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Abstract

Project Code : RSA5580019

Project Title : Organic-silica monolith for chromatography on a microfluidic chip for tetracycline
determination in waste water

Investigator : Assoc. Prof. Orapin Chienthavorn Kasetsart University

E-mail Address : fsciopc@ku.ac.th

Project Period : 3 years

In this research, a flow channel was fabricated in a microchip made of various types of materials,
such as polydimethylsiloxane (PDMS), polytetrafluoroethylene (PTFE), and borosilicate glass.
Fabrication techniques depended on a type of material, size of the channel, and erosion/corrosion
activity. PDMS microfluidic chip was made by casting a polymer liquid mixture on a master mold
patterned for a microflow channel. Because PTFE is a very strong solid, the channel must then be
created by bombarding the material through the mask pattern with high-energy ions. A channel on a
borosilicate glass chip was made by attaching a patterned mask on the glass sheet and then etching
it with corrosive chemicals. Synthesis in different containers gave different structures of silica and
organic silica monolithic material, it therefore needed to change the formulation and modify the
fabrication method to suit the containers, such as channel in a microchip, capillary tubing with a
similar flow channel as that of microchip, and a syringe. Several experiments were conducted, such
as synthesis of monolithic silica in a capillary, C8 silica monolith in a microchannel, optimization of
formulation of C18 organic silica monolith and polymer monolith. However, due to a rapid
solidification of formulation liquid for C18 monolith synthesis, the fabrication in either a capillary of
microchannel was not possible. C18 organic silica monolith was therefore synthesised in a small

syringe for tetracycline adsorption.

Some applications of our synthetic monolith were phthalate adsorption by using silica monolith in a
capillary, C18 organic silica monolith and polydivinylpyrrolidone polymer monolith for tetracycline
adsorption from waste water, C8 organic silica monolith in a microchannel for the separation of amine

compounds, chlorphenilamine and vitamin B2.

Keywords : Monolith, organic silica, extraction, chromatography, microfluidic chip



Qs

1. 1@]%1]53&0&%30‘[@15011’]‘5

Lﬁaé'amﬁzﬂﬂuﬁwﬁﬁ@%‘mSuw%ﬂu’ﬁummad"l,mmm@Lgmﬁaq@ﬂs:mﬂﬂuﬂ’liﬁﬂ
a o o [ ° ° Y A v o o & S A

MQATUAMIUNIFINNT clean up LRZNIYNRIILAATZTEA AW R NT U U NILFE

o lumadunaauiid iy HPLC TumIanndSunonaascsunan

A o ’~ A aa ' = A o o X

wadtaziluluinsiedinmlugesmslnasmaiiniiaadsesdlumsldnuesi

o HudmgasudmiumIvima clean up anvUuiilamn

o lumsiduaasnitda sy HPLC lunswndSunmanstuwidan

2. 95N INAaay

o

MIF LRI UNaaasIdswtIandn 3 @u asd
v [
2.1 N3§319BRINWVaI lKaaUIALEN
Lﬁaaﬁnﬂi'a@;‘ﬁﬁﬁmaﬁ”ﬁa%m’lumaﬂmmm@Lﬁﬂﬁ%mﬂﬂizm‘n W% PDMS  PTFE Wazn3zan

s Qq// v qu 1 s &/ [ a s s a o ﬂqj A v
AIRUNITLIBMIFTIIDUINUIITANU LL@]ﬂ(ﬂ’Nﬂ%I@] HUUD %ﬂ‘u“ﬁ%(ﬂ“ﬂ 241 ﬁ@l unan luﬂ’ﬁi}’i] PN ﬁvl,@]

RITUINUVDI MARUUWIALANIN PDMS waz PTFE a9az lanaida bl

c;‘ [~3 a a
2.1.1 N3&319BWINWV I IRAVWIALENIINNA R LALNNA LB aNLHY
IS a e a ° Aaa A o v a a € o & o v a
PDMS fluwafwasiifiaanmavhdfAsemaaivildiieasnainefiwasuafeinlife
& o s f2 A o I (% o I < a A A 2 1 a 6 o Lot
maudeenlunienas mMinaaasddanusududasiindn 2 auaauwnan Aaln1Ias LN NUWERTU

& Y o v &
T%E‘]J’li%\'ﬂ% BRSNMIIFUBIRINITUIY

21141 msa%"wLtﬁﬁuﬁﬁﬁﬂ%uﬁuzﬂ§uaﬂuﬁaﬂu&iummaasﬁ&lﬁ (Printed Circuit

Board: PCB)
mn@%‘mugﬂ%da%mmﬁamMummamﬁwﬁ PCB Saludunoinaduniiuwanadn
5Wond (epoxy) lagld Dry fim duiufsuldeuss UV umneaiaans Gaduitisiasiuas
gasnasemamzuadnld Suannsaaudn PCB lildawafidasms shandadisnszansnne
wa$ 600 AuLas 1,000 musey Watassuminlwlianussy dauuwiauas Dry film Tfpwalng
nH1ud% PCB LENTa8n9aauniit PCB Sassunuausouiieliusin Dry fim wwusdinluivuwsin
PCB athiauysal INASIATIMTINARIAMNBUEIIURLEY PCB ¥mIansuas UV fizswng 20
i Wwnm 3 wif ansuinandsingn (Developer) Gotiussazanslmdouanfuaiuaiosas
1.0 lagfnnindadianes Weisadnilidasmsanly  shluuslussszarswes Fecl, Gafigns’
Junsaieinsanasuesdimilidosms  aldidumemsmufidasms  answinludssuiin

