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vanillic acid, p-hydroxybenzoic acid, syringic acid, caffeic acid, p-coumaric acid,
chlorogenic acid WAy catechin ‘Luﬁq?‘iﬁnqmﬁ@mmﬁ 100, 150, 200 A 250 B4A"
waded 1wean 30, 60, 90 waz 120 WA M batch-type reactor (U3nnms 3 mL) Ine
'3Lﬂm:ﬁiﬁmmmiﬂi:ﬂ@uﬁlu@aﬂﬁ'm'ﬁ@ﬁ”qmLwﬂﬁmimm‘lﬁm@w\l?\lmmmmmmﬁuz_gq
(HPLC) YAz Bunnuansszneufiuednianunlng folin-ciocalteu assay WAZALATIZY
mmmmmiumﬁ"m%@%m: DPPH (2,2-Diphenyl-1-picryl-hydrazyl) AMNNNTANE
wuddledingamnfiuazinantunisliaaudan vinliansdsenevuiuednaiing1e) tians
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kinetics)  ansulsznaviuednynaiiafiAnmaanefetanysaideanitaauden 30
U ﬁ@muqﬁ 250 agpaiFas SudlefiarsnnAmasnudeiusiufainaunis Arhenius
w1 catechin a1afinalnnisaaneuansnsannanstssnanfluednafindu uaznuding
@mﬂﬁqﬁﬂﬁmmmmmsl,umir?’humésﬂ@%ma?:LL@zﬂ?mmmwizﬂ@u?\lu@ﬁﬂﬁwum
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DUYARAIE DPPH rasgnsaraeasilsznetifuednudaziafinonudiiusiuludnuusd
udunsg Lﬂuﬁm@u%dwﬁmﬁmﬁﬁlLﬁmﬁﬂmmm&ﬁqﬁ@mm:ﬁ@;wm protocatechuic
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Abstract

Subcritical water extraction, an extraction using water at temperature higher
than 100°C under pressurized condition as solvent, has received much interest from
researchers for extraction of phenolic compounds from various materials. However,
stability of phenolic compounds in subcritical water is still not extensively reported in
literature. Therefore, this study investigated stability of 10 phenolic compounds, i.e.
gallic acid, protocatechuic acid, gentisic acid, vanillic acid, p-hydroxybenzoic acid,
syringic acid, caffeic acid, p-coumaric acid, chlorogenic acid and catechin in subcritical
water using a batch-type reactor (net volume 3 mL) at 100, 150, 200 and 250°C for 30,
60, 90 and 120 min. The amount of phenolic compounds was determined by HPLC, total
phenolic content was determined by folin-ciocalteu assay and free radical scavenging
activity was measured using DPPH assay. The results showed that as the heating
temperature and time increased, phenolic compounds was more decomposed and the
degradation process can be described by first-order kinetics model. All tested
compounds degraded completely after heating for 30 min at 250°C. Activation energy
from Arrhenius plot indicated that catechin may degrade with different mechanism from
other phenolic compounds. Degradation of phenolic compounds resulted in reduction of
DPPH free radical scavenging activity and total phenolic content of the heated solution.
The relationship between total phenolic content and DPPH radical scavenging activity
for each phenolic compound was linear. Interestingly, degradation products from
protocatechuic acid, syringic acid, caffeic acid, chlorogenic acid and catechin at high

temperature exhibited considerable free radical scavenging activity.

Keywords: Superheated water; Hydrolysis; Phenolic compounds; Decarboxylation; Radical

scavenging
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A9199 1 NguaBsaslsznauNwadn TN

Class Structure
Simple phenolics, benzoquinones Cq
Hydroxybenzoic acids Cs—C,
Acethophenones, phenylacetic acids CsC,
Hydroxycinnamic acids, phenylpropanoids CsC,

(coumarins, isocoumarins, chromones, chromenes)

Napthoquinones C—C,
Xanthones Cs—C,—Cs
Stilbenes, anthraguinones CsC,—C,
Flavonoids, isoflavonoids CsC,—C,
Lignans, neolignans (C—C,),
Biflavonoids (Cc—C.,—Cy),
Lignins (CsC)),
Condensed tannins (proanthocyanidins or flavolans) (Cc—C.,—Cy),

#1": Balasundram WATATUY (2006)



2.1.1 ngaWwaan (Phenolic acids) wilailu 2 ngueias Aa nenlansandiuulean
uaznsnlansaniduuniin nqunsnlansandiunlsdn Slassa¥adlu c,-C, wuagialily
aungaznuInduesAlsEnauesaslssnauliedau Ly Al Lae hydrolyzable
tannins (Shahidi WAz Naczk, 2004) m’fmﬂ@:ummiﬂm@n%umﬁﬂﬁuﬁimqm%ﬁqLflmq
winuazlsunmnsaiuatsA1suau 3 fia C,-C, (Balasundram UazAndy, 2006) A8t

anstlsznavieg luusaNgNLAZINANNLILAAIAIAITIN 2

A919% 2 FivatieanstsznaunsauadnTulFazNgNLATUUAIING

Phenolic acids UARINWL #1984

Hydroxybenzoic acids

gallic acid wasTuazin King waz Young (1999)
waanagu anadu Ju waz Howard (2005), Palma
O OH
LazADE (2001)
NTILUUN Budrat WAz Shotipruk (2009)
HO OH ANIDLLIET Herrera Ay Luque de Castro
OH
(2005)
NIUNG Shan ilazAndy (2005)
ellagic acid wasTuazin King waz Young (1999)
A o  oH analne Rangsriwong Larande (2009)
HO O O OH  FNAUBTLAY Anttonen LAz Karjalainen (2005)
HO 0
[0}
p-hydroxybenzoic acid LATRANA, WATEN Amiot barAUE (1997)
o] OH =
LAZARIDLLDT
419115147 419413 Shahidi ay Naczk (2004)
AANAUA LELTALY

ANLAL 1DAUN LNAR
NUATTU LATULLATT

LATAN FINDN




d‘ o ' = a ] J 1 dl '
FNTINN 2 B‘I’J‘ﬂﬂ’]\‘]@’ﬁﬂ?Zﬂﬂuﬂﬁ‘ﬁwu@@ﬂluumﬂﬁﬂQNLL@ZLL‘M@\WI‘W‘LI (F19)

Phenolic acids VAR CRNGN
protocatechuic acid mmmm’”' Herrera LA Lugque de Castro
O (2005)
41U Palma LAz Taylor (1999)
OH NNNIAYAN Altunkaya Wag Gokmen (2009)
OH Tusenn fomsznading Shan La¥ARL (2005)
AL LT Anderson uazAny (2004)
Fraunfias daftuau Shahidi ka2 Naczk (2004)
121N Fvau
vanillic acid @m@l,‘i_lfrﬁl‘ Herrera LAY Luque de Castro
o (2005)
wanlne Liazid kazAnLE (2007)
OCH, dnqunfiad 41aana Shahidi Waz Naczk (2004)
o SaNaUA lETAT GahEd
faluau teaiin damdes
AR TsTy
NZneN WATUILIES
Pianau
syringic acid mmmm’”' Herrera WAz Luque de Castro
N (2005)
dnqunfiad 41aana Shahidi Waz Naczk (2004)
H,CO OCH, failuau teaiin damdes

OH

veratric acid

OH

WAANIUAZIU LATAN

A
ARNTBLURT

wan'lne

Herrera LA Lugque de Castro
(2005)
Liazid tazmAnde (2007)




=l o ] = a ] J 1 dl '
AN 2 B‘I’J“ﬂil’]\‘l’&’]ﬁ‘ﬂ?gﬂ@Uﬂ?ﬂWMﬂ@ﬂIMLLW@Xﬂ@‘NLL@ZLL‘M@\‘]‘WW‘LI (ma)

Phenolic acids AN #1984
gentisic acid mm@mfﬁl Herrera WWas Luque de Castro
H (2005)
oH wan'ne Liazid WazAuy (2007)
HO Nzi:%uﬂ Budrat tlag Shotipruk (2009)
wldendnana dafiuau  Shahidi A Naczk (2004)
2081 thiaed
Vanillin @m@l,‘i_lfrﬁl‘ Herrera LAY Luque de Castro
°j” (2005)
# wWanlne Liazid wazAnLE (2007)

s

\:H‘\OCH?‘

OH

Hydroxycinnamic acids

ferulic acid
o
CH?Z:@/‘\\)LOH
H

p-coumaric acid

0] OH

Z

OH

v
o thedu agu

X
UTITAUN
Tl thedu agu
LN

N
TLSIGEERC EERVSIE bR
watlia vueiida gn
WINT AN

X

UEILAUN
wailila
wan'lne
NN
HNNIANDN
senn aasn1lu
waf3vialll

¥
Anuatitla W

Palma W@ Taylor (1999)

Kubola Wkag Siriamornpun (2008)
Palma waz Taylor (1999)
Balasundram wazandy (2006)

King kag Young (1999)

Kubola e Siriamornpun (2008)
Alonso-Salces LLlazAtdy (2001)
Liazid wazmAnie (2007)
Balasundram wazande (2006)
Altunkaya az Gokmen (2009)
Shan lazAtLy (2005)

King wazAns (2007)

Adil lazAnde (2007)




=l o ] = a ] J 1 dl '
AN 2 B‘I’J“ﬂﬂ’]\‘l’&’]ﬁ‘ﬂ?gﬂ@Uﬂﬁ‘ﬂwuﬂ@ﬂiuumﬂﬁﬂqmLL@ZLL‘M@\‘]‘WW‘LI (ma)

Phenolic acids AR CRNGN
caffeic acid mmmm’”' Herrera LA Lugque de Castro
0 OH (2005)
_ wan tng Liazid WazAuy (2007)

Toauaid Terpinc kazALe (2009)
nf fhedu egu Palma waz Taylor (1999)

SR > nun Balasundram wazA4E (2006)
NNNIANAN Altunkaya Uay Gokmen (2009)

rosmarinic acid
o Oy OH
S
e
o oH
OH
chlorogenic acid

o \/@OH

COOH

e}
OH
HO
OH

FuA Weznn aa3nlu

o =

Teauss Nmsznadn

@ =
LHARAEITY NTEINULTULIR

ANAUNTINA 29

o o % o
UALLRTT LIRTT UNLTRTT

U
v v b4

wetitla tueilida gn
wng A SR T inaninge
Teausd

Jus Wgenn aa3n1lu

v
wailitla

al
ARTBLLR

NN BANBLA

%

nN1ANAN
STUNT LNAANNUAZTU
o
UQLUesT [T gnung
waihila Haneldla 4

Wuel3e ingvinigm

Shan ilazAnde (2005)

King kag Young (1999)

Terpinc LazALL (2009)

Shan wazande (2005)

Alonso-Salces WazAtLe (2001)
Herrera LA Lugque de Castro
(2005)

Balasundram LazAnde (2006)
Altunkaya ez Gokmen (2009)
King kag Young (1999)




2.1.2 Aa1lauass (Flavonoids) Lﬂumjmmi\w‘mqﬁwuluﬁm FAwaea 1y
mﬁiﬂﬁ:ﬂ@uﬂu@'ﬁﬂﬂzﬁﬂmﬁqmm\‘iﬁm anTauesfiuaslszneuiiiuoaly L@Q@lﬁlﬁ
Uszney fuezmentesnnilen 15 aznex flassairadu C,C,-C, uaAGeunIng 2 uaz
ﬁﬂ%@gmmﬁu‘ﬂumq@ﬁmm Wm‘tqu@ﬂﬁumLﬂuﬂzjuﬂ@ﬂé’ﬁqﬁ Aa Wanlauaa (flavonols),
WanTau (flavones), WananTuu (flavanones), Wana1uea (flavanols %3 catechin),
lalananTau (isoflavones) waz waulnlianiifu (anthocyanidins) (Balasundram wasAmLe,
2006) Tmimm%wwmﬂm‘hu@ﬂﬁirl,uﬁimn@:mLmaﬁqmwﬁ' 3

