ KOH is likely to be sufficient for the com-
25 T °© plete saponification of LFE from Chlorella
2 E biomass.
20 28
£%5
15 =2 % 3.3 Proposed Product Separation
(<)
10 T i Process
)
5 S Although we demonstrated the possibility

to simultaneously transesterify Chlorella
0 lipid extracts and to saponify their LFE to
produce biodiesel and free lutein, for
achieving technical and economic feasibil-
ity of the entire process, the further down-
stream processing must also be taken into
consideration. Various processes have been
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= fied from that described in Li et al. [20] is
E— 35 1 B FAME OFree lutein r 35 proposed for the separation of biodiesel and
o free lutein from the reaction mixture
S 30 - (30T
5 s (Fig.7).
s o5 L5 5w As shown in the diagram, the separation
(Em $ S process begins with the addition of a prop-
g 20 - 20 28  er organic solvent that dissolves biodiesel
2 E 2 and free lutein (such as dichloromethane
2 15 - L15 2 £ o0 mi
© S or chloroform) to the reaction mixture
< = [20,21]. Water is then added, which causes
S 10 - 10 W5
2 8" the system to form two phases. It should
Q . . . . .

o 5 L5 S be noted that, unlike in a typical biodiesel
5 production process, water should not be
L 0- -0 added directly to the reaction before the

0.1 1 2 4 6 8 addition of the organic solvent. This is nec-

Amount of catalyst (% by weight of algae)

Figure 6. Effect of the catalyst amount on the biodiesel and free lutein yields (16:1

MeOH /biomass, 4 h).

proposed to isolate and purify lutein extracted from marigold
and C. vulgaris after saponification, such as by recrystallization
[13], chromatography [19], and partitioning in two-phase sys-
tems [20]. The last of these techniques was the simplest and
the most economical method: 85-91% of free lutein with
90-98 % purity could be recovered just by partitioning the ex-
tract of saponified C.vulgaris in various two-phase systems,
followed by anti-solvent precipitation [20]. Given similar com-
ponents in the saponified lutein extract and in the reaction
mixture in our study (KOH solution in MeOH, free lutein, bio-
diesel, soap, glycerol, and unreacted glycerides), a process modi-

algal crude lipid
in MeOH containing
» - lutein esters

Vl - glycerides
A

Transesterification/

KOH solution

Biodiesel and

essary to avoid the formation of a thick
layer caused by the interaction between
soap, water, and glycerides present in the
reaction mixtures, which would complicate
the separation process. The system of
chloroform/mixture/water at a volume ratio of, e.g., 10:10:9
forms two phases: the top MeOH/water-rich phase containing
KOH, soap and glycerol and the bottom chloroform-rich
phase containing free lutein, biodiesel and unreacted glycer-
ides. The bottom phase can then be collected and, after evapo-
ration of the solvent, the mixture of free lutein, biodiesel, and
unreacted glycerides is obtained. Isolation of the two main
products (biodiesel and free lutein) can then be achieved in
another two-phase system. Redissolving the mixture first in an
85 % aqueous EtOH solution followed by the addition of hex-
ane at a hexane/aqueous EtOH solution ratio of 2:1 results in

free lutein
EtOH+water powder

Filtration ——»

F 3
free lutein
precipitated

water

Precipitation ¢———
F 3

EtOH phase
containing
free lutei
hexane phase ree lutein
containing
biodiesel and hexane
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unreacted glycerides

aq. EtOH 85%
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Figure 7. Process flow diagram of product separation.
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phase separation into the hexane-rich phase containing biodie-
sel and unreacted glycerides and the EtOH/water-rich phase
containing free lutein. Free lutein in the EtOH/water phase can
be recovered by precipitation with further addition of water as
an anti-solvent. Subsequently, a fine powder of free lutein can
be obtained by filtration. Our preliminary investigation using
a model mixture of free lutein and palm FAME to represent
biodiesel indicated that partitioning of the mixture in a hex-
ane/aqueous EtOH solution system followed by anti-solvent
precipitation of free lutein as described above gave nearly
100 % recovery of the biodiesel and free lutein. Assuming that
the solvents used in the process can be recycled, the additional
cost to the process proposed in Fig.7 compared with that of
conventional biodiesel production would largely be the cost of
the additional process equipment, such as for phase separa-
tion, precipitation and filtration of the free lutein, and for
additional units needed for the evaporation and recovery of
organic solvents (chloroform and hexane).

3.4 Preliminary Economic Feasibility Assessment

As a potential source of lipid for biodiesel production, micro-
algae have gained increased attention in recent years, and sev-
eral studies on the economic feasibility of their biodiesel pro-
duction process have been published [22-24]. In most of these
studies, the production of algal biodiesel is reported to be un-
economical. Delrue et al. [24] reported the production cost of
algae-derived biodiesel to be as high as USD 2.9-5.0 per kilo-
gram, which was considerably higher than that of a current
commercial biodiesel of only USD 1.63 per kilogram. (The
production cost was the sum of the operating cost — i.e. utili-
ties, labor and other costs at 0.9 % of the capital cost — and the
fixed cost. The fixed cost was calculated from the depreciable
capital cost, consisting of 55 % of the capital cost for the gener-
al maintenance, storage, engineering and spare parts costs, li-
cense fees, initial expenses at 2 % of the capital cost, and pro-
cess start-up cost at 25 % of the operating cost. The calculation
was based on 20-year annuities, an 8 % discount rate, and 7 %
of the capital cost per year for maintenance cost, taxes, insur-
ances, and business expenses.) Their sensitivity analysis indi-
cated that the cost of production varies with the methods of
cultivation (raceway or photobioreactor), dewatering/drying
(centrifugation, belt filter press, solar drying or bed drying),
and lipid extraction (n-hexane or dimethylether). Based on the
14 % lipid content in algal biomass determined in this study,
the biodiesel yield of 20-349% by weight of the crude lipids
was calculated to be equivalent to 3-5 % by weight of the bio-
mass. A similar calculation resulted in a yield of free lutein
coproduct of approximately 0.15-0.35 % by weight of the bio-
mass, which is equivalent to 0.03-0.12kg of free lutein pro-
duced per 1kg of algal biodiesel. Taking the price of free lutein
to be between USD 570-790 per kilogram, our results suggest
that approximately USD 17-95 worth of free lutein could
potentially be produced with each kilogram of biodiesel. De-
spite the higher production cost due to additional equipment
required for the separation process, the high price of free lutein
nevertheless would justify the economic feasibility of the
simultaneous production process described in this work.
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4  Conclusions