Dry film aanmussazaslaodonlaasan bos (NaOH)



Dry Film Resist Coat

HEEEE=EEEEH
l — I Dry Film Resist Coat

[ | Develop

[ . = . : l Etch

[ I ‘ I : | Strip Resist

@2013 Agile Circuit Co., Ltd All Right Reserved ||www.agipcb.com

U
o [

2.1.1.2 MIFWIFS W TWINWVDI InaswIaLtana2 PDMS

ylaum Iy PDMS (Sylgard 184 silicone elastomer kit, Dow Corning, Midland, M,
USA) Naa7&w 10:1 waziowesannidaanain PDMS doszuugIMalzainm 45 WIN D9 1
139 I@mé’am@]ﬂ%mmwaaﬁag’mﬁaﬁmﬁwaawaﬁmai{ ANUBIINARLNATINAIURLLUAUNAIUAS

v A o { o ° o o o ) { ™ A4 X '
I@mwmmwmlmmﬂamaﬂﬁq@ inluvinlsudeandrsainusand 70 asaniszunos 1 Talad Tauag
@ <& A & A ' ' A ¢ & @ € v
NUANMURUIVAITUNDALNDINNAI M UWUWUL mauuimwwaamail,lmmauyﬁml,lm'ﬂaﬂ6] 8an PDMS
2ONINBULALNDILA mﬂﬁfuﬁﬂﬂdadﬁaﬂﬂf,i”aaﬁgamiﬂﬁl,ﬁa@mwL‘%‘Uwaawﬁfa IWadNasNineg

% Aa 6 A a > ni A 1l :J 1 v % ci
mnmsaanmﬂﬂﬂ‘s:nunuwaamaﬂu@mmnuﬂmaaumaaguummﬂmmumﬂvxmwmauﬂ 70
~ a A I3 o 6 ) U vnv

pyafos Uszana 4-5 winaufouudsdanysol LLa:m"LmNmfﬂ@lqmutyﬁﬂw 22 ldBuauvad
TARUUIALANNH NN 4 a1y PDMS ‘ﬁ'ﬁmmﬁ@mﬂ;uﬁaﬁﬁvl,ﬂlﬁﬂ’smfauﬁnﬂ%hﬁ 70 23 IuLIaN
30 UN

Fuawuad naruialan PDMS ﬁm%aawgszﬁl,l,é”m”aammmaaumﬁafﬁﬂ@mialfiﬁ

AUYIaANaaITRALMITAMNGaatnUTIN  ANNWINNIRAAYINAZANULUNILEATA LT aINIT 1A

U

(%
o

UTUIUNIFBIAIUAE silicon rubber wa

Y |3

L adaINIALINEN AT MLz ymaaﬁaﬂﬂﬁaaﬁﬁ@iaagﬂ

Lﬁuvlﬂugj” T

[
a [3 a a
21.2 mia%”lm%m%waﬂ‘waw%’mLanmn‘waammizﬂgaa‘fma‘nﬁ%

X a X A

lunsfinmnssiedunuaisiifiadubasaniuvnuiaiidoiaglszinn POMS  ialdnu
@ o A a a6 a et A A a [ ‘g/
avazmemdumsawnideziiamswasaialdluszosnaiwmn  SiTywnuanuamMuraIBuIm
wadlaaszWgaalsiefidu (PTFE) wia inWaau (Teflon) Fududnimguitefivhanysuldluauids
A Ao 6 & Ao a o v
\hasnazaanvedlalasaundensouszaanasmivawiy 4 gnunuidioWgasiu vhlilassed
TasuanaNainnuananauazianuudusinn - nudeaazanndunidlags  wanzuinsihen

s | 6 L A a a = ] <] & =
wwmLﬂuqﬂﬂimmaﬂms:@ﬂﬂmmamnLmﬂ:‘ﬂulfml,@m nMInaaaduliiidn 3 uaawaa N3



AU NERIURIITAINT MARUUIALAN ﬂ’liﬁ%’]a"ﬁaamivlmmm@Lﬁﬂ@i”’;Uﬂ’li‘lﬁﬂ%ﬂdﬁ'aagmﬂ
1.7 MV Tandetron BasNIRSNTHINUALAINNTOW
) [ 1 [73 a A"
2.1.2.1 NMAS AN NE NI UFTLTDINIS MRATWIALENAILWAITINN
M8 9taIN T narmaanseau lulasasunduaulssian  PTFE  daslsinaiianiaw
POIFUFIWAINUFIVBIBANTLIU (MeV oxygen-ion beam) wwalwtasnsinaianuanuwia 50
= £2 A &/ 1 1 v
luasan uazianunisawia 50-1000 luavan TIIUDYAUMIBDNUULUHUATINNIN (Mask) T
maaﬂﬁaLsnas‘mm%augaﬁal,ﬂum@mmmﬁaammu@’wiﬂmnm llustrator (Ai) %38 AutoCAD
ANANNALLBHAVEINY BIUBLHWATINAINALANN (Mo) mwuauﬁm@‘hq@ﬁﬁwLLmLaLsna'i’mmmﬁ’]
1ada 10 luavan
1 [ a o a Y]
21.2.2 NNIEIBOINII IRAVUIALENAILINATART LD DD WD DNTLIWISALLNNE
a & 6
Alanasawlian
a o 2{‘ v A a Al . n:i Yo s L Aa
NnudsitlaiRanmaiindlnn? (lithography) Nlgdn lasaunasnuszauwnsdidanasan