Nalauea (Flavonols) Lﬂquhu@ﬂﬁﬁﬁMﬂﬁqm 1UsenauAae LABTeu
(quercetin), WNWIWBsaA (kaempferol) uaz TFEHY (myricetin) UAaTIAY (rutin) Faiflusi
uz’{ﬂmm%lmifm@ﬂﬁmjuﬁ e wnediu i Wm‘ﬁfau@ﬂﬁﬁéﬂﬁtﬁ@mmﬁm asfl
wunanlouaaluiffanngs Tun e, weditla, dnne, ludnniaves, upswiuedd,
UFenlad uazan sy

aa

Walau (Flavones) Usznausag gualaau (luteolin), aziNailu (apigenin)
[~ v é’ 1 o oI/
s wunnnlu auany, 0T (parsley) wazuznan

Na1usa (Flavanols) Usznaumag Amwmnd (catechin) way BNAINTY
(epicatechin) wulugnuws, uathils, lumnd@en, laduas, Tatdag Wusiu uazdinazatism
AunALNAAN (gallic acid) Wlu epigallocatechin gallate WaE epicatechin gallate T
A g . ¥ A o o A va
el condensed tannin lunald, Nmszgata wazdoya waldRudnanuasly
1/3110ug9 (King #az Young, 1999)

lalawanlau (Isoflavones) daulnninuluiansenadoinauisunn Inganns
TutawaesnylulFunuingalszunn 1,600-2,400 mg/kg lalavanlounupanuden uay
avanelutnldidnties wiazangldunluweanaaed (King waz Young, 1999)

Wa191Tuu (Flavanones) dnwulunalinsenadu (Naczk uaz Shahidi,

2004)

waulnlgenifu (anthocyanidins) Tmm’éwﬁugmiu‘ﬁuL@Q@ﬂ@:ﬂ@uc&’ifm
qaunauunla Inusu (benzopyran) 2 a9saiuaaumuiia (phenyl ring) a1sisenad
LL'auIVlVLGﬁﬂ”]ﬁauﬁWUN’]ﬂ@tﬂ@ﬂugﬂﬂmﬂ@@ﬂhLﬁf;lll%ﬂ'ﬂ% (oxonium ion) Aa HaLAaNTad
aandiaudilsyquan 16w laantifu (cyanidin) Wansintiaiu (pelargonidin) inaiimu
(delphinidin) wazilatifiu (peonidin) WyHAY (Petunidin) ¥a%AU (malvidin) wuiuquUﬂﬁ
AU HATANTD e g (58, 2549)



i 2 Tasaaisiugauresanlauess

#": Balasundram WAZADLY (2006)

i . R
P - JT\;” 0 ij .,r'““w-’{} | \{;:
A oy OO

5 = “OH

flavone flavonal flavarone

&
S ads ae

flavanol anthocyanidin

2w 3 TasairesanTauessusasngu

#": Balasundram WAZADAY (2006)

2.1.3 wnully (Tannins) lunguaesansilsznauidsdauniuaaluanaganlaann

a [~ ndl o v a aal A =3 %’ 21/ o O v 4
seantnd  lusnsfvinliifnsadn  uariAmAeauviIANa wenantiudwinli
a aaa a dQOJ ai Y v 1 A v v o
Aedfizenisfinduimaindsieaenlaifos  wuaglulaenvesldtusiuwasdanulily
s 4 g | v ya ol v e v
doupu residae iunuNnlwlug InTA wazualimunisaca ldun wau azym ndae
adu e uatlila wazand unuiudeddseTamiluniaminlod wadidunnifullagin il
samA WA [ulsacna unuiiuuiailu 2 ngu A hydrolyzable tannins (unuiiuilalaslad
VLffﬂ/) laz condensed tannins

Condensed tannins Llunguaasasdsenavunuiiundulnamesuas

. = . , Y o A = o o '
catechin %38 epicatechin wusnlunald fouwa uasiemszgann tasdnasanet
\Hagadunanyeiie

Hydrolyzable tannins tflunguaadanstsznauunuiuiiduinamasang

nIALNAAN (gallic acid) 38 nIALEaaIan (ellagic acid) Feandn unalauniiin
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(gallotannins) UAZIBARIAUNLI (ellagitannin) ANATAL uazdiiaangladatluluiana
2 odl ol/ o ] 1 -lg’d a . .
Aogl 1 Tana wuluiuessuaydn faetneanstszneulunguiine neaunuiin (tannic acid)
duunaTaunuiiu (Wsen, 2549 uaz King La Young, 1999)

nsafinansUszneLiuednluituediuanauiAinianivesanniy 35714
AR PUIAVBIDUNIATBIFIBELNN TTEITIIAINITHIL annazildlunnsatn wazanssuna
Tmﬂmﬁumuﬂmi‘ummzmmm@ﬁiﬂizﬂ@u?\luﬂﬁﬂﬁu@fgﬁmﬁmmﬁqﬁmmwﬁ'ﬁ
(mmﬁ%q) degree of polymerization aesanslsznauiuedn uavniainUfATENAY
szudneanstlsznenlueantuesdsynauauluems farnazanefisn1dluntsaria
anstlsznauituednldun wniues wnues axalnm 10 1W3A0LEIAR THINILEA
Tauianefnlus wasansuanTIasfTnasaemani (Naczk Wae Shahidi, 2004) usinns
annesvinazaraida@anaialsznis  Ae Mdscaznanlunsadinuin  geen
UssAnsamlunisaingn uazdarieliifaansfisaindrinazaadiuounnn faiuaeding
ettt vl nsfuauaadenun ¥ lunisadaasanialéud - ansasagaeiing
angA (subcritical water extraction) %qmmmz@ﬁmm’1iié’umrmmﬂmjm’mimqﬁwmm
Uszm  wandhidaniilszaninmlunsaings Mnanlunsaindy  ualidesldsi

avansauyaenluAe (Herrero WazADLY, 2006)

2.2 1fl93Ingm (Subcritical water)

v i ! v
ANUNUYRINIATEIUN (NINT 4) IHBATLANANNALLAYYIUM) RN Tgai

<

Apanae (374 esAnaaE@Ea, 220 atm) fazldinluaninsnBendiidngaeants

Q
% 1

(supercritical water) wpliliasainaninziguuseesuingaeantainliinslddsstomily
guaunIsHaslnenseAeudneies  usvnRTgunRgINdIqnReALAENAIAININ9A

a oI/ A % dld ca%:/ ' = v [ n:ll = d‘
angm (uuﬂﬂmm@muqumm 100-374 BNAIALTERA) mﬂmmmmquuwmwww:
v ]
1 o K

FnenantuzresmadBld azlfaanshizendn danadnge (subcritical water, superheated

= v a

water, pressurized hot water) TRAMANTRNARMALszn1sNawla ausatinunld
Tugpanssuammsiiiuaden  warldiuaauaulaaininanamaasuanauaielunig
wandszgndlduvainuaneanzn du nsadadeesinadngm, nisteasanedagdonin
1% % dl a = %/ dI a a | % ' v v %/ dI a o ! |

Aaeinnedngm, Tasuntansviuuusinedngd usiu wintsaiasaarinedngpiuddy
nstszgndldnlaFunisdneetnsunsnataninige asandlsz@nsnnlunisainans

NAMNUALNFNANIRYALNAINUATELIEAN (Herrero LaTALE, 2006 WAz Smith, 2002)
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Critical point
P =221

C

Pressure [MPa]

100 T=374

MW 4 UEURIDA1ATeatin

AN - UanTunel (2549)

[ 1
=

2.2.1 AMANTRRIUINANG A

o

5 @ o o PP = = y o Y o
UUFINIAzaENNANHUZIRNIE A Nzﬂﬁ\mﬁ‘q\iﬂﬂizﬂ@UﬂQHWUﬁZ1§I®?L@u

1
o a =

ANUIUNIN NN RTaNNAAAN lABLANYEN (dielectric constant) wazANLTUdNg

©

| & o H PRI A~ o X a ~ a
e lsfimupuanifvesinaziilasuulasieinainaiuaesgun)dl  Weanuniees
901 dg( o ] 1 dl a o a a [ val dl
igaauiusslalasiauazgninas  ArasiledidanvsndAnanas  Mnlidnnslaauwlag
ALda1991Y ANUTALATILINENRY (surface tension) AAAILAYEATINTTENTLANTL
(Smith, 2002)

Y 4o ad ¥ 4 o e o+ . A
AnaNTRd1Anyrestiinanganuanseldaniaannzdng - Mun  Aesiile
AaA3N (dielectric constant) WAZANASANITWANGA (ion product) AANTANNINTA 5 AL
183 ladLdAvandNANS (relative dielectric constant, € 39911 TAALHAUDIANNLTTL
Y v oL 4 O SRPSTRU i
dnaesluanatiuiiaAlszinn 79.0 91 25 asamadea duastludinazanantaAy
Hudage Aliazanasaumaeiies 35.5 1 200 99AEALEE LA 20.7 71 300 a9ATALTEA

Farluan lusriumen uiUAINIa a8 BN ILEA (€ = 32 71 25 AIANTALTHE) LAY

1
= a aa

avdlon (€ = 21 N 25 saadea) A nAnaNtRniasuulaslUiinldinnangad

©

%
1 o

woAnssNAdNefuANazaeniid uazanisoinazateatslszneui i dnlAmndntin
dl a o 4 o ¥ o aaa [ ' dg/ o= o ! .

anzindnn inaunsaaiauazidinljideduaisnquitldn Audu Miller uas
Hawthorne (1998) $189MU3NANINNAAUNAY chlorothalonil  GstnFavareluinlfdassin
1 HAuamnsnTuN9azaeiiiInTue 130,000 WINHeINgUUYHAN 25 B9A7

a

wadealiiilu 200 ssraadsawaza i 5 avdanaliandimniinisdiugomnd

a
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v
a o 4

Tmsnzanazlfindngindamududouanssiulivinliasnsiaenainvseazans

| LYy om0 o o Y A o
@W?Lm@:ﬂ@ﬂﬂ @m’&ll‘]_lm‘i/]@q ﬂé@ﬂﬂ?gﬂq?m@\?uqﬂ\TQﬂQMW@Nﬂqﬂ\‘i‘ﬂﬂq?LLlﬂﬂmrJ (KW) ’63\7

1
a

Tnefipanadi 15 MPa #1 log Ky Fsduann 14 7 25 eernaadeaidy 11.3 ﬁﬂqmmu
Tustiag 200-250 avAmatas wansliiuinaududusaslalasdanlanauH,0) uay
lansandlanni (OH) Wisduann 1x107 molL lthily 2.2 x10° moliL sizaxanndn 20 win
N9 RNT UL R9AN K, 5u%Lﬂuﬁ@éTﬂﬁLéqﬂ§ﬁ“§mﬁLéﬂé’qammmzmm (acid-base catalyst)
viw Ufsenlalaslaga (Ualuned, 2549)

-11

80

60

Relative dielectric constant, €
.
o
T T T T T T T T T T T T T 71
lon product, log (K, /mol*/dm?®)

0 100 200 300
Temperature [°C]

a

w9 5 naiasuulasaesdn ladidarsnduRnsuazANAINNIIUANFNTRIN AN UMY

AANFU 15 MPa

11 : Knhuwijitjaru (2004)

dll = o o dl a v v v %’ d‘ a :j/ = a a |
LuﬂmamummnmmquzﬂﬂmLmemrwmmﬂmm'mqmuumﬂimmmwz;mmﬂ

ﬁ\iﬁLﬁ'ﬂ\‘m’WWﬂﬂ’)’]ﬁJ@WﬂJ’]ﬁ‘ﬂiMﬂﬁﬁ‘@:ﬁ@’]ﬂLL@zﬂ’]’iﬁ’]ﬁlLVINQ@‘I]@\?ZQ’]@ﬁVIO’]ﬂ'ﬁ@ﬁﬂLﬁlﬁluLL@z

' 1 '
o o A a

ANNNINALANAATENINHNENER  (surface  equilibria)  ImslliatNg M Razin
AYNAINNTDTWNTAZANETBIFTINATAAINT  HETU  AHALATEIENAAAY  NITUNT
QI 49{ ] 9/%’/ 1 ¥ Ddg g?j %’/ = 1 dl