The results of this work show that, apart from the main prod-
uct biodiesel, free lutein can be obtained as a coproduct, by
the simultaneous transesterification and saponification of
C. vulgaris lipids. The maximum FAME yield (33.6 %) was
achieved from a 4-h reaction with alcohol/biomass 16:1 v/w
and 6% alkali catalyst. Under these conditions, all LFE was
deesterified to the more valuable free form. Separation of the
biodiesel and free lutein from the reaction mixtures can be car-
ried out by sequential partitioning in various liquid-liquid
two-phase systems, followed by anti-solvent precipitation of
the free lutein. Based on our preliminary evaluation, it can be
concluded that the process for the simultaneous production of
biodiesel and free lutein could be achieved technically and eco-
nomically. Nevertheless, an investigation into process optimi-
zation, such as minimizing the soap formation that lowers the
products yields and improving the product separation process,
should be in the focus of future studies.
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HIGHLIGHTS

» Microwave pretreatment of defatted rice bran prior to SWE gave enhanced TP yields.
» Suitable pretreatment condition was 80 °C, 10 min and rice bran:water ratio of 1:2.
» SWE of microwave pretreated defatted rice bran gave up to 55% enhanced TP yield.
» Time required for SWE at 200 °C of pretreated bran was reduced from 30 to 10 min.
» Microwave pretreated rice bran gave extracts with increased antioxidant activity.
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Enhanced recovery of total phenolics (TP) from defatted rice bran (DRB) subjected to prior microwave
pretreatment was achieved by subcritical water extraction (SWE). The effects of microwave pretreatment
temperature (60-100 °C) and duration (0-30 min) were determined at raw material:water ratios (1:2
and 1:5) for SWE under fixed conditions. Optimal extraction was observed at 80 °C (for 10 min, at a ratio
of 1:2). With pretreatment carried out under these conditions, a shorter extraction time of 10 min was
required for SWE at 200 °C. Combining both optimized conditions, a TP yield of 190.4 + 3.3 mg/g of
DRB was achieved, some 55% more than was found to be extractable from un-pretreated samples. The
antioxidant activity of the extract was also greater, as indicated by a corresponding decrease in ICso from
38.8+0.4 to 27.7 £ 0.5 pg/ml.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Rice bran is a source of protein, oil, nutrients, energy and impor-
tant antioxidants such as vitamin E (tocopherols and tocotrienols),
gamma-oryzanol, and phenolic compounds. These substances sup-
press chronic diseases of the cardiovascular system, help quench
free radicals and exhibit anti-cancer activity (Abdul-Hamid et al.,
2007; Renuka Devi and Arumughan, 2007). As the sixth largest rice
producer in the world, Thailand generates approximately 3 million
tons of rice bran annually as a by-product of rice milling. About
75% of this rice bran is used as animal feeds, and only 15% is used
in the process of edible oil extraction and production of other food.
The defatted rice bran (DRB) by-product has a high content of non-
allergenic proteins as well as phenolic acids which are beneficial to
human health (Sereewatthanawut et al., 2008; Pourali et al., 2010).

* Corresponding author. Tel.: +66 2 218 6868; fax: +66 2 218 6877.
E-mail address: Artiwan.Sh@chula.ac.th (A. Shotipruk).

0960-8524/$ - see front matter © 2012 Elsevier Ltd. All rights reserved.
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Therefore the recovery of these value-added compounds from DRB
has long been the focus of various research (Renuka Devi and
Arumughan, 2007; Sereewatthanawut et al., 2008; Pourali et al.,
2009, 2010; Wiboonsirikul et al., 2007; Watchararuji et al., 2008;
Hata et al., 2008; Adachi et al., 2009; Sunphorka et al., 2012).
Extraction of active components from rice bran can be carried out
using organic solvents such as methanol, ethanol or acetone (Chiou
et al., 2009). Other methods include hydrolysis with alkali or acid
solution or enzymatic extraction. Alkali extraction results in rather
low yield of products due to degradation of the desired compounds
at high pH (Sereewatthanawut et al., 2008) and the process usually
generates large quantities of waste water. Enzymatic extraction is a
milder technique and is much more environmentally benign. The
process is, however, time consuming and the high cost of enzymes
is problematic for the feasibility of this technique on a large scale.
Subcritical water extraction (SWE) is an alternative technique
which employs water at temperature between its boiling point
(100°C) and its critical temperature (374.15°C), kept at a
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sufficiently high pressure to sustain the liquid state. Under these
conditions, water has drastically altered properties such as a low-
ered relative dielectric constant and an increased K, (ion product).
When the temperature of water increases from ambient to 250 °C,
its relative dielectric constant drops from 80 to 27, a value compara-
ble to that of acetone at ambient temperature (Wiboonsirikul et al.,
2007). The increased ionization of superheated water generates ex-
tra hydronium and hydroxide ions which catalytically accelerate
hydrolysis reactions (Watchararuji et al., 2008).