[
a '

et (MeV) walglunsgsaiaany 3 SGuusu PTFE  &§100nGauidnasiuizal MeV 22291004

U

(2
[ a

oY a@;‘luummq wazAniarihlwiAaaaay LRzAILINARARITN AN TD T TUNUN D

o

AINFI
wwinanuandeanuniasmeaisiengs wazldmitivastasawalulasfidanusoudenseany
ANBUaIN I IUIBMTULENRITNILAN

Tuamissuanmashawduninnlydudin (Mo mask) aduuuulumstiudin
§am8 3 SAaIUUTHAIITUN PTFE Ailnanummwn 50, 100, 1000 luasananudiay mnualwan
2ANTUAUANTINU 3 MeV fm@aauuuuﬁﬁwmﬂiuﬁu@ﬁfuﬁmaayj%ﬁw%yumuﬁaﬂIﬂiLmimmqulu
SEUZIMTAFWI NNANNENTAdEINT (atflutg 24 T2l aifuag;ﬁ'ummm”maaéhLLaa@iammvﬁm
P89TU)  Sunwuiidrngaiea 3 G4 aghanvhanuszananawdngnazuawnssznaudu
qﬂnszﬁmaavlmiz@‘fuvlumauslmgu@]au@iavlﬂ laofizUuuuvasuduntiinn (mask) fnsugasmslnad

P

ARUALFAIAIIUN 1

U

3UN 1 Junuvesuruntinn (mask) Adteinsiwanite 50 luavan



2.1.2.3 Madswawaulaalrdainusan

o

m”umulummﬁmqﬂnﬁfﬁmaavlvsai:ﬁuvl,umaulumuﬁ 2 lErananuIau9Lazns

I

°11mﬂ(ﬂ”’;“ﬂaﬁaqiwﬂumsﬂ@ﬁuéﬁmm PTFE Nitaszaululaslinanoidualnsaiveslna lwinuiae

q

a 2 v v

5UNMITNANVFZANANWAIY DILHUERINTUNRNITUUANAIAaNY 3 T@ SouTauuadalslalaluwsnn
waaLazazdlan YnlrurlsaannanuTuwaanINwlnlasian Lmu‘"ﬁumngn’mumm PTFE 0
dan 3TNy 11019 13RI LN UFLABLAT 2 LW AMNAWILELES 1.5 LEUALNAT NIVLILAIVA
o ) . @ a af o A LA A A A A

aaqiamauﬂuvl,ﬂmumauﬂszammwmammaagwqmwgu 327 aseoaldos Daduaunndnms
wRsuanuzaauuia (glass transition temperature) 284 PTFE ¥hlwauvas PTFE ifanmsidass

ROTUS LR ﬁ@‘l AanuIznIaBwwnatatduwy E]GVIM m:@”uvl,wmau

v
&
213 ﬂ'liﬂ%’]d%%d'l%?.lﬂdlﬁ&?.l%’]ﬂL'élﬂi]'lﬂﬂigi]ﬂ

{ & v A o ! .
L‘VW‘]NﬂﬁLaaﬂﬂiZﬁ]ﬂﬂl%&l’]fﬂi’]x‘i‘ﬁ%x‘]’]%‘ﬂ ENVIMaiz@]‘]_IVL&Iﬂiﬂ%lﬁﬁadﬁ]’]ﬂﬂiz’%ﬂﬁﬂ'ﬂ’]&l‘ﬂu‘ﬂﬂ%@]ﬂﬂ’]i

'
) a

o o ot o a o t;/ v l&/ [l 15|
mmunumma:msauw%‘ﬁm mmwumqlum'ﬁmmmawumﬂwmumu nmmasatain 3

U

TUADWAD ﬂ’ﬁﬁ%”mawumw\iuﬂﬁu ﬂ’]iﬁ%’]d“ﬁﬂdﬂﬂivl,%ﬂm%’mLﬁﬂ(ﬁ')U%%ﬂ"liﬂ%‘imﬁ LRZMIIRINTUIT

AILANNTDW

2.1.31 mia%’”mmmmwaaaj'mmﬂﬂanmwiunizan

aaaenltazgneanuuulaslildsunsy llustrator (A) #3a AutoCAD  anaaal

o

a < A ¢ I\ a6 Aa o s oA o @ \ ae
NCLDEUAVDINTIY LLaZﬁGWNWaﬁﬂuLLNuwauﬂuﬂj’lwﬁu’liz@]utﬁ%ﬂLWﬂﬂa\‘]ﬂuﬂqiiﬂ\‘]\‘]aaﬂa\‘]uwuwa“ i
ANUFZDNARININUNBNIZANGIE Piranha cleaning solution WagyinMILARaUNIZINNYINANURZEA