Wnaudsnaliihausouwnsniud il lueynialdnaw - wenanniiiniiinisluasiotias
Tuszudnenisanauuylaundnudoaziiunisanamuns M ldinlszansninlunisanin via
GOUNHNGIUATAINAUANNNTDNNANLANARTENINHANTA LA NMTNNRUN)NAINID
MantusEnmtaszudesingnazateiuiadan un usawuneaas uaziusslalasiau
ininnslanlaesnesansaanaindaniialideau AMUANAUATTIIANNN AN A

FendNTRRALALNN (Teo wazARLE, 2009)
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222 ﬂﬁ%‘ﬂﬁ’ﬂﬁ"}ﬂﬁﬁﬁﬁﬂqm (Subcritical water extraction)

v - 5 4 a Ao o A o o o A Ao oA ¥
ﬂqﬁieﬂﬂﬁziﬂmu@qﬂuqﬂ\i'?ﬂqWWI'&"]ﬂtyﬂ‘ﬂ ﬂ']?sL‘ﬁLWlquV]’]@:ﬁ@qﬂ‘ﬂuV]?ﬂ NTRLLN LA

nsunuiafueulaeanlafingpaantelunisainansy

=

{ 1%

fyaA1andaanenininemslaad

q

nsAnen luirgaunanasiia (Smith, 2002) ﬁq@ﬂ'm‘lmiﬁﬂmmmﬁmma?rfmj A ing

TnatiAnsaiafaei NN ANNIENIUUARIAIANTIN 3

] v 1
M1519% 3 faet1ansAnensldinnangalunisainanssinge aanive

Ay anstsznay 81984
419798NONENTNEN
191N asiatic acid WA Kim tazAnde (2009)
asiaticoside
IINED anthraquinones Anekpankul kazands (2007)
Falalalaiole! kava lactone Kubatova ilazandy (2001)
TNTELAN nutraceutical compound Baek wazAnss (2008)

ansnguriueauarinauas
X
NEITAUN
NNzngA

aualng

luaasnilu

v
31917
1

WANDJU

LLUAALABLIUI

a13sznaunuaan
a13sznaunuaan

ansilsznauuaan
ansilsznauuaan

ansilsznauuaan
ansilsynauuaan

ansilsvnauuaan

waninlaentuduay

a19Lsznaunueanaw]

Budrat thaz Shotipruk (2009)
Khuwijitiaru bazanue (2008)

Rangsriwong LazAte
(2009)
Rodriguez-Meizoso ey
AL (2006)

Pourali llazAndy (2010)
Kim LLlay Mazza (2006)

Garcia-Marino LasAniy
(2006)

Cacace Waz Mazza (2002)
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a o ' = v % 4 a o ) o )
M1919N 3 m@mﬂmﬁ‘ﬂﬂ‘]ﬁﬁm‘i‘hu’m\‘]’mqmslum?mnmm?mﬂ AINWI (519)

moAL anstsznay 81984

wWaanaguuna wauinlaenluduay Ju Baz Howard (2005)

anslsznauiuednaw

LATANNIY wauInlaenfiug Gizir WazAz (2008)

WANDYU A1INQANANNTULAY Pifieiro wazAtUY (2004)
ANANTL

eI ANTUAURBANT ALY Ibanez LaTARLE (2003)

foiang lalananloud Li-Hsun BazAnuy (2004)

TN UNaNTZLIE

o

WNAAETNT WNHUNANIZLEY Eikani WazAnue (2007)

AU TNNUNANTZNE Ozel Waz Kaymaz (2004)

aa3n11u T UMaNIZIe Ayala ae Luque de Castro
(2001)

WNAREINT UTUNBNTZ e Gamiz-Gracia waz Lugue

de Castro (2000)

2.2.3 ANNAIAIERIRslsznauNuaan Ul Nngm

[ %

v ! i v
nsldilszTamianntnnaangalunisainansiiyaAiandngaunieanisineaetiy

Vo o Aaow O =) a d! I =K
Iiuarnanlaaninddasruaunn Inaenizanstszneuiluedn deinisfnenig
dszgnilfinndngaunannatsdszneriuednainiaatinsnae Auetineandneuans usly

o Ay ' ¥ 9 % A a = v a X o
neafinanssznauilidiaiassianinnieusnetinnedngm azinisaanefanatuluuanss
= = ¥ o P Mg T %A oV M ve = |
Tan1sANEFUAINALTITesatslsznetmanllwihnangedelllAunisAnmedie

= a o 1 = 1 QI le é’ ) £
Wene Taeantd st Ledautin s eI SN M) RNgauazi Wit Funn
ansdszneuiluednnainlédA1ananizagndaAnuanisn lunailuaissesiuays
a o dJ v & ! I dg/d ] o 1=
809710981961 Teuans Wiiudranstsznaumaniilanupsmuseaniayunisainld lia

a J

1N 1 Ju waz Howard (2005) wud1n1sldaningiiganan 110 agANIAaE Tun19an

a
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= a A ' 1% % d‘ a o ¥ a ?:/ a
ansiuednanidaenedunainnmngaazin liiian1sanaesiaFu ey e iug
waziFunauanstsznauueaninesn 491 Rangsriwong BazAnLy (2009) ANENN94TA
ansinanuednanNNaane lngfaetinnangs wudleiinguuRng 220 a9AmaLTs
13110 gallic acid uaz ellagic acid luansannanasisanalulillfdnanaiianiraarafian
grUNRge uaztilainnan lunsaialiunuau avuainnsnlunissitunisiineendiadu

o ° 1 = o o | a .il’ 14 %’ d‘ a A
LBIRNTANAFNAY LTWAERALNTANAANTLsENaLNUEANAINNLILTUNAIELUNNING A AR
1Bunureeansszneuiuedniiavann Usunnaes catechin, gentisic acid Wag chlorogenic
acid Nafnlduazauainian lunnsfinunisineandnduIaasan AN TN a9 NN
WNTUDY 200 BeAnEadausiEN0L gallic acid Nannlianadntiesgaumnil 200

= |dl a al g =X = = a
BIANTALTEALALNBR NN HIANNTWNY 230 a9AIadsalTuInaedanslsznasmiuedn
Wnnanana lianas I9a1afianisaanafan M NgeLuLReniu (Butrat Waz Shotipruk,
2009)

Herrera waz Lugque de Castro (2005) 9181 UANALAITBIAN9sTNna LB AN
HAUNNIANAAEUNAANGANENITANNIA HC 1.2 M Igung 130 a9AmaLT4

dl 1 =) a a o a al

(113799 4) wudnanstszneuuean 7 atinaanusanim 100 % n1elunan 10 Wi uasl
Wen 3 aiawinduinisnisaanesneglugos 50 % wNEIdEAIUAUNINSINLNAINITT
anpanslsznauiueanliudldanugigauansiiiuinaslsnauduednunsttinanaas
= o ] Vv 96’ d} a v
HponuAsFasiaAuFanluinNange iR

Lindquist Lka¥ Yang (2011) AN®IAINNAIFIT8Y benzoic acid Lmzwﬁuﬁ’mm
benzoic acid 3 #ia AL anthranilic acid, salicylic acid Wag syringic acid nelfaning

a

unngn  Taefnefigomni 50-350  IANEAITEANLIINITAR LAY R LT EY

a

Y
a a K =

! % 1 1 1
benzoic acid WNTUNEUUYRANTY uariauansseaauiiainnanlunslinong

a
'

Sou A 4 Tia denaafiosauiegungi 100 esrutaifua usfignmgi 150 e9rn
aTea aLRUEa8s benzoic 73 wia Aanimaaefdieadnieaviainliaonateu
30 W wsaaneFiaNan memﬂﬁq@ﬂ'wmugmﬁ 250 BaANIALTEALA benzoic acid
fdanaiafiusegfigund 300 esraiGus udsminlianuian 10 Wi figoaund 200 uaz
250 aaFTaLdad 4151eney anthranilic acid, salicylic acid, syringic acid Wag benzoic
acid 1AnuffRenAafuentiadulliduaissznevsndulud 1&un aniline, phenol,

syringol UAY benzene ANNAAL (N1WH 6) TenalnnisfiaUfisanAAnfuendiaduaes
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anthranilic acid LWAANFININN 7

A15199 4 nsaanerinaesanstszneuiueannialinsaindqetinaangm

Analyte Degradation (%)

Subcritical water extraction NANNIA

a

HCI 1.2 M Ngrungi 130 a9ALTaLTes

a

gallic acid 100
protocatechuic acid 100
gentisic acid 100
p-hydroxybenzoic acid 100
vanillic acid 100
chlorogenic acid 100
caffeic acid 100
syrinic acid 96
vanillin 58
syringic acid 99
syringaldehyde 55
salicylic acid 49
p-Coumaric acid 76
veratric acid 82
ferulic acid 68

N : Herrera waz Lugue de Castro (2005)
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350°C
30 min or longer

Degassed Water

HoN
200 °C or higher (b)
10 min or longer
EEE——
Degassed Water
HO

pu o]
O; O

(==
z

jasi
Q o
I

i
o

jus]

S 3 o ]
\o /é\o/ 5/

200 °C or higher

10 min or longer
e

Degassed Water

\

o)
200 °C or higher
10 min or longer
OH ——m OH
Degassed Water
o)

/

MW 6 UNATEIN198AEFI284 benzoic acid WAL aYWLEI8Y benzoic acid : (a)
benzoic acid (b) anthranilic acid (c) salicylic acid waz (d) syringic acid

111: Lindquist ka2 Yang (2011)

H H

H 0 H H 0----H

-~

H—N H H—N )

/ H/ \(
— O

~
~.
o

jam

\ \
H 0----H H O—H
/ / / 0
H—N H 0 H—N ”
C
0 —_— M

MW 7 nalnmsiiadfjisennAfuendiadiiaes anthranilic acid

#11: Lindquist ka2 Yang (2011



uny 3

L4 aa
’@lﬂﬂiml,l,ﬂz'lﬁﬂ’]‘i‘l/l AR

3.1 @19LAN

3.1.1 gallic acid monohydrate (=98%, M.W.= 188.14, Sigma, U.S.A.)

3.1.2 protocatechuic acid (=97%, M.W.= 154.12), p-hydroxybenzoic acid
(Z99%, M.W.= 138.12, Aldrich, Germany)

3.1.3 caffeic acid(=95%, M.W.= 180.16), vanillic acid (=97%, M.W.= 168.15,
Fluka, China)

3.1.4 gentisic acid sodium salt hydrate (=298%, M.W.= 176.10, Aldrich, U.S.A.)