A number of studies have been conducted on SWE of DRB for the
recovery of valuable substances. Early work focused on the extrac-
tion of protein, amino acids and reduced sugars (Sereewatthanawut
et al., 2008; Watchararuji et al., 2008; Hata et al., 2008), while sub-
sequent studies revealed an abundance of phenolic compounds
including caffeic, ferulic, gallic, gentisic, p-coumaric, p-hydroxyben-
zoic, protocatechuic, sinapic, syringic, vanillic acids and vanillin.
Compared with conventional organic solvent extraction, SWE has
been shown to be particularly favorable for recovering phenolic
compounds since it is capable of releasing compounds that are
known to extensively bind to carbohydrate lignin complexes in
the cell walls (Pourali et al., 2010, 2009). Nevertheless, the need
to pressurize the water means that SWE is often viewed as a rela-
tively expensive technique. As a consequence, there is now great
interest in both optimizing and economizing SWE, so that the full
potential of this technique can be harnessed.

Various biological, physical and chemical methods of sample
pretreatment have been applied in attempts to enhance the hydro-
lysis of lignocellulosic materials by increasing the surface area of
these biopolymers (Hu and Wen, 2008; Liu and Cheng, 2010;
Remond et al., 2010). However, each of these methods presents
some drawbacks. For example, biological enzymatic methods re-
quire long treatment times, while physical treatments (e.g. chip-
ping, milling, and grinding) are energy-intensive and are too
costly to be scaled up. Physicochemical processes (e.g. steam
explosion), on the other hand, require unfeasibly high pressures
and temperatures, whereas chemical processes (e.g. dilute acid, al-
kali, using organic solvent, etc.) often involve toxic and environ-
mentally damaging compounds (Ha et al., 2011).

As an alternative, microwave pre-heating offers the advantage
of shorter required treatment times, accompanied by a consequent
reduction in energy consumption (Gong et al., 2010; Liu et al.,
2010). In this study, we attempted to enhance the recovery of TP
by employing microwave pretreatment of DRB prior to SWE. To
this end, we sought to evaluate the effects of pretreatment condi-
tion variables including temperature, time and the raw material-
to-water ratio on the recovered yield of TP and to evaluate the
antioxidant activity of the extracts obtained. Once the optimal pre-
treatment conditions were determined, the effects of varying the
SWE conditions would then also be investigated. Finally, the struc-
tural morphologies of the DRB, the microwave pretreated rice bran
and the solid residue obtained after SWE were all examined under
a scanning electron microscope (SEM).

2. Methods
2.1. Materials and chemicals

DRB was obtained from Thai Edible Oil Co. Ltd., Ayuthaya,
Thailand. The reference standards (gallic acid), Folin-Ciocalteau
reagent, and ABTS were purchased from Sigma-Aldrich Chemicals
(Missouri, USA). All water used had been distilled.

2.2. Microwave pretreatment

A microwave system from CEM Corp. (Matthews, NC, USA) was
used in our experiments, consisting of 12 x 100 ml closed polyethe-

retherketone (PEEK) vessels covered with special TFM sleeves, a
power sensor, a temperature sensor, and a temperature controller
of MARS 5™, Pretreatment was carried out as follows: DRB (1 g)
was placed in each vessel and mixed with 2 or 5 ml distilled water.
The rice bran-to-water ratio of 1:5 was selected because it had
previously been shown to be favorable for the SWE of DRB
(Watchararuji et al., 2008). A lower water ratio of 1:2 was later em-
ployed to evaluate the possibility for reducing energy requirements
during the microwave pretreatment. The vessels were closed and
then arranged symmetrically in the microwave field. Irradiation
pretreatment was then carried out for the specified temperature
and time, after which bran samples were removed from the vessels.
It should be noted that, for each run, the pretreatment time refers to
the holding time at the desired pretreatment temperature, which in
all cases took 5 min to be reached. Thus, a pretreatment time of
0 min implies that pretreatment was allowed to take place during
the heating up process and was stopped as soon as the set temper-
ature was reached.

After pretreatment, the reactor was submerged in a cooling
water bath for 5 min, after which the liquid and solid contents of
the reaction products were separated with a centrifuge and stored
at 4 °C. The liquid was analyzed for the amount of TP released dur-
ing the pretreatment, and the solid was subjected to SWE. In the
first part of this study (determining the effect of pretreatment tem-
perature and time on the extract’s TP content), the extraction tem-
perature remained fixed at 200 °C and the extraction time at
30 min. In the second part of the study, the pretreatment temper-
ature and time were held constant at these optimized values to al-
low the subsequent determination of the best conditions for SWE.
All experiments were conducted in duplicate.

2.3. SWE

SWE of DRB was conducted in an 8.8 mL SUS-316 stainless steel
closed batch reactor (AKICO Co., Japan). In each run, microwave
pretreated DRB (1 g) and distilled water (5 ml) were charged into
the reactor. The reactor was then electrically heated to the desired
temperature, 180-220 °C, which generally took 15-20 min. After a
holding period of 10-30 min at the desired reaction temperature
(referred to as the reaction time), the reactor was rapidly cooled
to room temperature by submerging it in an ambient temperature
water bath. The DRB residue was separated from the soluble liquid
portion of the reaction products using a filter paper (Whatman No.
1). The liquid and solid contents in the reactor were collected and
the remaining solid in the reactor was washed with distilled water
(5 ml). These washings were then combined with the bulk of the
aqueous extractant and samples from this mixture were then
assayed for TP levels and antioxidant activity. It should be noted
that the yields reported in this study indicate the sum of TP ob-
tained from both the liquid portion obtained after microwave pre-
treatment and the combined soluble SWE extracts. IC5o9 values
reported represent the average TP concentration of the two liquid
portions.