WEITILUBIART LGS (Positive photoresist) @ILMIAILIANULTIFI (Spin coating) NNUwlRaNY

&

9% 70 ?Nﬂ’]L"]IEQL%EIfﬂ"ll?NL%Q’JVL’JLLQG%ZLﬁ@ﬂ’]iLUﬁG@T'J maLLNuWamwaammuﬁuufmaamﬂaLLmﬁ

] '
= A

UTIAILEY TOURUAWATNNUWLWL NUTWY BIENT LILRILN MALAATDIINITERTNITUILD INFALN a1la9n

NTUIBDONVBILRS UV NULHWATZANRAG WU WY aILHBR NN aInwAIlAIdauadupRaNE N
TURHI  FNNNIRBUEI UV N3282%09 20 1ondiuastdniign 3 w1l a0nwuyiinisaasns huadaan

2

2w ldaiaasuastaInITivandasns

v [ ® v aa a
21.3.2 ﬂ"lsﬂi']\‘nja\‘iﬂ']iiﬂa?.l%’]ﬂlaﬂﬂ?ﬂ')ﬁﬂ']ﬂLﬂN
o \ v  ad o oA Y o o & ° a o
ﬂqiﬁiqﬂ"ﬁa\‘]ﬂ’ﬁ‘lﬁa@?El')ﬁ"ﬂ']\ﬂﬂl] Laaﬂi“ﬁ HF Luaﬂﬁnﬂqa@“ﬂ%ﬂiziﬂﬂ UINITINNRINN
& a o \ > ! P o = A @
a'l@ﬂ']ﬂLﬁs%LiEl‘UiaULL"ﬁaﬂluaqiﬂzaqﬁl HF luﬂ(ﬂi']ajuﬂlfﬁll']zaw V]']ﬂ']iﬂ'lul;ﬂui:U:Lwal‘ﬁﬂizfﬂﬂ

[ 1 =3 S o o a o a <) ) a ¥ ¥
FUNRNUANTAzANaE 19NN T wIzszIa 3 °H’JT,3JG u’]ﬂi:%ﬂ‘ﬂ‘ﬂﬁﬂ’ﬁﬂ(ﬂLﬂu%ﬂdﬂﬂivlﬁﬂLiﬂUiaﬂaﬁdlu

A 1 1 Qs s :’ a aAa
81782818 developer TUTUTIBHINTZRIN KOH 4 NTULAZ H;BO; 1 nmlu‘m 250 4aalAT



2.1.3.3 NIATBWINNAILAINNTON

) ci L2 I3 ciaz 1 a 6

#NIZANN AT aINT MRV UIALENANNNGaINTUTa lnansazaelaaad laasan boe
d'l o o A v o o = n: d'l v a oy 1 1 6 ) n:
Wavhmydsufwmih dhdsznuiunszanndwiieliiianiavastasasinaadvsuysol idunu
wianawanlgs 650 adrumaiBoa wiu 8 Talus uddliesanuiauainetng awldsuaun

amdmi

2.2 nMsdataszhilalnan

a

2.2.1 msaaaszilalwansiadany

mIsstanziAluludnaiaganiviilae Umiﬂ%‘uLﬂﬁiyugmmsﬁamﬁ:ﬁ (formulation) Tasn15¥in
vslunasadaumalin wazviea a3 I@zJgmmsﬁame:ﬁﬁmm:auﬁamumwaaglﬁ%‘ﬂ 0.09 N34
0.01 M nIAazs@n 1 4afA@T polyethylene glycol 0.088 NINUAL tetramethoxysilane 0.4 Ua88A3
nauTduitadaatuuazin U laWasarmeasen annsiwin luldlurionaas uasdalananiges
yosrie W lUeud 40 asenaaidos Uszanos 24 Falag Lﬁuqmﬁgﬁlﬂu 120 asesaLSos 6 Talua

= ) v & £ a n:l' ] a a v o v v ci =
971t iuas a9l RANNRILATIZNR b LY DATNAAITAILLNNIHO LAYV IALAIN 60 aIrLTaLTa s

1wl 3 Tl

a

¥ a G4
2.2.2 nMsdstaszhlaluanaiasanidunss
[ ean a a Aaa a A 6 ) o n:i
lumssserzvaamlnluansiadanidunisd C8 uaz C18 mimmiﬁimﬂawqmmi
FUATIZY (formulation) atndrainnatalasnsvinily  viaaRasns ToImTnazaITunuImIaLEn

a & _ day P ' o o & A
LAZRADaAALNTWIALENNTAFHN I@]ULLUGﬂ"Iiﬂ']ﬂ"IiﬁﬂLﬂi’]ZﬁLﬂu 2 hUuea

nsasaTekluluansanmaunsgdrinaan1aunsy €8 ¢1835n13u89 sol-gel lagi3ua7N
MININETALANE Tetraethyl orthosilicate (TEOS) 90 lulasans way n-octyltriethoxysilane (C8-TEOS)