3.1.5 p-coumaric acid (298%, M.W.= 164.16, Fluka, UK)

3.1.6 syringic acid (=95%, M.W.= 198.17, Sigma, UK)

3.1.7 chlorogenic acid (=95%, M.W.= 354.31, Aldrich, India)

3.1.8 catechin hydrate (=96%, M.W.= 290.27, Fluka, Indonesia)

3.1.9 DPPH" (2,2-diphenyl-1-picryhydrazyl) (Sigma-Aldrich, Germany)

3.1.10 Folin-ciocalteu (Merck, Germany)

3.1.11 Sodium carbonate anhydrous (Na,CO,) (Ajax Finechem, Australia)

3.1.12 wWn1uaa (Merck, Germany)

3.1.13 NIADLDAN (J.T. Baker, Thailand)

3.1.14 L-ascorbic acid (Riedel-de Haén, China)

3.1.15 N4

3.2 gunsal
3.2.1 geatlnsalliiAnnuFeuuuy batch-type (mw*ﬁl 6n) fatlsznandas
- Lﬁ%qmuau@mmﬁ (Temperature controller) (AS ONE, Japan)
- 819%atAY (Silicone oil bath)
- wasluAlda

- mafluimas (Fluk §1 52 I, China)
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- High pressure reactor (111aduEuAREINa e luxX Avnganieuen:

0.6X10.6 EURALNAT, UTNIAT 3.3 HARAAT, LTHNUIUIALTNBULAATINGA
NNA)

3.2.2 High Performance Liquid Chromatography (HPLC)

- °];m7'll 1 sznaudaaty HPLC (Dionex 34 P680A LPG-4, Germany), Photodiode
array detector (Dionex 31 PDA-100, USA) paanuliuiy Inertsil ODS-3 (1WA 4.6x250
finAmms S%e GL Science, Japan) WaY Luna 5u C18 (1A 4.6x150 fadwns fte
Phenomenex, USA)

3.2.3 1ATANIAAINIIAANALLEN (spectrophotometer) (Thermo Spectronic, {1
Genesys 10uv, USA)

3.2.4 1psaedanAtian 4 AMuMN (Sartorius AG §1 ED224S, Germany)
3.2.5 iATaduinntinsinge
3.2.6 guaigianuds gifiv

3.2.7 WIRNIAULIAN

wmafluAlia

batch-type reactor

.

w8 gunsninldlunamaasuiil batch-type (

3.3 98N19NARDY
3.3.1 mslianudauiuasazarasstsznauiuadnaaeiniengm
3.3.1.1 wenasazanednstsynauueanluin 1un gallic acid,
protocatechuic acid, gentisic acid, vanillic acid, p-hydroxybenzoic acid, syringic acid,

caffeic acid, p-coumaric acid, chlorogenic acid Wag catechin ANNIDNDYW 100 ppm
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3.3.1.2 Mamannidaaninanisunuinaae g lulnsau
3.3.1.3 ussqansazansanslsznauiuadnusiazaiinlu batch-type reactor
2.6 1adanT (80% 1091581197 reactor) (NMWHA 6 n)

L%

3.3.1.4 M98 Tuedalaun g uunandeansls (1w 6 1) tialiaaa

a

1
aday

Sauuiansazansansisznatfiuednaufisguingifidenis (Taafigamgd 100 aern
waea THnanseann 3 - 5wl gruugi 150 asAmadsa dnantlszunn 5 - 7 win
QrUNYH 200 avActaLEea Hnantlseunnt 5 - 7 Wil wazgungdl 250 asAeta s 14
AUsTINL 6 - 8 1T AaBnALATueAN 30, 60, 90, 120 W17 TaETnNTMARET 3 40

3.3.1.5 Wapsumunaniinvua |33 reactor aananng sialau il
Lﬁuﬁuﬂimﬂm?@jmﬂuﬁﬁmmﬁﬁlﬁq

3.3.1.6 WiuansazanefaetefiiunsWannufenlusanldsaedneda
udafufigounnfisnndn -18 eeAiTaides iesensiiasiisalyl

3.3.2 NN9ILATIEU

3.3.2.1 Aasevi Bunadnstssneufuednfimaendsannnsianuieu
ﬁ/w{iﬁ\ﬁﬂqmiﬁ% High Performance Liquid Chromatography (HPLC) (fatiagann
381172849 Subba Roa WAy Muralikrishna, 2002) N1N1934AILFRREN9AY 2 41 3209
AATITAUGANTILAZIDE A LN AN O

3.3.2.2 TissviBunauanssyneuueAnianun&aeia Folin-Ciocalteu
method (Maisuthisakul WazAUY, 2007) NIN153LAIIWRAYBENAY 3 %1 BaLanmeaed
uanslugrefiadniunsaunadnAan st inEaatng (mg GAE/g sample) 73013

3Lmﬁzﬁmmmmzﬁﬂmslumﬂmmﬂ 1

3.3.2.3 AAzinaNaNInlunsdueyyasdss DPPH (DPPH radical

o 3 a [

scavenging) (mmﬂmmnﬁ%mmm Brand-Williams LazAtuy, 1995) N1N19ALATIN

v !
o 1 =

v
FnRtiNNAY 3 11 TIHANIINARDILAAS I 1IN AANS AR AN HUTFABNFUTINULIN

Fiaaeina (g VCEAC/g sample) 38N1394ANZLaAIT8aziaea NI AKLWIN 2
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uny 4

N@ﬂ’li‘VIﬂﬂﬂ\ilL’R%ﬁQ’]‘iﬂiN@ﬂ'\’iﬂﬂﬂﬂ\i

4.1 HATDIRUUDHUATIIAT IUNIT IIAMNSAUAIEUINIINAAANITARLAIVD
a1sdsenauiuain

nsAnEEaTesgnRuazinat lunslirnausanisaate s luinnedng nae

[
Yo A

anstsznauue@n 10 1in NdANdNdL 100 ppm tasutifungulsssil As
ngunsalansendiuuledn (Hydroxybenzoic acids) Usznausng gallic acid,
protocatechuic acid, gentisic acid, vanillic acid, p-hydroxybenzoic acid Wa syringic
acid ngunsalansand@uwniin (Hydroxycinnamic acids) Usznausng caffeic acid,
p-coumaric acid Wa¥ chlorogenic acid wazngunalauass Usznavsiae catechin Ine
AnENgUMYH 100, 150, 200 uaz 250 avAEALEaa Waan 30, 60, 90 Uaz 120 W17
WAANAINTNT 9 TaudnsdndauanNidndureanslsnauuedninawmaeurazsinse
ArRdndunanEusi (C/C,) nudriananlunislipnuieudaarinangaiauain
30 W% 019 120 w7 danaldiansilszneuuadnya 10 18ia JUTNNMAARY [MABRLLHE
goamni lunasliacnfeufaeinnmng miiaaw A1n 100 09 250 B9AEALTE A9NALH
anstlsznaunue@niia 10 4tin HiSuIuanassaauil InaNguugi 200 a9ALTALTHA
Auliiuanstsznauuednita 10 18im aanasaldludTunomnn
) a ] ] o ] dl a = o v
anstlsznavdueandaulunjaanasda lduueangnmni 200 ase@aimas uaaani
ANFaulunan 30 w1 tEwA protocatechuic acid, vanillic acid, p-hydroxybenzoic
acid, syringic acid, caffeic acid, p-coumaric acid, chlorogenic acid Lag catechin Y
) a = a ' ?.// priy o £ (% 1% il’ B .
asdsznauuedniies 2 afia wintlui ldnunasannldaanuieusaaaninzil Aa gallic
acid Ua¥ gentisic acid wllagslsznauwmaniitnuns A NFaung g Riiilunan 60
al 1 = a all 1 d’l % A = a v U .
w1 wudranstseneuuaaninuat luannsilfmaaiies 5 9ia 16un protocatechuic
acid, vanillic acid, p-hydroxybenzoic acid, syringic acid Waz chlorogenic acid We b
1Funauinn (Hasnindasay 35)
Tuaneinisliranfeusaatinnangaigumngd 250 a9AEaLTa 1 Wudn

A19UsenauNUaANTe 10 18a aanasauus uadannlianuiaulunaiiss 30 wn
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c/c,

2NN 9

1.0

0.5

1.0

0.5

0.0

N19aARNUBNAT gallic acid (a), protocatechuic acid (b), gentisic acid (c), vanillic acid (d), p-hydroxybenzoic acid (e),

(c)

) ) ~ [ ) )
60 120 60 120 0 60 120 0
Time (min)

120

(@)

syringic acid (f), caffeic acid (g), p-coumaric acid (h), chlorogenic acid (i) was catechin (j) ﬁm'ﬁuﬂ’]';rslﬁmm"ffaué’wﬁﬁﬁﬂqmﬁ

gouiMnH 100°C (¢ ), 150°C (O ), 200°C ( A ), 250°C ( 0 ) NwaansineT] tne C Aeaniduduaasanslsznauiuednusazaiing

A dl A Y v dl AI v
ﬂQLMZ\]@VILQZ\]’ﬂW’l ay C, AR AMNLTNIUNIALTHAU
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Tunraingnamniuaziaan lunisiaanfeusastinneingm dswalianstszney
Wuadaniia 10 1l Hlfunuanad lasanaslsznauuadniinnisaanasnaungumyd
49 AHANNIANHIAINANNABAARBSTUNANNIANHITEY Lindquist 4AY Yang (2011) #
WLTN NNTAREFT899YRLSI8Y benzoic acid WA anthranilic acid, salicylic acid waz
syringic acid TN AN A WNTWHEUUYRIRNTUAIN 50 B9AEAEEA D19 350 8961
waiea @9 Lindquist waz Yang (2011) ldainszsinudnijisannisaanasinaesans
= a ZJ/ a A aaa a o a o o ] rdl =
Wuednis 3 1tin A Ujiseinafueandiadu Inaaanasicetisanysnii 250 asaLgaidea
LAt UNANNSANEIT8Y Yang WazAny (2007) NNLITNGIUN)NNNADAIINAIFITDY
carvacrol lwtfaangm @4 carvacrol tiufluanstszneuituedninumestud Tnanns
An"aAn184 carvacrol NN A WNTWRDUUYRITANTUAIN 100 B9AEATEA D19
250 a9AIATE NN 150 avA@aliaa carvacrol An1saanafafindnfasas 10
UasNgUNYH 200 LAY 250 avAmalEea ANMIaATFININ uazide A uFa1ly
ANMUTUANN 30-300 W M IFLFNNDUaRY carvacrol anasiag LANANITANEITA
Herrera was Luque de Castro (2005) NANE1ANALAI12981 513 naufuedaniiacinunng
afAREtNANANENISANNIA HCI 1.2 M NIgounnil 130 aeAimaidea wiudn
anssznevduedn 7 i Ldwn gallic acid, protocatechuic acid, gentisic acid,
p-hydroxybenzoic acid, vanillic acid, chlorogenic acid Wag caffeic acid #a1UAIUNA
100 % nelunan 10 Wil wazdies 3 atiawinduiinisnisaanasianglutdas 50 % aun
vanillin, syringaldehyde, salicylic acid

nranasredlTNNaNsUszneLiuedanuAazaiaN i unT AN FauAaL1Ng
Ange Weansanlunsaaunarand Inanisdendiasnisng C/C, unantiuaziiuls
I lFanuduiusidudunss (1N 10) wanslfidudnnisaatafagaiunsoasune ldaae
AAUNAFANARFAUALNIN (first-order kinetics) AIANNNT

In C/C, = -kt (1)
Ha  C A Anudndunaunaeinanle
C, An A NNdUAIAN FN s
a4 de
k AR ANASTAERIN

A al
t A8 1941 (179)
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0 <3 <= ——1 — 73 HNLD
5 A
_5 -
S (a) (b) (c) (d) (e)
O -10 4 { [J—Wﬁnm 3
I= \E\\S\D\U
A
5 4 A
(f) (9) (h) (i) )
_10 ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) ) )
0 60 120 O 60 120 O 60 120 O 60 120 0 60 120
Time (min)

MR 10 AU TZ U919 I C/C, Nunan1839419 gallic acid (a), protocatechuic acid (b), gentisic acid (c), vanillic acid (d),
p-hydroxybenzoic acid (e), syringic acid (f), caffeic acid (g), p-coumaric acid (h), chlorogenic acid (i) 8z catechin (j)

Pgoamni 100°C ( ¢),150°C ( O) WAz 200°C (A )
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a ! dl o o =) a J
M1919N 5 ﬂ’]ﬂ\‘l‘i/l“ﬂﬁlﬁ"]ﬂ”lﬁ‘@@’]ilE]Q?I‘ﬂ\‘]’&'ﬁﬂﬁ‘zﬂ‘ﬂllwu‘ﬂ@ﬂ(k) A1