2.4. Analytical methods

The TP content of aqueous extractant mixtures was determined
by the Folin-Ciocalteau method, modified from that described in a
previous study (Rodriguez-Meizoso et al., 2006) and calculated on
the basis of a gallic acid calibration curve.

The antioxidant activity of the extracts was tested using the
ABTS  (2,2'-azinobis-(3-ethylbenzothiazoline-6-sulfonic  acid))
method (Re et al., 1999). For the purpose of comparing the antiox-
idant activity of various extracts, the percent inhibition (PI) was
measured (see Eq. (1)). To find this value, the concentrated extract
was sequentially diluted with distilled water and each diluted
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extract was added into ABTS™ solution (mixture of 7 mM ABTS and
2.45 mM potassium persulfate having absorbance of 0.70 + 0.02 at
734 nm) with a volume ratio of 1:10 (sample solution:ABTS solu-
tion). The solutions were mixed using a vortex and then incubated
in the dark at room temperature for 10 min, after which the absor-
bance (734 nm) was measured using distilled water as a reference.
The value of percent inhibition (PI) was then calculated for each
reading using the following equation:

PI(%) = [1 - (A/A?)] x 100 (1)

where A; and A, are the absorbances of the test sample and of the
ABTS™ reference, respectively. Specifically, the concentration of
antioxidant sample required to produce a 50% reduction in the
radial ABTS™ absorbance was determined. These values were plot-
ted against sample concentration and linear regression of the data
was made and used to determine the ICsq value.

The mophological structures of all rice bran samples were
observed under a Supra 25 scanning electron microscope (Carl
Zeiss Microimaging, Inc., Thornwood, NY) at an accelerating
voltage of 15 kV.

3. Results and discussion
3.1. Determination of suitable microwave pretreatment conditions

3.1.1. Effects of microwave pretreatment temperature and time on TP
yield

The effects of pretreatment temperature and duration on TP
yields are shown in Fig. 1 for the sample whose raw material-
to-water ratios were 1:2 and 1:5. All samples were subjected to
SWE at 200 °C for 30 min. Compared with the TP yields obtained
from the un-pretreated DRB (dashed lines), microwave pretreat-
ment is seen to significantly enhance the TP content of the extracts.
It is likely that microwave energy is delivered efficiently to mate-
rials through interaction with the electromagnetic field and offers
a rapid transfer of energy to both the extraction solvent and the
sample of interest (Hayat et al., 2009). This rapid energy transfer
could cause structural and morphological changes to the plant tis-
sues making them more accessible to the extraction solvent (Hu
and Wen, 2008).

For both raw material-to-water ratios, the TP yield significantly
increased with pretreatment time, showing the greatest yield of TP
for 10 min of pretreatment for both water ratios studied (Fig. 1). As
the pretreatment time was prolonged further, the TP yields there-
after fell steadily. Structural morphological changes of the rice bran
sample caused by long exposure to microwave over a certain limit
could make it susceptible to harsh SWE conditions, resulting in the
degradation of TP at long pretreatment time.

Considering the effect of pretreatment temperature, for the
sample whose raw material-to-water ratios was 1:2, Fig. 1(a) indi-
cates that the TP yields of the extracts increased slightly as the pre-
treatment temperature was increased from 60 to 80 °C. The highest
TP yield of 169.3 £ 1.9 mg/g of DRB was obtained for the pretreated
sample at 80 °C, a 38% increase from the 122.8 + 1.8 mg/g obtained
without any pretreatment. TP yields were seen to decrease consid-
erably, however, when the temperature was raised to 100 °C. This
drop in TP yield could, again possibly be due to TP decomposition
at the high extraction temperature (200 °C) rather than the pre-
treatment itself, although the higher pretreatment temperature
could also have contributed to the extent of degradation. The re-
sults for pretreatment at raw material-to-water ratio of 1:5, shown
in Fig. 1(b), were slightly different, in that the TP yield continued to
improve as the temperature was increased from 60 all the way to
100 °C.

Fig. 1. Effects of microwave pretreatment temperature and time on TP yields
obtained from SWE at 200 °C for 30 min, raw material-to-water ratio (a) 1:2, (b) 1:5.

3.1.2. Effects of pretreatment temperature and time on antioxidant
activity

The antioxidant activity of the extracts, was evaluated with an
ABTS™ scavenging assay. The ICsg values of the extracts at various
pretreatment temperatures and times (Fig. 2) are the average of
values of the liquid samples obtained after microwave pretreat-
ment and after SWE for raw material-to-water ratios of 1:2
(Fig. 2(a)) and 1:5 (Fig. 2(b)). The ICso values of the extracts
obtained from SWE of the pretreated sample at 60 °C were not sig-
nificantly different from those from un-pretreated samples. On the
other hand, the ICsq values of the extracts of the DRB pretreated at
higher temperature (80 and 100 °C) were lower in most cases, indi-
cating stronger antioxidant activities. At high pretreatment tem-
perature, it is possible that hydrolysis occurred to such an extent
that antioxidative compounds such as phenolics could be released
more easily. Considering the effect of pretreatment time on the ICsq
values of extracts, there seems to be some interdependency be-
tween the pretreatment time and temperature and the antioxidant
activity. For instance, at the highest pretreatment temperature of
100 °C, the ICsq values of the extract increased as the pretreatment
time was extended to 30 min, producing the extract the lowest
antioxidant activity. This decrease in the antioxidant activity was
probably caused by the prolonged exposure to microwave irradia-
tion at high pretreatment temperature, causing some oxidative
compounds in the plant tissue to become susceptible to degrada-
tion during SWE.