50 Wla38@T methanol 180 Wlataes nialalasasasn 0.5 M 10 Wlaaay waziin 10 lulasaes

v v
A 3

ildaufignngdl 60 aseiaGus 5 Talus A lingaunndves Jadna1sazats dodecylamine 10

U

lulasfas  vhnns pretreat intksviamfiaan3 wia wibsrialuszuumsiwavainfivhainiag PDMS
aosazaelaaoylaasanlad  nwwasasindneaanlosaw  IWieanaingumesoN Il
W luriawmaINaans  ANIRIYaA WA RIDTZULNT AT MIALENNAVaILAAIFILATIZHA LU LIWEaN

v o a a & o A o (% ' ~ a A
L?J']ﬂﬂll'ﬂ 45 ayental Ty LWwiaan 15 %QING Luﬂﬂiﬂﬂq‘ﬁu@L'Jﬂ'ﬂfﬂﬂ']\iﬂaﬂ']Wﬂﬂ']iﬂia%aﬂﬂ']ivLﬁﬂ

v A

luszuumslnasmaidnundioiamuaa (ethanol) tuan 1 thlusdesitndaun WANd 60 896N

U 9

LRI Uszanmh 48 T lad



msdaianeiluluansnandaniaunss €18  SNINNIHENVBIAAY C18 tetramethyl
orthosilicate (C18-TMOS) 50 'lulasdas  tetramethyl orthosilicate (TMOS) 50 lulasias MPTMS 20
lulasias  wmuea 150 lulasdas  tamwea 130 lulasdas  uaznialalasaaesn 05 M 10

lalasdas wenlwanng ﬁw"lﬂauﬁam%qﬁ 60 BIALTRLTOR 5 Tl mﬁa"l‘a”ﬁqm%nﬂﬁ 29 3918w

q

v @ @ v a

sn3azany dodecylamine 10 lwlasany wenlwidniuudy dusihsnenlasen 10 lwlashas ¥
M3 pretreat ANsIVaufIAAaANT Wie Wiwe9Tasm T Inaluduan PDMS vwauin sasasazans
sodium hydroxide aniudedidnenlessn MWhvesmsnsuieionHlanluriouth
afaas wiatesmsivaluduusmadn  aniwihvafiaanInieduausmnaliniifuasman
ﬁdLﬂiﬁ:ﬂquﬁmﬁwﬁauﬁ 45 asroaidos uam 15 galus deasuiwuanalwareriauth

2

ﬂ?ﬁﬂﬂ'ﬁ%%ﬂ‘ﬁﬂdﬂ’]ﬂ,ﬂﬂ"ﬂﬂd%ud’]uﬁl%’]@Laﬂ@hEI lamwaalduiign 1 fﬂuﬁdﬁ%ﬁmauﬁqmﬁgﬁ 60

U

aerLTalSea Uszans 48 f’ﬂ&lx‘i

% a a a 6 a a a a
223  nvdnazilalnanzhanadnasnea lahnatundwlina lnlsalan
(Polydivinylbenzene-co-N-divinylpyrrolidone)

laumsnan dibenzoyl peroxide $113% 32 HAANTY Wae vinylpyrrolidone 40 lulasdas uas
divinylbenzene 320 lulasdas ldidhnulusiaumaidn  antulin dodecanol 840 lulasias uay
cyclohexanol 1200 lulasdas wanldidnulasldiasasmantu anduiimsiewasuwdgeaanlasls

) A A Aa o v A A o f
ultrasonic bath ianaznouaulunsaadamwanadniiloutigaagnuasiialiasazaivaglu
Waea UaANAaaLaztinnaaaaInatiauf 70 asmioaiGus 24 Talud astiatduvasudluludn

aamngi’auLLazﬁwmaa@ﬁuﬁunIuﬁﬂ@hmumuaa i ldaun 40 aseialGar 6 T2 ls.

[ .:1' [ .
2.3 NMIIANIIICUULAIDIATIVIA laser induced fluorescence
. @ P o A & < & o g o
YUV laser induced fluorescence UsenaudsunasmiiauadiaimasadlaovdlUvuinlinaaa
6 } a o & .:3/ % v 3 o a s \; A A
asnew  udlwnulspaseilemsltunasiufiauas  laser WRINUMAILATINAYNITIAD  laser
pointer Tusudng Aaanlaln  LauwSIBIuEd (optical lens) LTANRNTAIBENINIBULLL sheath flow

(sheath flow cell) WAz1AaqA photomultiplier (PMT) LNaMIATIVIATYQYID LHWRILFAIAIZUN 2



Filter
Mirror
Samp]e
solution
Collection
optics
Sheath flow
cuvette

}
)

waste

gﬂﬁ 2 LHUNILFEAITSUD laser induced fluorescence

o v(fl'q/

1 o A . ¥ o A A A o o . g e v
BLIARINILWALLRY laser pointer Aita9 50 Aadiaq MaINIaIn) GaN (gallium nitride) Ik uaad