U ( C)
ansisznauuedn 100 150 200
k (min”) R? t,, (W7) K (min) R? t,, (W) K (min) R? t,, (W19)
gallic acid 0.0062 0.9720 112 0.0326 0.9658 21 nd nd nd
protocatechuic acid 0.0034 0.9865 204 0.0089 0.9637 78 0.0744 0.9922 9
gentisic acid 0.0046 0.9828 151 0.0180 0.8959 39 nd nd nd
vanillic acid 0.0009 0.9450 812 0.0056 0.6750 123 0.0346 0.9586 20
p-hydroxybenzoic acid ~ 0.0006 0.8862 1082 0.0046 0.9127 151 0.0221 0.9878 31
syringic acid 0.0021 0.9527 326 0.0080 0.9108 87 0.0279 0.9687 25
caffeic acid 0.0082 0.9316 85 0.0324 0.9854 21 nd nd nd
p-coumaric acid 0.0014 0.5930 495 0.0076 0.8806 91 nd nd nd
chlorogenic acid 0.0065 0.9873 107 0.0185 0.9428 37 0.0381 0.9336 18
catechin 0.0130 0.8349 57 0.0153 0.8560 33 nd nd nd

nd wneDs Tdannsaauanlfitesandayaldineanwa
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?ﬁlq@@u‘wmmmm%ﬁuﬁwﬁqwu%’ﬁ@ﬂzﬁﬁm*ummmﬂﬁqmmmiﬂ@zﬂ@uﬁﬁ@fﬂu
a1unIfignUn AT (Taoukis uazAnLZ, 1997) uaznulunislalnglada
yaalnledlnuapnilss mmmﬂﬁf;-ﬁmfnm@u@@‘imiuﬁﬁﬁﬂqm (Khajavi LazAn,
2006 waz Khajavi kavanse, 2004) nnslalasladaanisa LmqimLL@xIﬂiﬁuﬁluﬁﬁﬁﬂqm
(Rogalinski WazAnU, 2008) memﬂaimﬁ@%vamLm'ﬂﬁfmmﬂmhﬁuﬁmﬁﬁﬁﬂqm
(Khuwijitjaru, 2004)

Tnannsaanafareasansisznauuednusiazatin lugtlaasnsmasunamansuand
FINNT 10 UATANANTIERIINNTaANEFA (k) AL AN ASITAR (half-life, t,,) LAPNAIANNaT

] 1 1 %
5 FaiNaanun N N7 1AM NFAUIANTIUAIN 100 A9ANIALER D4 200 BNALTALTLA HEA

Q a

AN S RTINTAANLFIUDII9A19UTZNALAURANTG 10 TRA TANNNTUY LAZAIATITIR

1
=X =

~ <, R Aa o g w v o < = 1o o A
HANRAAY sﬁﬂﬂﬁﬂ?\ﬂj’)ﬁ]ﬁﬂqﬂﬂﬂanqmimuﬂqﬁ\mqiﬂﬂqqmLﬂlﬂmu@@@\?ﬂﬁ‘ﬂuuq LEAIRNUTLUN

a

grUnYH 250 avAialEea Hdayaliesnaduiundannan TnaAiasidnsinisaansfa

weanslsznauiuednusazalanguun 200 aeAEALTEA HANNNTUNINNGIANAT

'
a =<

FRIIN1FAALFAINAUNR 100 UAT 150 adATATL Nnataiulidn LaZA1ATTINNN

Q L1l

°

(3

ANAARINNDENTU IATA U FetinNTlE A NFa U LA nauRURANIUIANT Adeiin

1
2 = a o

dI 4 1 d’ld 1 =3 1 dl caol
m'mqmm@muﬂm\‘mﬂmwﬂizﬂﬂummumﬂ?mmmax‘mmqmmmmﬁmmugum

a a

=8

AINNANTANHUATLAYUNANIVAABITEY Rangsriwong UAZATUE (2009) NAN®A
nsanpatsinanueananNaane inefaeinnangm wudleingumglunisaingnsia
220 aarAtalEed U5u10u gallic acid wae ellagic acid luansannanas daduldifqniha

a 1

mmmﬂﬁqﬁ@qmuqmzﬂq uAenfun1snaaeIe Butrat LAz Shotipruk (2009) inudniile
Lﬁ'uqmmmummﬁmﬂu 200-230 asAmaldiaad lun1sainastsesnauluaanannuzss
‘%uﬂﬁ”qm’iﬁﬁﬂqmﬁu 99 gallic acid fatnlduazBunnumnssznenilusdnia
Fuuanas %'\11,ﬁmﬂwmmﬁqﬁ@mmﬁqqLﬁuLﬁmﬁu

ANAT LTI A ANRE sNsAAeIFn e dns sy neUTue ANUsiaz A T
GEUNYHUAAIAANNIT Arrhenius

Ink =1Ink,-E/RT (2)
Tnef Kk Ao AAsiems

Ko A@ A1 Pre-exponential factor
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E, A8 AMWAKSIUNIZEU visanawnuUnaindus (Activation energy) (cal/
mol)
2 ! = o a A | e R
R Aa Anpsinasingluaauas AA1infiu 1.986 cal.mol”.K

A a

T A aun NNy In] (1adw)

Q k1l

o

HaNARANINANNENRUTIZNIN9ANADN BN NURIAN AN n31209U)NTRNNNg
asngfareasanstlsynauueanusiazaiia (In k) Audounduaasguugiduysal (1/T) (0w
A 11) wuIn e anueANMNANAUSTEA WA ANNANNNTANNENRNUST Arrhenius Bauily
annINuanINaLas kLl a92esdnsnsiaU JiseNAL U N WaAHIRIAN AT
AaANuA AanA1ANTUIaInI T NeIdNsUssneLueANLAALTRA (RN9197 6) WLFD
asdszneuiluednuwiazaiinlungunenlansendiuninanuazngunsa lansandduuiing
ANALUna N U lluanFA1iuNNnTn BetiiariiadlFiiuannnsdaanafarea
anrdsznavueanusazainina lnldunns1eiy wAd11TY catechin AATNAI9Y

1 o o R dl 1 =) a 90// dld v & 1 .
nanuiufdesgalunguassansdsznauluaanianuandne wanaliidiudl catechin

a o 1 A o = a 1 = a 1
anadinalnnisaanasilimilewiuanslszneuilueanlungunanlansandiuulsdnuazngs
naalansandtuundn Tne catechin dwiluansisznauiuaaniag lunqgunanTouass il
Tassafrssneiuanslungunsaluadniia 2 nquésnaaineun alunisAneaes
Lindquist Was Yang (2011) Wudf]mmmﬂﬁwmmmﬂu@ﬁﬂiuﬁﬂﬁqﬁﬂqmLﬁmﬂﬁﬁ?mmi
Ufienpnfuendiadu aadulfjisanvgafuendaresnsnpisuantangnunuinsos

azmantedlalngiay
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0
A B C
2 4 -+ +
|

X
c 4 T T

_6 - -t -

'8 1 1 1 1 1 1 1 1 1

1.8 2.1 2.4 2.7 1.8 2.1 24 2.7 1.8 2.1 2.4 2.7

3 A
(1/T)x10 (K )
AW# 11 Arrhenius plot A mFunisaanadanesanslszneuilueanngulansandiuula@nuedn (A) : gallic acid ( < ), protocatehuic acid ( O0),

gentisic acid ( A ), vanillic acid ( X ), p-hydroxybenzoic acid ( + ), syringic acid (O ) mjﬂamﬂﬂ%umﬁmm%m (B) : caffeic

acid ( e ), p-coumaric acid ( m), chlorogenic acid ( A) LL@zﬂ@:m\lmTfJu@ﬂﬁ(C) :catechin ( @)
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AN519N 6 ANALINUAaTNTUAre9A1TU s nauRue AN uFAZ A

f15lsenavuWuasan E, (kcal/mol)

Hydroxybenzoic acids

vaniilic acid 12.93
p-hydroxybenzoic acid 12.41
protocatechuic acid 10.61
gallic acid* 10.41
syringic acid 9.00
gentisic acid* 8.56

Hydroxycinnamic acids

p-coumaric acid* 10.61
caffeic acid” 8.62
chlorogenic acid 6.22
Flavonoids

catechin® 3.39

6

UNIRIWE : * MNE D AnANuneAnui A wanldaInguug) R luges 100-150 990

AT 1LY

4.2 NAIBIDUUDAUARLIAT IUNTIANMNSaUAIEUINRNgAsalE I uaslsEnay
Wuadannanum
) | a 1 a dl [l v v % % 4]

ANNNITLNANTazANE417 sena U U AN WAALTHANNIUNNF A NE R UAQ LTINS
a dl a 1 a 6 | a :j/ v ac
ANYANRIUNHLAZIIANANNT WNAATIEiTNN AN Tl sz naLWWeANSNARQERT

. . dI o ) ana 1 . . o =) a

Folin-Ciocalteu 14a1A8N13NNUI 38172119817 folin-ciocalteu iuanstlsznauuaanyn
11in luansarae e lHMARANAIN1I0RARINAEN19TARINIAANALLAIT 765 W TULNAT
wudFnnuasUsznauiueanisnnaresatsazate NN ia N Faufaeinneing g
a dl al a % % -dl dl o/ o '
HAnanaaiaivnguunuaziaan luniliaanian AnNnInm 12 SUaneANANTUS
seiedndounaansfaadgnilsznauNuednuiazaini ldainnisawnsefsae HPLC

o =) a :j/ = a a a % = o =
Audsunniaisdsznaunuaanianae ‘EmmwﬂwnauﬂumnmmumuLLuQTuumer]u AR
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4 o . 2 X e o o ¥
Wadndaunaanemiresdansdsenatiiuay N iBunnanstlsznaulua anyieuuaaag
ANIRTAUAAAIALTUTU
VUi 250 saAEALTEA A130rA88Y gallic acid WAz gentisic acid

lainuiFungnsszneuiuednyiaunn Tedenadesiunisaatafa 7 ldwuans gallic acid
Az gentisic acid N9uunH 250 asAmaLTea (1-C/C,=1) UAA1TAZANITDY
protocatechuic acid, vanillic acid, p-hydroxybenzoic acid, syringic acid, caffeic acid,
p-coumaric acid, chlorogenic acid Waz catechin faasnLdniLFunansdsenay
Wuaaniiaueagluynguungiuazinanlunislimnuden uidnnguuungil 250 9a0
sialdea Tlarunsnnmanuansdsznauduadnianiléiag HPLC udanau (1-C/C,=1) @9

a = dl dl a o 1 dsj a g dl I
81ANAAINNATUIENELAUNIAARINNITARNLAITB9819U TZNBLINA AT T9a1a0t
stluesansdszneuiuednvient lugluesasaunasnsaiiad jiseniy folin-ciocalteu 1
saazwinlsanlasuninunsneesansdseneuiueanusazaiin ldwn protocatechuic acid
("9 13) vanillic acid (MW 14) caffeic acid (NWH 15) p-coumaric acid (NWH 16)

. a a | A 4 o X

catechin (MW7 17) ANLINENAT9ATUIznaLRwNATULUIATHN IALNINTRIANTAZANE
anstsznauueanuasannisiiaanfeungnmnil 250 evAaEsa T9lun1sAnunves
Lindquist Waz Yang (2011) WU41N17a885 1898y ius 183 benzoic acid 3 1ia 1L
anthranilic acid, salicylic acid uaz syringic acid Nelfan19zUNNANg A igaungi 200

a 1

= aaa a " = o d? d} | aaa all
uwaz 250 eeAaalmaa tneiinlasenaafuendiaduau saduilgiseig
AfUBNEATeINIAATSIENTANYNUNUNSIternanaadlalnsiay Insadpngiasuaniasan
ldifluansueulaeanlas Tnaanslseznay anthranilic acid, salicylic acid Waz syringic acid
a aaa a e = o | e . o o
Aedfisenaafuendiaduliifiuaisiszneu aniine, phenol waz syringol AMNAIAL
(Tseadnere9ansiie 3 atauansfan i 6)  SenalnniafinEuainluanazesinunaing
wuszivulalasaulumafuenia susmanisnaeunaeslalasaulumgasuendalilgin

% %’ dl ] [ = d’ | Y a a

uwazgavinglalasiauaesluanatiunmensaiuosumonuniy daiunaliiianisgoyds
Afuaulaeenlas InandnAnainnaTu Ae phenol kae syringol Huasuanstsznenlu

nguaslsznauiuean
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Degraded fraction of phenolic compound (1-C/C,)