It should be noted that there was no clear relation between the
TP yields and the antioxidant activities of the extracts. For
example, although the highest antioxidant activity (ICso=31.3
0.5 pg/ml) was obtained at 100°C for 10 min with 1:2 raw
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Fig. 2. Effects of pretreatment temperature and time on antioxidant activity for
extracts obtained from SWE at 200 °C for 30 min, raw material-to-water ratio (a)
1:2, (b) 1:5.

material-to-water ratio, the pretreatment condition at 80 °C for
10 min and raw material-to-water of 1:2 gave only a slightly lower
antioxidant activity (ICso=34.1+0.6 ug/ml) but considerably
higher TP yields (169.3 + 1.9 versus 151.5 + 2.0 mg/g of DRB). This
discrepancy could arise from the presence of antioxidative com-
pounds other than phenolics in the extracts. Nevertheless, due to
its higher TP yields, the latter condition was chosen as the pre-
ferred pretreatment condition, and was henceforth employed
throughout subsequent optimization of SWE conditions.

3.2. Determination of suitable SWE condition

When determining the effects of pretreatment conditions previ-
ously, the fixed condition of SWE at 200 °C and 30 min was used
based our previous study which adopted it as the most suitable
condition for extraction of un-pretreated DRB (Sereewatthanawut
et al., 2008). Nevertheless, we deemed as necessary a complete
reevaluation of suitable SWE conditions for our new pretreated
samples.

3.2.1. Effects of temperature and time of SWE

Fig. 3 shows the effects of temperature and time on the TP
yields of the subcritical water extracts of DRB (microwave pre-
treated at 80 °C for 10 min). The results indicate that the TP yields
slightly increase as the temperature is raised from 180 to 200 °C.
The increase in TP yield at elevated temperature is due to the en-
hanced hydrolysis activity caused by the raised water ionization
constant (K,,) (Watchararuji et al., 2008). The maximum TP yield
of 190.41 £ 3.34 mg/g of DRB was obtained at 200 °C, some 55%
greater than that obtained with the un-pretreated rice bran. How-

ever, the TP yield sharply decreased as the temperature was in-
creased further (to 220°C), possibly due to the thermal
degradation of the compounds at this extreme temperature. At
all hydrolysis temperatures, TP yield was found to fall as the
extraction time was extended from 10 to 30 min, again due to
the degradation that probably arises from prolonged heating.

3.2.2. Effects of SWE temperature and time on antioxidant activity

At 200 and 220 °C, the antioxidant activity of the extracts ob-
tained after SW hydrolysis time of 10 min (Fig. 4) corresponds well
to the TP yield (Fig. 3). It therefore seems the antioxidant activity
here appears to be mainly attributable to the phenolics content
of the extract. Nevertheless, the antioxidant activity of DRB extract
obtained at 180 °C was greater at longer extraction time, despite
the significant expected TP decomposition during these longer
experimental runs. Thus, there could here again be other contribu-
tions to the antioxidant activity of the extract from other non-phe-
nolic oxidative compounds in rice bran. Although long exposure to
high temperature is known to cause decomposition of antioxida-
tive compounds, the antioxidant activities of the extracts did not
considerably vary with extraction times in the range studied.

Apart from having high content of TP, the extract resulting from
SWE at 200 °C for 10 min has a significantly lower ICsy (27.7 =
0.5 pg/ml) than those obtained under most of the alternative con-
ditions. Thus this condition was selected to be the optimum SWE
condition. Compared with un-pretreated sample from previous re-
search (Sereewatthanawut et al., 2008), in which the extracts hav-
ing the highest antioxidant activities were those obtained at 200 °C
after 30 min of SWE or 220 °C after 20 min, it can be concluded that
microwave pretreatment of DRB could enhance the TP recovery
and the extract antioxidant activity, while considerably shortening
the SWE time and thereby saving energy.

3.3. Evaluation of sample morphology

The spherical bodies seen in the SEM pictures for the un-pre-
treated DRB (Supplementary Fig. S1a) and the DRB pretreated with
microwave (Supplementary Fig. S1b) are globular protein. These
protein globules are seen to have become slightly smaller in micro-
wave pretreated sample as some protein has been dissolved into
water during the pretreatment process.

The globular protein structures were no longer observed in the
SW hydrolyzed samples (Supplementary Fig. S1c-d), indicating
that they have been removed as a result of SWE. Interestingly,
the surface of the DRB SW extracted samples appears to be more
porous than the original DRB, implying that water had indeed pen-
etrated into the rice bran structure during whilst dissolving some
of the solid content of the bran. The residue of the microwave pre-
treated rice bran after SWE (Supplementary Fig. S1c), however,

Fig. 3. Effects of SWE temperature and time on TP yield (Pretreatment condition:
80 °C, 10 min, 1:2 raw material-to-water ratio).
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Fig. 4. Effects of SWE temperature and time on antioxidant activity (Pretreatment
condition: 80 °C, 10 min, 1:2 raw material-to-water ratio).

seemed to possess higher crystalline structures of the insoluble
rice bran fibers, compared with the un-pretreated DRB undergoing
SWE (Supplementary Fig. S1d). This suggests that through struc-
tural changes of the sample, the microwave pretreatment might
have made the sample more accessible to SW during extraction.
Gong et al. (2010) have suggested that the structural changes occur
as the microwave energy is absorbed and subsequently converted
into heat. During this process, they claim, the moisture begins to
evaporate, thereby generating pressure within the cell wall, which
leads to cell rupture, and consequent loose and irregular surfaces.
Although in our study, the structural changes were not observed
clearly for microwave pretreated samples (Supplementary
Fig. S1a and b), the SEM images of the pretreated sample after
SWE showed that microwave irradiation played a role in the DRB
surface modification, and therefore enhanced the hydrolysis reac-
tion. Similar results have also been observed by other authors Hu
and Wen, 2008 who studied physical structure changes of switchg-
rasses pretreated by microwaves.