WNUIUONNIN 405 Wluiuay Lmdaﬁ%ﬁmmaﬁ@iaag Twalntaidasnannszussauidunizuaass

9
o~ &

e 150 Tadad Nalvanudsdng 3.0 laaq é‘hLLmﬁﬁ,ﬁL’Eugﬂﬁ]‘“@lﬁazﬁauuumzaﬂ uv lu
& @ ' . = A
LLmmmnﬂungmau&ﬁmm (Newport, Irvine, CA, USA) T43I0L&I1INATINE1989 sheath flow
1 6 A 1 A ) v d' [ {d' 1 Lz 1
cuvette nAULERETINLEIANNFUR i wInANNFY Y MwsIngestsirusdiaenu g waee
photomultiplier (PMT) (HC-135-01, Hamamatsu, Middlesex, NJ). luminiuguuazdszuianarhlasls
lisunsunidfisulas LabVIEW 7.1 (National Instruments, USA) Mlvsyanmsnansalsinglanud ue
agdlaAann ladnIUsUILAswnTUszaNaNasuaNNTILIRRaTad  Prof H.J. Whitlow  Wazdns

@
[ W

ﬂ%’uﬂ;aagjaﬁ%a:uaLﬁaamﬂamamn@é’auﬁﬂﬁﬁmﬁmsﬂ%’mﬁLm’m'mﬁumwmLLaoiﬁajaQuaﬂﬂm
a I3
3. NANNSNAABILATILATIZHNA
[ A” [
3.1 HANIIFINTUINWY DI IRATWIALAN
3.1.1 NANITEI19TI% PDMS
MYURAINNNIRINITUIW  PDMS vl@mﬂvl,ﬂgmﬂ@l”@\mwwaaﬂia\‘imﬂm"uad PDMS lagld
NAB4IANTIALALANATOUULULFBINTIA (scanning electron microscopy, SEM) uaasasgn 3 iilud
é’am@p"]wﬁfwaa"ﬁaamﬂmﬁé'ﬂwmzL’%'UULLazLﬂugﬂﬁmﬁﬂuﬁuﬁﬂmﬁmmﬂfwﬂs:mm 70 - 100

luavanuaziainuan 35 luavan



I :u f.("\.-m'

Spot Magn
0 B00x

A Y ea & ! (% s
21]71 3 .ﬂ’]‘wfﬂ’mﬂaa{lﬁgaﬂﬁﬂ%ataﬂ@liammuﬁa{lﬂi’]@l (SEM) Tadﬂ’lﬂ@lﬂm’)’lﬂla\‘ma\‘]ﬂ’ﬁvbﬁa

| IQ/ 1 [l 1 Aq/ { L z o o q-/ a

dundinaildlinng  funuves POMS  fafsdumunsnthianmidaenziluludn
mulugas  asiung Funuiihuhnmidienasidedsiududashmidesgnoldndasganssed
SIANATAULLUFRINTIA (SEM) UaTNagaumswmacmetin  Junuizansaldnmslaaaaslaliiussans
£y v A A Y e ' A o, & ° o a . oA o
Faunaudladimstuwvinlhlnaeinn Wathdunuwansinmsssanzilaludndaigwdsinuns
saenzAluludnluraanfiaans asfnanualuiite 2.2.2 wamssaeneAluludnsfiadanmdunss

cs mﬂiwﬁaanﬁvlml,l,am@”ogﬂﬁ 4

p G
AccV SpotMagn Det WD Exp
120KkY 2.0 16000x SE 139 0

(B)

3111 4 nMwan SEM 223 (A) mm"fmmwum"ﬁmmﬂmﬁﬁmquﬁaﬂ B) luluanafiadinmaunid c8

MIADTUINBTAINIT IARVWIALA NNV IZUUMT MAALAZMIATI0a28 LIF  laglwluuie
v & a . a . . . A @
walnalasmslsdunwsiia syringe $3® reciprocating pump (LC-10ADVB, Shimadzu, Japan) Ti®any
L. . ' A a v 3 A A Aa A a o
injection valve uazviamWanIuMIaLEUHNIAUINANS 0.32 Tafluas 817 10 Lrudwas Gelldatedng
A 1 Qs g [l { % [l 1 @ 1 a 1
wikdaiufwuteimsive  Alawdnduvaimiaantaiteinsivadeagiurianiasiiauwairi
A A o A Ao A ' v o .
\Andndunienfidanpfinanien polyimide aanuazdoatny shealth flow-cell 2833zuU LIF  uniis

YaariadamMNUaaIn polyimide @Taaé'@’mlﬁagﬂu@‘i%mﬁoﬂmwaa quartz cuvette TIU1A 1x1x20



Fa8way  mMImarasinnyiidn  sheath flow eunanlaslwiinlvasuussliutlrsaslanlasd
AL 1 FaRNaIaaIuIn

3.1.2 HAN1383193UWA 8 BWIW PTFE A2835N 15 IR IMEINEIIME

]
=

#WaINMINETIF  deamilnazes PTFE lunng Sunuazlfianadanuaadag 5 (A)
' a ana a dAa o 6 ] a ¥ o
lasgungmainfaandjisunveseandiaunfonvezaanvasaivenly PTFE  Gelasun@usa
losauvasaandianazrhliifad fisensznieandianuazaniven ldasuaulasenlodnngaaanan
nnnau - sRalfiiageinsiwantann  qmnwsestains wamenaImIaeluuuau
. v a aaa A a X 1 v A s v v 4
Funaldnngn 6 djfiteiifeduuaznsdaeddesufasansndugildnnmwainndasganssa
= (% a & a ' a ) 2 a
Fauaasdanwd 7 lapaziuimenuduzuesiwluuinugwsesteinsivaves PTFE Gufiaan