MNN 12 AnNduRusszrinedndauiaanafiueaans gallic acid (a), protocatechuic acid (b), gentisic acid (c), vanillic acid (d),

p-hydroxybenzoic acid (e), syringic acid (f), caffeic acid (g), p-coumaric acid (h), chlorogenic acid (i) I catechin (j) fiu

a

Fnnuansisznauuaanyianum Agoungi 100°C ( o ), 150°C (0 ), 200°C ( A ), 250°C ( O )

a
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JmAU WVL:280 nm|
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MnN 13 TasunTunsneesdnsazane protocatechuic acid NluEnunis A nFay (a)

uaziiuNgliAuFauTgugH 250 asAaalTea 30 Wi (b)
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UV_VIS 2

600 mAU WVL:270 nm
] vanillic acid
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100{
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N 14 TpsunTnunsnaeagnsazans vanilic acid 9 ldi1unisliAnN5an (a) waz

neiunisliannfeungnmni 250 esAniaaiag 30 W (b)

34



400

UV VIS 3

imAU WVL:280 nm
caffeic acid
1 (a)
300+
200
100
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- e
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400 mAU WVL:280 nm
300
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M 15 TpsunTnunsnaeagnsazans caffeic acid N HEIUATIEANNTDU (a) LAy

NiunslimnuFaunguugi 250 aeAmaLEsa 30 Wi (o)

35



450 UV_VIS 3

mAU WVL:280 nm
| p-coumaric acid
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ﬂ' . . d‘ (] v 4 %
2w 16 TasunTaunsuaesdansazane p-coumaric acid N R unslANNEaU (a) LAz

1
=

Mrinuns A nfeungungd 250 asAEaLTaa 30 W19 (b)
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UV_VIS 3

160 mAU WVL:280 nm
] catechin
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75
50-]
25-]
min|
10— e
0.0 13 25 38 5.0 6.3 75 8.8 10.0 12.0

AN TmunINTR9I817azANe catechin A luNunNslHANERY (a) LAy

'
= a

MrinunslianFeungungi 250 avAEaLTaa 30 W19 (b)
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4.3 AATDIRUUDHUATIIAT NG IIAMNSAUAIEUINIANARAAMNAINITO LUNIS
FIUBYNANDATY
dl o = a 1 a all 1 % % v %" dJ a
Warhansazanaasdszneuuedanusaraiianiiunisinauiausaatinnedngm
Ngnn LA HaRTIEiATNAINITD I ueyyaBas IneREnnsdueuys
8472 DPPH (2,2-Diphenyl-1-picryl-hydrazyl) wudnansdsenauuednusazatinil
ANHANNNID TN UBLYADATTBNAULANG U (1191991 7) Tnainians gallic acid &
AINAINID IUNIFNUELLABATEEINI4R $89AIKNAR protocatechuic acid, caffeic acid,
catechin, gentisic acid, chlorogenic acid, syringic acid, p-coumaric acid, vanillic acid
o o d‘ . . = ¥ a o d‘
ANNAAL AU p-hydrodroxybenzoic acid ummmmiaiuﬂﬁimm@%@@mzmmm
T9ABAARDITUNANISANHILDY Brand-Williams UazAtu (1995) AAnsANaunsnly
nM3fNueYYARA DPPH 199813uauRaanduwaw 20 4ila wid1 gallic acid, caffeic acid
Az gentisic acid HAvNamnInluNIFueYLaBATgIIqR 789a9N1AE protocatechuic
acid ATHANgININIALeaAaiin 491 p-coumaric acid Wag vanillic acid HANAINIIT
Tunssnuayyasaszandnsauaanaiin Tne vanilic acid dAnuatunsnlunisfinuayys
faszAnuan Metlilumenzdiaruainnsalunissiueyyatasyresatslsznauiluean
49{ 1o % =) a = =) a
uagiulasaivresanslszneuuean Tunstizesanssznaunsaluean ANNAINIT
Tunnssnueyyasascavat fuauBLaza eIy lansenGand Ao uduiug
| - a o Xa . . A a dl
nyAFuanda feilae @41913enal monohydroxy benzoic acids ‘me{l,zlm?ﬂﬂ"”ﬁ@ (-OH) 7
RN ortho- W7 para- iUy AfUaNTa (-COOH) axliuanpniantim lunisiduans
FIUBLLABATE UATANNAINIID IUNNIFNUE LY ABATEIBINIATWEANAL NI B WIY
wy lamsandarivy wwlunstiaes gallic acid U triphenol LaAIAINAINITDIWNNTENY
a1y ABATEEINAA (Rice-Evans WazAnY, 1996) TNADARAFBITLNANIINAABITINLAGN
p-hydrodroxybenzoic acid #A218811130 TN UYABATZAINN LHAIAN
p-hydrodroxybenzoic acid Huansszney monohydroxy benzoic acids ﬁﬁmﬂam@ﬂ%
(-OH) NAUMUs para- AumyAFUBNTA uazWLAT gallic acid HAINAINIDIWNNIFNY
AUYABATEAINGA TenNANRUTIDIa UMY lansandauazA A NNsn TuNId DY A

28492 DPPH 2104813132 naufluadnusasaianLa A9s9m19197 7
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A519N 7 auunylansandaiuacuaiunsalunisduenyadass DPPH 199

anstsrnaunuaanusazanen i unnsldANEau

ANNANITAIUNNG  SIUIUMY-OH A funieuas
#1sdsznauWuadn  Auayyadass DPPH WnUALUIe  -OH AU —COOH
(g VCEAC/g sample)  witauazlsunmn
Hydroxybenzoic acids
gallic acid 3.16 3 meta+para
protocatechuic acid 2.79 2 meta+para
gentisic acid 2.09 2 ortho+meta
vaniilic acid 0.30 1 para
p-hydroxybenzoic 0.07 1 para
acid
syringic acid 1.12 1 para
Hydroxycinnamic
acids
caffeic acid 2.37 2 meta+para
p-coumaric acid 0.66 1 para
chlorogenic acid 1.39 2 meta+para
Flavonoids
catechin 2.27 5 3,5,7,3.4

nNeLne - VCEAC ¢laN1A1N vitamin C equivalent antioxidant capacity
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Degraded fraction of phenolic compounds (1-C/C,)

NN 18 ANNANRUSTUdadndauNdanaFieaans gallic acid (a), protocatechuic acid (b), gentisic acid (c), vanillic acid (d),

. o

p-hydroxybenzoic acid (e), syringic acid (f), caffeic acid (g), p-coumaric acid (h), chlorogenic acid (i) a8z catechin (j) Nu

a

mmmmamlumﬁuwsﬂg@%m: DPPH ﬁ@qmum 100°C (¢ ), 150°C (O), 200°C ( A ), 250°C ( O)

a
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AN 18 Tauantpaduiusszminsdndouiiaaafeesansszney
Wuedn aiaseiuANaIIIn lun1sdUeYsyaBass DPPH 1038190z Aefiunsls
mm’f@uwud’wLﬁﬂqmmﬁLL@:LQm"l,uﬂ’msl,ﬁmm%’@uﬁu%u M liaruansalunissinu
BT e N R P B R G R E PR N g T A PR AT Tl YR ?ﬁlq‘ﬁ'fqmmﬁ 250 B3ALTALTEA
@178¢a18 gallic acid, gentisic acid, vanillic acid, p-hydroxybenoic acid W8z p-coumaric
acid TiwuAuausnlunnsduayyadasy feaenpdeaiunsaaafzesansilszney
Huednuaazaiin fligansoassanuansszneviliuednianiannnisiasesidan HPLC

wiNansarauanslsznauusanuneTiangiasiANaN 0 lunssinueyyasase luyn

'
a a

@muguﬁ'ﬁﬂm uiflsiansnsamsanuansilszneuueanudn (1-C/C,=1)  Ngmuugi 250
AIANTATIEA MALT A19ATAETBIENT protocatechuic acid, syringic acid, caffeic acid,
chlorogenic acid wag catechin %@ﬁm@Lﬁ@qmnﬁmiﬂizﬂ@uﬁ'uﬁLﬁmmﬂmmmaﬁwm
ansUlszneumsnilifiny uazfapsAYINaINND NI ue Yy aBATE AN AaziuliATn
TasunTnunsuaesanssznauusanurazainléun protocatechuic acid (AW 13)
caffeic acid (mwﬁl 15) WAy catechin (mwﬁl 17) fnudninsnaesanslsznevawisaly
TAsununsy dslunnsdnenaes Lindquist ag Yang (2011) ﬁﬁﬂmﬂﬁmmﬁﬁwm@wﬁu%
2849 benzoic acid 3 1HA 8un anthranilic acid, salicylic acid Wa¥ syringic acid nelE
mmq:ﬁ’]ﬁ'ﬁﬂqm flgnmni 200 uaz 250 asreadas wudnindfisenFanfuandiadu
(decarboxylation) Tuifluansisynausaauldun aniline, phenol Wag syringol ANNAIAL
Imel phenol WA syringol Pl Wuanslszneulunguansdszneuiluean &4 syringol A

al aa

\uansndmuantTmlunisiduanssinueyyadasy (Loo wazAn, 2008)

q

a o I'F

NARAUTTIINARINNNTaanefaT89dsLszna Ui ueanu TN A NA NN TUNNg

'
o

Juayyadasziuanla liun a1 caffeic acid TuiadunislianFeungumgi 250
aspmadea {unan 30 Wi arsszneutiaanasaunn ansndimsziidan HPLC
WAY WANUANANSHARSUNIAATILTURANNAINNT0 TN 193U ABATEEINTN UAZET
AINUABYIUUNNAY BENANUARI TR INNNTAREFT8Y caffeic acid WA HARSTTW
ARAANNN1TAANE TR protocatechuic acid, syringic acid, chlorogenic acid Lag

. & o = o a 1 o o ?/ vy A 4 % dl
catechin AfAsiiANAINIT lUNNITUBYY ABATLEUT U AvludN i TiAY TR Un
grunyH 250 avActaldea unaitesndn 30 win anaazliannainisalunisduayya

= - L Ao = = = .
Basengenaniils asmasiinnsdnmsialyl
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AiRugTE BN sz neuTue AN NATLA A0 lunedL
@QH@E@§‘$°]J@Q@ﬁi@Z@ﬂﬂ@ﬂiﬂitﬂﬂuﬂu’aaﬂLLﬁiﬂxﬁjﬁﬂﬂﬁdﬂ’mt\i’]uﬂ’]ﬂﬁﬂfl’m?f@uﬁ%ﬂﬁ’]
ﬁaﬁnqmﬁqmmﬁt,l,amm&mj WARIEININT 19 WudBannuanslsznauflueniauan
AumAuaNsnlunisdueyyadase DPPH 1eansazansanslsznauiuadnusazaiind
prduiusiuludneusiidudunss aauananlunuayyadastanas e
annuansdszneviiuednimmaanas uaadlfisiuinanstssneuituedniinunsieena
"f@uﬁfmﬁﬁﬁﬂqmﬁuﬁmmmmﬁqiﬂLﬂumiﬂixﬂfaﬂuﬂ@:mm@ﬂ@zﬂfauﬂu@aﬂ i
AINNAINITD LUNIIT LB ABATY wAflansazaneanstsznaufiuednuneaiiniillanansn
Arrzianna N lunsduayyatasy wiaNIadAseiBaanssynauiuedn
%WN@VLG?T 18uA vanillic acid, p-hydroxybenzoic acid L8z p-coumaric acid Lﬁm@fm
ma?ﬂizﬂﬂu?\lu@ﬁﬂ@mﬂﬁqiﬂLﬂumiﬂ@xﬂ@mﬁm%uﬁﬁ'qm@ﬁqLﬂumﬂumjmmiﬂi:ﬂ@u
Auadnegurlipauanananlunsduayyadass Tenauanansaluniesueyyadaszaes
miﬂi:ﬂ@uﬂu@aﬂﬁuﬁuﬂgﬁuiﬂNz@%’f]wmmi a9 NaULARETHALAAYAINAINTD T
NMILBYYABATTULANFNTI WATANT folin-ciocalteu reagent Hilidnimnzianzas uag
mm@mﬁwﬂﬁﬁ?mﬁumiﬂi:ﬂ@ﬂuﬂ@i;ﬁxlu@ﬁﬂﬁwmﬁ'wuiﬁ HANANT ANHVAINVIANE
19N sszneuiiuedn fnmeuauesfinans1aiuly Folin-Cioacalteu assay (Naczk uay