4. Conclusions

Microwave pretreatment has been shown to increase the yields
of TP and the antioxidant activity of the extracts obtained by SWE.
The optimal pretreatment conditions were found to be 10 min irra-
diation at 80 °C with a 1:2 raw material-to-water weight ratio.
Moreover, the reduction in time required for SWE suggested the
potential application of microwaves as a means for pretreatment
of plant samples for SWE in a larger scale. A detailed identification
of all extraction products and investigations probing further poten-
tial energy reduction during microwave pretreatment (e.g. by
using lower water ratios) would both be promising focuses of fu-
ture study.
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Abstract

This study investigated subcritical water extraction of trans-resveratrol and its
glycosylated form, trans-piceid, from barks of Shorea roxburghii G. Don. The effects of
extraction temperature (100-190°C) and water flow rate (2-4 ml/min) at the pressure of 10
MPa were determined on the amounts of compounds extracted. The amount of trans-
resveratrol and trans-piceid in the extracts increased with increasing temperature and flow
rate, although the increase in flow rate from 3 to 4 ml/min had no significant effect on the
extraction yield. Thus the flow rate of 3 ml/min was taken to be the most suitable. At suitable
condition (190°C, 3 ml/min), the amount of trans-resveratrol and trans-piceid were 23.18 and
350.28 ng/g dry weight, respectively. With equal extraction duration, the amount of trans-
resveratrol and trans-piceid compound obtained from extraction using 190°C subcritical

water were higher than those from extractions with ambient water and 80% ethanol.

Key words: subcritical water extraction; trans-piceid; trans-resveratrol; Shorea Roxburghii

G. Don.
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1. Introduction

Shorea roxburghii G. Don. (S. roxburghii) is a plant in the Dipterocarpaceae family. It
is found to be distributed in mixed deciduous forests or in evergreen forests of Asia, Africa,
and South America (1). In Thailand, the plant is commonly known as Pha-Yom. All parts of
Pha-Yom including barks, flowers, leaves, roots and seeds have been used for medicinal
purposes as they contain several phenolic compounds particularly resveratrol oligomers (2).
Resveratrol is found as a free form or glycosylated forms (known as piceid) (3), both free and
bound resveratrol exists in cis- or trans- isomeric forms. trans-Resveratrol (TR) is known to
possess various biological activity such as anticancer activity, antifungal activity, anti-
inflammatory, anti-aging activity (4-5). In nature, resveratrol is found mostly in the form of
trans-piceid (TP) (6-8) which has been shown to inhibit platelet aggregation (9) and lower
serum cholesterol levels (10). Nevertheless, the bioavailability of the TP is much lower,
compared with TR (11). In some studies, TP in the extract was converted into the TR via
hydrolysis with B-Glucosidase enzyme to increase the quantities of biologically active TR
(12). Nevertheless, TP has been reported to be absorbed more efficiently in human intestine
than TR, due to the conjugation with glucose, which increases the hydrophilicity of the
molecule (13). Moreover, TP can naturally be hydrolyzed to release TR in the digestive tract
by glucosidase produced by human intestinal bacteria (14).

For extraction of TR and TP, various solvents have been investigated to determine the
suitability for the compound recovery from various plants. Organic solvents such as 100%
acetone, 80% ethanol, 100% ethyl acetate and 90% methanol have been applied for extraction
of resveratrol from grape berry skins (15) and supercritical carbon dioxide extraction (SC-
COy) has also been applied to extract resveratrol from dried grape, including grape pomace,
seed, stem and skin (16). SC-CO, was shown not to be suitable for extraction of polar

analytes such as TR and TP without use of organic solvent modifier. Alternatively, subcritical
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water extraction (SWE) has become an interesting technique for extraction of herbal plants in
recent years. In this process, hot water at temperatures between boiling and critical point
under sufficient pressure to maintain the liquid state is used as an extraction solvent. SWE
has been shown to be a promising alternative for the conventional method of extraction of
polar and slightly non-polar compounds. Besides being an environmentally friendly
technique, other advantages of SWE include its simplicity, shorter extraction time, low cost
of the extracting agent. Examples of phytochemicals that have been extracted from plants by
using SWE were lactone from kava root (17), total phenolic contents from Chaga Mushroom
(18), terpinene-4-ol and (E)-1-(3,4-dimethoxyphenyl) butadiene from Zingiber cassumunar
(19) and nutraceutical compounds from Citrus Pomaces (20).

In this study, the suitable condition for SWE of TR and TP from S. roxburghii barks
was determined. The effects of water flow rate and extraction temperature on the amount of
TR and TP contents were considered and the results were compared with those of the extracts
obtained by other extraction methods such as Soxhlet and stirred vessel water, ethanol and

80% ethanol extraction.

2. Material and methods
2.1 Materials

The barks of S. roxburghii used in this study were from the plants grown locally in
northeast of Thailand. TR and TP were obtained from Sigma Chemical Co. (St Louis, Mo,
USA.). Water used in the experiments was distilled and deionized water. AR grade acetic
acid, HPLC grade ethanol and acetonitrile, were purchased from Merck (Darmstadt, FR

Germany).
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2.2 Sample preparation

The barks of S. roxburghii were dried in an oven at 50°C about 1 day until it reached a
constant weight. The dried sample was crushed into fine powder using moulinex blender. The
powdered samples were sieved through a mesh of size 500 micrometer. The sample (0.2-0.5

mm) was then stored at 4°C in a domestic refrigerator until use.