ANITUVIDANTLAUNUNII PTFE

(A) (B)
gﬂﬁ 5 UKW PTFE (A) #a9mMIaNgsIf uaz (B) Munietaimiinuwavadtasmsinalasluiniad

profilometer

30 lunvan 100 luavan

E‘ﬂ‘ﬁ 6 LLammwmnﬂﬁaaﬁ;ammﬁmmé’omiﬁaLmeaa"ﬁaamﬂmmm@ 30 waz 100 vl,&lmau



10

(B)

[

35U 7 mmappnndenansseingwveteins malunndunundsnsuzasoaianu (A) 7i

o9

ANHULNONE1BIBANTIINTH wazNgIUTITaINITnaTwIa 15 luasan (B).

f1 lon fluence AIUITALAIINNITIANTZLRVDI LBBOUNWNALAINIZURBLANATOULAL 1A8AY
o o Y ° . . ) A &' { A o A
RUUFNAVBINIMNLTIFEINTNIA 1A bABNTYIN magnetic scanning MUTRUARINDNTIEIUIG 2x3.9
a A v d‘y ‘ﬂl z = Qs dl o Vo o A 1 ]
mswalﬂmmLummvlmﬂaamquuﬂm%m Tagdn13Usu  fluence tWaYNlARITIRRINITDRDIN
Fudw PTFE TUSMNaaInITiaatnaniing  anuanuazauninsuadnadactains magIunsndia be
laglHiaTas profilometer wazdwad fluence WAz flux NITEWILANUATIIVBILARS channel laLaa

WIUMBUARAIANTIIN 1

A15797 1 ANANLAZANINNT T BILARETAINT MABNIURRIINNNIMLRITIF0ONTIAN  NALRIS

RNE) mwgﬂﬁ' 5 (B)

YUIAY DI A (um) B (um) C (um) D (um) | E (um) | Fluence

TaIVD fA9d A3 fa9d AN [P EY 1A fa9d (ions/cmz)
Mask (um) an an 39 an N9 an an

100 145 | 113 | 1086 | 132 | 1106 | 1364 | 146 | 3.70x10"
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3.2 NAN1IFILATIZHINIWAN
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milWuasngaaismaud Lﬁaaﬁr]ﬂm‘iﬂéjwmmzsfmﬁu sansaiaiduasdstaunulosauvaslan:
e (Maia et al. 2008, Pena et al. 2010).

WUENIERaNzENRa 9T gradient elution 2aslutneiWgTzrinsaTazanatWinas pH
6.5 $ouaz 70 uazlumuaataua: 30 lasisudulidsanmslve 0.8 Sadaasdawit aniuluuiin 6
ARRITRTANLLWIWEIAIRRETEAT 60 Bn 4 wfidexnaassazastWWasauniesasay 50 laglw
sanmslua 1.0 Sadaasdewdl Uaesls 10 wmiisadussszaoiliefidusosas 70 luns 2 wif
wazliaamsina 0.8 faddasdewfl Wuan 5 wifl waanlasulnunsuwesnsdaasiaase
Tuaaudid internal standard $67 retention time VaIENTLAAITTARW saNTLAAITIARL ARaLA
AY=TUARY WA demeclocycline WiNNL 5.15, 14.62, 18.77 Wag 16.30 W17l ANEAL LLa:minnéﬁLmﬂ
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1) @1BAINNANITILATIEN
g Y o =1 = 1 = o Qs a 6 Qs ' Qs
lumnaaasitldimaSeuiiisuddasiianmiienzduasmssiaminguiaasedy
aaunalwin lagld HPLC NdenuiaTasasiaiangaaisaiaud (HPLC-fluorescence) nuldan1iz
LANIZRN LLa:ﬁﬁmiLﬂ%ﬂuLﬁﬂuﬁ’umﬁgwﬁ‘umdmiﬁﬁﬁa Oasis HLB laglwniimasasianuome
= %
AN DN
A o Qs a =} Qs 1 o Qs a
Tunsmddasinam ez BlaanIaaaiagid blank wazyinmIssnalaamslaluluan
poly(divinylbenzene-co-N-vinylpyrrolidone) ~ NIFILATIEAIUARDARALVMALENTIWIH 7 ATILAZT
WA iud ML Oasis HLB anuwihdAuildin é1 SD uaz 3SD anfwime augas y = yg +

3SD  WUINATAIINANITAATITHRYDI FISAATSTUARY  DONTLAAILTUARY LA AABLAAIZTIAR

o
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¥

NARAUANDAIINANITILAIZRALNE M HPLC-PDA wWuTddasinamsenziidaltinaiia HPLC Nda

'
a o J = o o

ﬁ'um%aamni’@ﬂ@amimsmﬁ fiendnin (6.76 — 11.50 laulasnsudedas) luwmenardadnnans

[

Sz vLiald HPLC-PDA N 23.9-46.4 lulasniudadas annan1inasadnuin lu I uanigaaszs

1 a v IS o

v A A AA A . ' A ' ¥ oA
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A1390 11 s INANITILATIEHUaIRIILAATETUA A LLARZAINIRAINIIRNAG LU TWANNFILATIZR