Shahidi, 2004)

42



4
y =0.0031x - 0.3778 y = 0.0033x- 0.0906
-*E R’ =0.9748 R'=0.9416
5 2 - A
® = y = 0.0005x - 0.1817 y =0.0002x - 0.1183
> 3 y = 0.0038x - 0.0848 . ,
o £ > R’ =0.672 R’ =0.7221
S 3 R"=0.9872
T 2 4 0 M —
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(W] 2
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(] _
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° s A
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Total phenolic content (mg GAE/g sample)

WA 19 ANHANT LS sz dNTRNuansUsznauRue AN INAT LA A N30 TuN9dURYY A A DPPH 284419 gallic acid ( e ),
protocatechuic acid ( O ), gentisic acid ( A ), vanillic acid ( X ), p-hydroxybenzoic acid ( + ), syringic acid ( @ ), caffeic acid

( © ), p-coumaric acid ( B ), chlorogenic acid ( A ) k&% catechin ( O )
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uny 5

dglnan1snaang

AINNIANEIRATesgUNRLazaan luns AN ufaein NN AseAI N AN
wa9g13tlsznauWuean 10 9ia laun gallic acid, protocatechuic acid, gentisic acid,
vanillic acid, p-hydroxybenzoic acid, syringic acid, caffeic acid, p-coumaric acid,

a

chlorogenic acid 4a¥ catechin iaauund 100, 150, 200 Uaz 250 agALTalEea Huwan
30, 60,90 WAZ 120 W7 WUIINNTAANLFTaId1TLsEnauNUeAN arunTnesune l@Aae
ANNNTARUNAANERTAUALT 1 Tnenilaiuanmniuazioan lunnsliaanudau vin 1
a1stsznauiuednatingine] ian1saaufaNINIu uasiguung 250 avALTaLTes
ansilsznauiuednaaiasnatiivany sl ndasanliaauien 30 Wi aalafansanA
WaLunenuusaInaNnng Arrehenius @15 catechin W1aziinalnnnsaanefamieann
ansdszneviuednlungunsaiuednatinau Asiunisiinedngaldldlunisais
anstlsznavudueanainiv laasldeuunilunisaingeuasldioaiuiu

dl a 2% % QI d? o 2% %

Haguuniuazinan lunisliaonufeuitnawinlinauaunsn lunisnueyya
farzuazdTunmanslszneuiuadaniaiun luansazanaanad TAAaAARETLNTAANFN
-dl 49{ -&l a QI -ERI 1 =) a a % 1
NNINTUH YUY RNNTY uiasazataNslsznauluwaanuneTiln €anudnaunem
ArnzdTunniansdsznauiuednianuald wlldnuansaiiniuuda 1Hun ansazateaes
protocatechuic acid, vanillic acid, p-hydroxybenzoic acid, syringic acid, caffeic acid,
p-coumaric acid, chlorogenic acid Waz catechin Lmzﬂ"\awummmmiﬂumﬂﬁ”ﬂu@%@
Bz lAun a1sazaeaed protocatechuic acid, syringic acid, caffeic acid, chlorogenic
acid e catechin

NARAIIAARINNNTAAYFT84 caffeic acid, protocatechuic acid, syringic
acid, chlorogenic acid WAz catechin N9nMAH 250 asAadad ANa1N130TuN1941

a dl 1 o ilz v 4 % dl | ?/ o Y a
ayyagasenaula asiuiniinislimnuieungmugigauiunaidu anaazinliing

9 k1) u
=X =

AN31sznauNAANAINII0 U9 LI YYADATYEY A9AsinIsAnEsie ]

a
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1. MAATzilsuuansdsenauNuaanmae HPLC(ARuUasann3gn1sua9 Subba
Roa wag Muralikrishna, 2002)
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gallic acid y =1.9242x + 2.1786, R*= 0.9991
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2. madArzilBanuanslsznaufuadnnannnmaeds Folin-Ciocalteu method
(Maisuthisakul tbazmAtdz, 2007)
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3. WATIUANMNAINITO I UN1FAUDYYADATE DPPH (DPPH radical scavenging)
(ARWUAIAINIENI5284 Brand-Williams wazae, 1995)
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ABSTRACT

The degradation of ten phenolic compounds including nine phenolic acids (caffeic,
chlorogenic, p-coumaric, gallic, gentisic, p-hydroxybenzoic, protocatechuic, syringic
and vanillic acids) and one flavanol (catechin) in subcritical water at the initial
concentration of 100 mg/L was investigated in a temperature range of 100 — 250°C for 30
— 120 min in a batch-type vessel. The degradation process followed the first-order
kinetics model. After treatment at 250°C for 30 min, all the compounds completely
disappeared. We also demonstrated that the subcritical water treatment of some phenolic
compounds, especially, caffeic acid, resulted in products that were quite stable at high
temperature and exhibited a high DPPH radical scavenging activity, i.e., retaining about
50% of the DPPH radical scavenging activity compared to the original caffeic acid

solution after the treatment at 250°C for 120 min.

Keywords: Polyphenol; Flavonoids; Decarboxylation; Superheated water; Thermal

stability
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INTRODUCTION

In recent years, several studies have shown that subcritical water, i.e., water in the
temperature range of 100 - 374°C under pressure that is high enough to keep it in liquid
state, can be used as an extractant for various groups of compounds.!'™ The extraction of
phenolic compounds from agricultural materials is one of the applications of subcritical
water.*”) Some advantages of subcritical water extraction over others conventional
organic solvent extraction methods have been demonstrated in these studies, e.g., it is an
environmental friendly method and has a high efficiency for the extraction of phenolic
compounds.

Even though several authors have discussed the fact that the decomposition of phenolic
compounds might occur during an extraction process under such severe conditions of
subcritical water extraction, there has not been many studies to support this. Until now,
only a few studies have reported data of phenolic compound degradation in subcritical

water. Gonzalez et al.l

studied the degradation of vanillic acid under sub- and
supercritical water conditions and showed that the first-order kinetics was applicable for
describing the reaction. More recently, Lindquist and Yang! showed that syringic acid
underwent a decarboxylation reaction in subcritical water to form syringol at
temperatures higher than 150°C and the acid was completely degraded after treatment at
250°C for 30 min. Catechin degradation was studied in the temperature range of 25-
165°C .l 1]

In addition, it has been suggested by several authors that the higher antioxidant activity

from extracts at high temperatures using subcritical water was due to the higher amount
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of phenolic compounds extracted and also from the Maillard reaction, caramellization

12, 13

and thermal oxidation products.!'> ' However, in a different field of study, Guillot et

al.l"! reported that the pyrolysis of rosmaric, chlorogenic and caffeic acids resulted in
products that exhibited much higher antioxidative activities. The main products identified
earlier by Stadler et al.'> from pyrolysis of caffeic acid at 225°C were cyclocondensed
dimers and polymers. Since these products could be also formed by acid treatment,!'” we
expected that it might be possible to obtain similar types of products from the subcritical
water treatment of phenolic compounds as well.

Due to the lack of these kinds of data, especially for a kinetic analysis, the objectives
of this study were to kinetically evaluate the degradation of ten phenolic compounds,
including nine phenolic acids and one flavanol, and to evaluate the DPPH radical
scavenging activity of these phenolic compound solutions which may lead to the

possibility of finding novel and efficient antioxidants by the chemical reaction of

phenolic compounds in subcritical water.

MATERIALS AND METHODS

Reagents

The phenolic compounds used for the stability testing in this study were caffeic acid (>
95%, Fluka, China), chlorogenic acid (>95%, Aldrich, India), p-coumaric acid (> 98%,
Fluka, UK), gallic acid (monohydrate, > 98%, Sigma, MO, USA), gentisic acid (sodium

salt hydrate, > 98%, Aldrich, MO, USA), p-hydroxybenzoic acid (> 99%, Aldrich,

John Wiley & Sons
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Steinheim, Germany), protocatechuic acid (> 97%, Aldrich, Steinheim, Germany),
syringic acid (> 95%, Sigma, UK), vanillic acid (> 97%, Fluka, China) and catechin
(hydrate , > 96%, Fluka, Indonesia). The structures of phenolic compounds tested are
shown in Figure 1. Pyrocatechol (> 99%) was obtained from Aldrich (India). 4-
Ethylcatechol (> 95%) was obtained from Aldrich (Germany). Folin-ciocalteu’s phenol
reagent was purchased from Merck (Darmstadt, Germany). DPPH (2,2-diphenyl-1-
picrylhydrazyl) was purchased from Sigma-Aldrich (Steinheim, Germany). L-Ascorbic

acid (> 99%) was obtained from Ajax Finechem (NSW, Australia).

Subcritical Water Treatment

A solution of each phenolic compound (100 mg/L) was prepared in distilled water. A
sample (2.6 mL) was added to a 3.3-mL stainless steel vessel (108 X 9 mm o.d.)
fabricated by Nana Siam Intertrade (Bangkok, Thailand). The vessel was tightly closed
and heated in a silicone fluid bath at the specified temperatures (100, 150, 200 and
250°C). After the heat-up period for each treatment temperature (4, 6, 6 and 7 min,
respectively), the vessel was immediately cooled to stop the reaction and the remaining
concentration of each phenolic compound was considered as the initial concentration for
kinetics analysis. Heating-up period resulted in decomposition of phenolic compounds
but less than 30 % for all conditions tested. The treatment times (30, 60, 90 and 120 min)
were started after the heat-up period. Because the volume of the solution in the vessel

was ca.78.8%, the pressure inside the vessel was equal to the saturated vapor pressure of
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water at that treatment temperature, i.e., 0.10, 0.48, 1.56 and 3.98 MPa, respectively. All

heating experiments were performed in triplicate.

Quantitative Analysis of Phenolic Compounds

The HPLC analyses were performed using a high pressure pump (P680) unit equipped
with a photodiode array detector (PDA-100) from Dionex (CA, USA). A reversed phase
separation was achieved on an Inertsil ODS-3 (250 x 4.6 mm, GL Science, Tokyo, Japan)
for the gallic and protocatechuic acids and on a Luna 5u CI8 (150 x 4.6 mm,
Phenomenex, CA, USA) for the caffeic, chlorogenic, p-coumaric, gentisic, p-
hydroxybenzoic, syringic and vanillic acids and catechin. The mobile phase in all the
determinations was water/acetic acid/methanol (80/5/15 v/v) at the flow rate of 1.0
mL/min. p-Hydroxybenzoic acid was monitored at 250 nm, vanillic acid was monitored
at 270 nm, caffeic, p-coumaric, gallic, protocatechuic and syringic acids and catechin
were monitored at 280 nm, while the chlorogenic and gentistic acids were monitored at

320 nm.

Total Phenolic Content (TPC)

The TPC of the treated solutions was evaluated based on the reaction of the phenolic
compounds with Folin-ciocalteu reagent as described by Maisuthisakul et al.l'® The TPC

was calculated as mg gallic acid equivalent (mg GAE).
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DPPH Assay

The DPPH radical scavenging activity of the treated solutions was determined by

©CoO~NOUTA,WNPE

mixing 50 pL of the sample with 5 mL of a 0.1 mM DPPH solution. The absorbance of
11 the mixture was measured at 517 nm after storage in the dark for 120 min. The radical

13 scavenging activity was calculated from:

16 Radical scavenging activity (%) = % x100 (1)

C
20 where A¢ and Ag were the absorbances of the DPPH solution without and with sample,
22 respectively. Solutions of L-ascorbic acid (0.1-0.8 mg/mL) were used for calculating the

ascorbic acid equivalent antioxidant capacity (g AAEAC/g).