2.3 SWE

SWE experiments were carried out to determine the effects of extraction temperature
(100-190 C) and extraction flow rates (2-4 ml/min) on the amount of TR and TP exracted.
The experiments were performed using an apparatus shown in Fig. 1. The extraction system
consisted of two HPLC pumps (PU 980, JASCO, Japan), a degassing instrument (ERC 3215,
CE, Japan), an oven (D63450, HARAEUS, Germany), an extraction vessel (10 ml, Thar
Design, USA), a pressure gauge, and a back pressure regulator value (AKICO, Japan), a
heating cable and a self-made temperature controller. All connections were made with
stainless steel capillaries (1/16 inch outside diameter).

Distilled water was pumped, first, through a degassing equipment to remove dissolved
oxygen. The degassed water was then passed through the tubing which was wrapped with a
heating cable used to preheat the water before it entered the oven. The water was further
preheated through a preheating coil, made from 3 m stainless steel tubing, installed inside the
oven before it entered the extraction vessel, which was preloaded with 0.5 g of sample. The
back pressure regulator placed at the outlet of the extraction system was used to maintain the
system pressure to ensure that the water was in liquid state at all temperatures employed in
the experiment. Before starting the extraction, all connections were checked for possible
leakage. To prevent the line behind the extraction vessel from clogging, the second pump was

then turned on to deliver degassed water at constant flow rate of 1 ml/min to wash off any



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

residual product that may precipitate within the line exiting the extractor. The extract was
cooled in a coil immersed in a water bath to prevent possible product degradation, before
being collected in fractions in sample collecting vials. The samples were taken at every 30
min interval during the first 2 h, and then every 60 min onwards. The extracts were then
evaporated by a vacuum evaporator (R-210/R-215 Rotavapor®, Buchi Co. Ltd, Switzerland)
to reduce the water volume to about 10 ml. Each of the extract was thoroughly passed
through a syringe filter, in which a 13 mm nylon filter (with a 0.45 um pore size diameter)
was placed inside a polypropylene housing. The filtered samples were stored at 4°C until

being analyzed by HPLC.

2.4 Extractions with water and ethanol at ambient pressure

Water and ethanol extractions were carried out both in a stirred vessel and in a Soxhlet
apparatus to compare the results with SWE. In a stirred vessel, 0.5 g of ground S. roxburghii
barks was extracted with 200 ml of water or ethanol for 1 hour. For extraction in Soxhlet
apparatus, 0.5 g of ground S. roxburghii barks was placed into a thimble and was extracted
with 200 ml of distilled water or 80% of ethanol for 2 hours. The extraction time of 1 and 2
hours were used here as they were found to give the highest yields for both methods,
respectively. Each extract was then evaporated under vacuum to about 10 ml. The

concentrated extract was stored at 4°C until analysis.

2.5 HPLC analysis of S. roxburghii extract

The analysis of TR and TP were determined using High Performance Liquid
Chromatography (HPLC) following the modified method of Rudolf et al. (21). The HPLC
were performed with a Cyg Inertsil ODS-3 column (250 x 4.6 mm ID, 5 um particle size),

equipped with a photodiode array (PDA) detector. The PDA absorbance was monitored at
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307 nm. The mobile phase consists of solvent A (0.1% acetic acid in water) and solvent B
(100% acetonitrile, HPLC grade). The gradient system started with 5% solvent B at 0 min
and was changed to 37% solvent B at 23 min, then followed by an increase of solvent B to
72% over 5 min, with the total run time of 30 min. All the sample extract injection volume
was 20 pL. The flow rate was set at 1.5 ml/min and the column temperature was maintained
at 25°C throughout the test. The concentrations of TR and TP in the sample were determined
using standard calibration curves, constructed from a plot of peak areas versus concentrations
for a series of standard solutions whose concentrations range from 0.1-10 pg/ml for TR and
1-25 ug/ml for TP, respectively. The chromatogram of the extract is shown in Fig. 2, which

suggested that the retention times of TP and TR were 19.6 and 24.8 min, respectively.

3. Results and Discussion

3.1 Effect of extraction temperature

The effects of extraction temperature on the amounts of TR and TP were investigated in
the range of 100-190°C. A constant water flow rate of 2 ml/min was used and the extraction
was carried out at a constant pressure of 10 MPa. Fig. 3 a and b respectively show the amount
of TR and TP extracted at extraction duration from 0 to 360 min. The amount of TR in the S.
roxburghi bark extracts (0.68-13.01 pg/g dry weight) was found to be considerably smaller
than that of TP (61.37-301.70 pg/g dry weight). The extraction yield of both TR and TP
increased as temperature increased up to 190°C. Despite that the high temperature could
cause compound degradation, SWE, in many cases (especially for phenolic compounds
extraction), was reported to give higher yield. This was possibly due to the increase in the
ionization constant of water at high temperatures, which enhances the hydrolysis of larger
and complex lignin structures in the cell wall into the smaller aromatic compounds including

phenolic compounds (22-23). In addition, the increase in extraction yield with temperature is
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due to the fact that the polarity of water decreases with temperature, resulting in increased
solubility of TP in water. It is noted that dielectric constant (g) of subcritical water at 190°C is
relatively close to that of 80% ethanol at 25°C (24), the concentration of ethanol which was

reported to give the highest yield for TR and TP extraction (25-26).