29 RESULTS AND DISCUSSION
34 Degradation of Phenolic Compounds

39 Phenolic compounds tested in this study can be classified according to their chemical
structures as benzoic acid derivatives (gallic, gentisic, protocatechuic, syringic, p-
44 hydroxybenzoic, and vanillic acids), cinnamic acid derivatives (chlorogenic, caffeic and
46 p-coumaric acids) and flavanol (catechin). The degradation of the ten phenolic
49 compounds in subcritical water at 100 - 250°C was monitored for 30-120 min in a batch-
51 type reactor. As expected, all the compounds degraded as the temperature and treatment

time increased. However, each compound degraded at a different rate. At 100 and 150°C,
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the degradation process of all the phenolic compounds could be described by the first-
order kinetics according to eq. (1):
In C/Cy= - kt (1

where C and C are the concentration of the tested phenolic compounds at time ¢ and the
initial concentration, respectively, and & is the reaction rate constant. Typical first order
kinetic plots for all the compounds tested at 150°C are shown in Fig. 2 (a) and a plot for
each temperature for chlorogenic acid is shown in Fig. 2(b). A first-order kinetics model
was also used for describing the degradation of vanillic acid in the sub- and super-critical
water regions.®) The degradation rate constants for each compound are listed in Table 1.
However, at 200 and 250°C, the phenolic compounds degraded much faster. Only the
chlorogenic, p-hydroxybenzoic, protocatechuic and syringic acids were present at 200°C
after 60 min or longer, while at 250°C, all the phenolic compounds completely degraded
after 30 min of treatment, and therefore, the kinetic data could not be derived at this
temperature. Lindquist and Yang!®' also reported that benzoic acid and its derivatives
were almost completely degraded at 250°C within 10 min.

Lindquist and Yang™ indicated that substituent groups on the ring structure, such as
amino, hydroxyl and methoxyl, acted as an activating group which helps the thermal
decarboxylation of benzoic acid derivatives under subcritical water conditions.
Comparison of k values at 150°C (Table 1) indicated that gallic acid, which contains
three hydroxyl groups on its ring, decomposed much faster than other benzoic acid
derivatives (protocatechuic, syringic, vanillic, gentisic and p-hydroxybenzoic acids). This
may suggest that methoxyl group did not affect much on promoting of decarboxylation of

benzoic acid derivatives in subcritical water conditions. Contrastingly, caffeic acid,

John Wiley & Sons
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which contains two hydroxyl groups, decomposed as fast as caffeic acid. Carboxylic
group on the acrylic acid side chain might be easily decarboxylated than carboxylic group
attached to the benzene ring. This was also true for p-coumaric acid in comparison with
syringic, p-hydroxybenzoic and vanillic acids, which contain only one hydroxyl group.
The structure of catechin is different from phenolic acids and therefore decomposition
mechanism might be different.

The Arrhenius plots for the degradation of chlorogenic, p-hydroxybenzoic,
protocatechuic and syringic acids are shown in Fig. 3 and the activation energies for their
degradation were estimated (Table 1). Gonzalez et al.™® reported the average activation
energy for the degradation of vanillic acid in the subcritical water region (280 to 350 °C)
to be 57 kJ/mol. This was, in fact, in agreement with our result because higher activation
energy means that the temperature dependency is high, and therefore, the vanillic acid
degraded at a very high rate at the higher temperatures. Previous studies have shown that
the decarboxylation of phenolic acid might have occurred under subcritical water
conditions. Gonzalez et al."™! specified that the main decomposition reaction for vanillic
acid was decarboxylation reaction and the product was guaiacol. Lindquist and Yang!”
have also shown that the product of syringic acid degradation in subcritical water was its
decarboxylated compound, syringol. Nevertheless, Stadler et al.l'*! also found that under
pyrolysis at 225-226°C, besides decarboxylation, other reactions including the
cyclocondensation of caffeic acid to form dimers and polymers also occurred. On the
other hand, catechin can undergo both degradation and epimerization. !> '!!

Identification of the products from the subcritical water treatment of caffeic acid at

250°C for 120 min was performed. The HPLC analysis using an Inertsil ODS-3 column
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(250 x 4.6 mm, GL Science, Tokyo, Japan), methanol and 0.5% acetic acid (20:80 v/v) as
a mobile phase and a UV detection at 280 nm (SPD-M20A, Shimadzu, Kyoto, Japan)
revealed that only small amount of the decarboxylated products, i.e., pyrocatechol
(retention time 6.1 min), was present in the treated solution (Fig 4.) while 4-ethyl-
catechol (retention time 43.0 min) was not detectable after the treatment under these

conditions. However, another large unknown peak at 7.3 min was observed.

TPC

The TPC evaluated by the Folin-ciocalteu reagent can help in estimating the total
amount of phenolic compounds in the solution that could not be identified by the HPLC
analysis. Plotting the TPC of the subcritical water treated solution (TPC/TPCy), in which
TPC, is the initial TPC value of the solution, and the fraction of degraded phenolic
compound (1-C/Cy), one can differentiate the phenolic compounds into two groups which
could be well exemplified by the gallic and caffeic acids, as shown in Fig. 5. For the
gallic acid, the TPC value decreased with the amount of gallic acid at the ratio of
approximately 1:1. This may suggest that the products from the gallic acid degradation
did not contain phenol structure or those products were thermally labile and thus readily
decomposed under these conditions. On the other hand, the caffeic acid degradation did
not give a linear relationship with the TPC value. The TPC gradually decreased with the
caffeic content to about 50% at 100 and 150°C. While the HPLC result indicated that all
the caffeic acid was absent after a 30-min treatment at 200°C, the TPC value was still

detectable at a high level (ca. 80%) and then gradually decreased with the treatment time

John Wiley & Sons 10
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to ca. 47% after 120 min. A similar pattern also occurred at 250 °C with somewhat
higher TPC values at every treatment time. These results suggested that the degradation
products of caffeic acid contain the phenol structure and were very stable in subcritical
water even after treatment at 250 °C for 120 min. Similar results were also observed for

chlorogenic acid, vanillic acid and catechin.

DPPH Radical Scavenging Activity

Phenolic compounds act as hydrogen or electron-donating agents and therefore exhibit
free radical scavenging activities. For the phenolic acids, their free radical scavenging
activities depend on the number and position of hydroxyl groups in the molecules.!"”
Among the ten compounds studied, the gallic, protocatechuic and caffeic acids, in
respective order, possessed the highest DPPH radical scavenging activity prior to the
subcritical water treatment (Table 2). Phenolic compounds Fig. 6 shows the changes in
the DPPH radical scavenging activity (DPPH/DPPH,), where DPPHj, is the initial DPPH
radical scavenging activity of the solution, with the degraded fraction of the phenolic
compound for the gallic and caffeic acids. The patterns were similar to their
corresponding TPC values in Fig. 5. This suggested that the degradation products from
gallic acid possessed no radical scavenging activity at all, while the degradation products
from caffeic acid exhibited a radical scavenging activity as high as 90% of the caffeic
acid. As shown in Fig. 3, only small peak of pyrocatechol was observed in the treated
caffeic acid solution and since it is known that pyrocatechol possess ca. 50-80%

]

antioxidant activity compared to caffeic acid,'® ' therefore the large unknown peak
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should be a major contribution to the DPPH radical scavenging activity of the treated

solution.

Relationship between Degradation Rate Constant and DPPH Radical

Scavenging Activity

We found that the degradation rate constant, k, of phenolic compounds at 100 and
150°C positively correlated with the DPPH radical scavenging activities of the
compounds prior to the subcritical water treatment (Fig. 7). The DPPH radical
scavenging activity of phenolic acids usually depends on the number and position of the
hydroxyl groups in the ring structure.'”! As the DPPH radical scavenging activity of the
compound became higher, the higher the difference in k between 100 and 150°C. These
results revealed one of the important issues in subcritical water extraction. During the
phenolic compound extraction process, it is preferable to obtain compounds with a high
antioxidative activity. This study, however, demonstrated that highly antioxidative active
compounds might be highly susceptible to degradation under these conditions and
therefore an accurate control of the temperature and time during the extraction process is

critical to obtain these compounds.

CONCLUSION

This work demonstrated that the degradation of some phenolic acids and flavanol

(catechin) in subcritical water in the temperature range of 100 — 200°C for 30 — 120 min

John Wiley & Sons 12
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could be described by the first-order kinetics model, and at 250°C, all compounds tested
completely degraded in 30 min. In addition, we also demonstrated that the degradation
products of some phenolic compounds, especially caffeic acid, possessed a phenol
structure, exhibited a DPPH radical scavenging activity and were very stable even after

treatment at 250°C for 120 min.
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Figure 1 Structures of phenolic compounds tested.

Figure 2 First-order kinetics plots for phenolic compounds fraction (C/Cy) remaining in
subcritical water at (a) 150°C for caffeic (O, R* = 0.8741), chlorogenic (@, R* = 0.8469),
p-coumaric (O, R* = 0.9097), gallic (M, R* = 0.9100), gentisic (A, R* = 0.9431), p-
hydroxybenzoic (A, R* = 0.9264), protocatechuic (V, R* = 0.9461), syringic (¥, R* =
0.9645) and vanillic acids (&, R = 0.7101) and catechin (®, R> = 0.8445) and at (b) 100
(O, R =0.9880), 150 (O, R* = 0.8469) and 200 °C (A, R* = 0.7579) for chlorogenic

acid.

Figure 3 Arrhenius plots for degradation of chlorogenic (O, R* = 0.9976), p-
hydroxybenzoic (A, R* = 0.8429), protocatechuic ((J, R* = 0.9254) and syringic acids

(O, R =0.9973).

Figure 4 HPLC analysis (UV detection at 280 nm) of subcritical water treated caffeic

acid at 250°C for 120 min.

Figure 5 Changes in the total phenolic content (TPC/TPCy) of the solution with degraded
fraction of gallic (open symbol) and caffeic (closed symbol) acids (1-C/Cy) after

subcritical treatment at 100 (<, 4), 150 (C1, W), 200(A, A) and 250°C (O, @).

John Wiley & Sons 16
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Figure 6 Changes in the DPPH scavenging activity (DPPH/DPPHy) of the solution with
degraded fraction of gallic (open symbol) and caffeic (closed symbol) acids (1-C/Cy)

after subcritical treatment at 100 (<>, ), 150 (LI, ), 200(A\, A) and 250°C (O, @).

©CoO~NOUTA,WNPE

13 Figure 7 Relationships between the DPPH scavenging activities of the phenolic
compounds and the degradation rate constants, k, at 100 (@) and 150°C (LJ). Dotted lines

18 were drawn empirically.
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Table 1 Degradation kinetics parameters for phenolic compounds in subcritical water.

Compounds Temperature (°C)  Rate constant,  Activation energy
kx10° (min™")"  (kJ/mol)’
Caffeic acid 100 7.8+£0.6 -
150 28.0+£2.1
Chlorogenic acid 100 6.1£0.3 284+ 04
150 18.4+1.1
200 423+1.9
p-Coumaric acid 100 1.7+0.3 -
150 7.1+£0.8
Gallic acid 100 59+£0.3 -
150 322438
Gentisic acid 100 43+0.2 -
150 16.1 +1.9
p-Hydroxybenzoic acid 100 0.7£0.1 48.1+ 2.5
150 3.8+0.5
200 18.8£0.2
Protocatechuic acid 100 33+0.1 419 £11.9
150 83+0.3
200 60.7 + 2.1
Syringic acid 100 1.9+0.2 353+1.7
150 6.6+£0.9
200 21.2+0.6
Vanillic acid 100 0.8+£0.1 -
150 1.6 £0.1
Catechin 100 11.7£0.8 -
150 20.6 £0.7
Vanillic acid 280-350 - 57 [8]

Data are expressed as estimated value * standard error of estimation from linear

regression.

John Wiley & Sons
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Table 2 DPPH radical scavenging of phenolic acid compounds.

Compounds DPPH radical scavenging activity
(g AAEAC/g)*
Caffeic acid 2.37+£0.09
Chlorogenic acid 1.39 £0.12
p-Coumaric acid 0.66 = 0.08
Gallic acid 3.16 £0.20
Gentisic acid 2.09+£0.25
p-Hydroxybenzoic acid ~ 0.07 + 0.02
Protocatechuic acid 2.79 £ 0.21
Syringic acid 1.12£0.09
Vanillic acid 0.30 £ 0.10
Catechin 2.29+0.17

*Data are expressed as mean + standard deviation (n = 3).

John Wiley & Sons
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