3.2 Effect of water flow rates

The effect of water flow rate on the amount of TR and TP extracted was investigated by
varying the flow rate from 2 to 4 ml/min at a fixed extraction temperature of 190°C and a
pressure of 10 MPa. The results are presented in Fig. 4 which shows that the TR and TP
extracted increased with increasing flow rate. The profiles in Fig. 4 for various flow rates can
be divided into two regions, i.e. (i) the initially high extraction rate region between 0-30 min
in which the concentration gradient of the extracted solutes across the surface of the S.
roxburghii sample was high, and (ii) the subsequent lower extraction rate region. For TR, the
initial extraction rates increased with increasing flow rate. This can be explained by the fact

that the mass transfer rate depends principally on two main factors, mass transfer coefficient

(k)and the concentration different driving force (AC )according the following equation (27)

N =kAC =k(C, -C,) L)

Where N is the molar flux of component, mole/area.time, Kk is the mass transfer coefficients,

m/s, C, is the concentration of the solute in the solid plant sample, mol/m® and C, is the

solute concentration in bulk solution, mol/m. In a laminar flow region which is the case in

this work here, the quantity ‘ k * generally varies with water flow rate.

For TP extraction on the other hand, the extraction rate was found to have different

behavior. In this case, the initial rate did not seem to vary with the variation in ‘K > which
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suggested that the initial extraction process was not limited by mass transfer, but perhaps to a

more significant level by the driving force or in this case, the concentration difference (AC).

This is possible as during the initial period, a large amount of TP still stayed inside the solid
matrix, resulting in large difference between the concentrations in the solid matrix and in the
bulk fluid. The extraction at the later time of 30-360 min showed much clearer difference in
the mass transfer rates at various flow rates, which indicates that the mass transfer coefficient,
k, started to play a more important role. As time passed, the solid phase concentration
started to fall which rendered the concentration gradient small, and this is when the rate of
extracted TP became limited by the mass transfer, and the rate increased with the increasing
flow rate. It is noted from the figure that the amount of TP extracted still increased after 360
min. This was probably due to the effect of enhanced extraction with SW. Nevertheless, with
the data up to 360 min, general trends on the effects of different variables could be drawn. In
practice, the proper flow rate must be chosen such that it would result in shorter extraction
time and higher concentration of the extract. Since TP was present in a much larger amount
compared with TR, the determination of the most suitable flow rate was based on the TP
results. Since the extraction rate of TP did not significantly increased with increasing flow

rate from of 3 to 4 ml/min, the flow of 3 ml/min was taken to be the most suitable.

3.3 Comparison of SWE and other extraction methods

In the present study, comparisons were made between the SWE and the other extraction
methods such as conventional water and ethanol extractions using a stirred vessel and Soxhlet
apparatus. The results are summarized in Table 1. Extraction in a stirred vessel at 70°C and
Soxhlet extraction at 78°C indicated that ethanol and 80% ethanol were better solvents for TP
and TR than water. These results were similar to previous study which demonstrated that

80% ethanol was the best solvent for TP and TR extraction from Grape Berry Skin (15).
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10

Nevertheless, the extraction yield can be increased for water extraction at higher temperature
as can be seen by the results obtained with Soxhlet extraction which took place at 100°C.
SWE at 100°C however gave lower amount of TP compared with Soxhlet extraction with
water methods carried out at the same temperature. This was possibly because in the system
used for SWE did not allow loading of the barks sample after the preset extraction
temperature was reached, instead the sample must be loaded into the vessel from the
beginning. The sample therefore was subjected to heating which took approximately 45 min
before actual extraction started, thus leading to the compound degradation. SWE at 190°C
however resulted in higher amounts of TP and TR compared with the other extraction
methods. This is probably because the increase in TP and TR solubility and the degree of
hydrolysis caused by high amount of water ions produced at this condition could exceed the

negative effect from degradation.

Conclusions

The results in this study demonstrated that S.roxburghii bark is a good source of TR and
TP and could be extracted with subcritical water, which is a suitable and environmentally
benign solvent. The amount of TR and TP in the extracts increased with increasing
temperature and flow rate. The maximum amounts of TR and TP were 23.18 and 350.28 ug/g
DW, respectively, obtained at the extraction temperature of 190°C and the water flow rate of
3 ml/min. The extracts obtained by 190°C subcritical water contained higher amount of TR
and TP than those obtained by ambient water, ethanol and 80% ethanol using either Soxhlet

apparatus or a stirred vessel.
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Figure Caption

Figure 1 Diagram of experimental setup of SWE

Figure 2 HPLC chromatograms of (a) standard compounds: TP (1) and TR (2)

(b) S. roxburghii extract

Figure 3 Effect of extraction temperature on the amounts of (a) TR and (b) TP at fixed flow

rate of 2 ml/min and pressure 10 MPa.

Figure 4 Effect of water flow rate on the amount of extracted TP and TR for SWE at 190°C

and pressure 10 MPa.
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Table Caption

Table 1 Comparison of TP and TR for other extraction methods
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Extraction Temperature Time TP TR
Methods (°C) (min) (ug/g DW) (ug/g DW)
Extraction with

ethanol stirred 70 60 68.37+£1.02 1.91+1.10
vessel

Extraction with 70 60 36.96+1.52 0.88+0.30
water in stirred

vessel

Soxhlet extraction 78 60 71.12+1.00 2.13+0.05
with 80%ethanol

Soxhlet extraction 78 120 92.50+0.50 3.23+0.93
with 80%ethanol

Soxhlet extraction 100 60 60.02+0.86 2.09+0.30
with water

Soxhlet extraction 100 120 74.87+£3.00 3.91+0.90
with water

SWE 100 30 51.71+2.50 3.13+0.60
SWE 100 120 54.90+3.00 4.07+0.21
SWE 190 30 130.88+2.06 6.93+0.40
SWE 190 120 198.97+2.07 8.20+0.26
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