WAz Oasis HLB n1sn1saiilals HPLC ﬁ@iaﬁuLﬂ%amam”ﬂwQaaLsmean

= o o a [ o A
Fasnamaiensy (lulasnsudadag)

813sznay
Taaluludn Oasis HLB
LOATZTHARY 7.24 7.55
2ONTLAATZTL AR 11.50 9.14
ARDLANIZTUAR 6.76 6.44

. . . 4 . o a
WalSouiiaununansneaasdnyinlas Du et al. (2015) GI¥NNIANHIENIAATLTLARH

v v ]
(3 a A

19 3 THANTBNNI doxycycline wiidan ianuiih nve wazanwisulasmsldinaiia HPLC 7

6

eiaﬁ'uLﬂ%ﬂd@]ﬂﬁ]’?@ﬂgamimmuﬁ WUINTATasINaNIIATERIHIe 1.5 - 3.3 lulasnsudaday
o, ° L & V& ' a v o g A a = o A A A
Ll,mwzmm'lLanuaﬂLmnaglumammnunuwaﬁnﬂmimaam LA NS H UL NS UNUB NI WHRIIN

o A v | L s - ') % ‘a P=Y
vhlay Granados et al. (2005) $9ldld Oasis HLB iiludrgaduudiimilineaniiinnzvisia PLRP-

Y1 A o [ 1

S 100 A’ UNwABANIGANAUNSY C18 lafmdadinanisdeeiizning 0.3 - 1.2 lulansudadas

v '

@
[

P &g ] a & ] \ g A = a Ao 9 va

ﬂ']u@nﬂ\flvlal]ﬂ'l']Nﬂﬂ’]i'ﬂLﬂiqﬁ"ﬂ‘ﬂqﬂﬂqiﬂ@ﬂaﬂuﬂ\ﬁ 10 LﬂjﬂduLuﬂﬂﬂqﬂNﬂqiL@Nﬁ']i'ﬂ‘ﬂ'{lﬂl,ﬂ@l,ﬂu
o &4 Y A A o va A o s A A

a%wuﬁsﬂ\‘]ﬂ§$ﬂﬂu@qﬂLLNﬂ%LTUﬂJ ‘an‘ﬁl,ﬂ@]Lﬂuﬁ"ﬁL’ﬂG‘ﬁau‘ﬁﬁ“ﬁqﬂluﬂ’]sLWﬂJm@ﬂT—]NaqNqiﬂiuﬂqi

a 14
AAINCH

2) AIMSLANALAK (Recovery)

(2 ' [
A a A A A o 6 [

ﬁ’]ﬂ’ﬁiﬁﬂﬁﬂﬂ%ut‘ﬂﬂﬂLlla&lﬂ'ﬁﬁﬂ@ﬁ’](ﬂv'l?JEJI’NﬁNﬁ&lﬁﬂi?mi’]z‘wﬂﬂ@]'ﬁ?&l internal

]
standard NANUTNTU 5 FARNINABANT WAZVINNIIINAINITIUIN 100 FARANT 1w IN0ENI%08 3 A9
NAUAINIIAIAINIT M NAUAUYBILAATETUARULARZAILFAIAIAITINN 12 WU fNMTLANALAKYA

L™ a ' Qs [ Qs Q a a IQ/ l&/
LAAITTUANUNN 2dienln Lﬁmnm:mwm@@muiwiuaﬂwaamas"’ﬁaamﬂ:ﬁmu (56.32 — 92.46 %)

o o . v = s a a v 9 a
LL@Z@]'JQ@"IYLI Oasis HLB n1in13an (57.04 — 91.37 %) TebuanialszAntnmwuasmsanaalsluluin

A137199 12 AN IANALAUVDILAATZTUARUNG 3 TRANANUTNTH 5 Tulasniudaiay

Jo8arNI NALAY + TasasEIMTUILLUTNNNT (RSD)
s17U3znay

FILAAITLTE AR AONTLANTLTUAR ARDLARTZTL AR

faqiuiuﬁﬂwaaLua§§aLﬂiﬂzﬁ 56.32 + 0.01 92.46 + 0.01 56.70 + 0.02

Oasis HLB 57.06 + 0.01 91.37 £ 0.01 57.04 + 0.01
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3) AINIINITIVaINITIHINIRANFILATIEH

ANNENNNTD MNNIYINT1289INSRIATITALUIUAN M batch L@BINURSe repeatability

WRZ@9 batch NWK3Ia reproducibility mmsng"lﬁmnmsan”@mii:sﬁ“ﬂﬂau 5 JaRNINGRATINWIN 100
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=3 aa 1 ld‘]/ e Qs a lﬂl U o = s o Y
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o
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a A [ a a ' [
ANYNRILAIITIANIINN batch LALINULATATI batch NH

A30uazaIIBIUUNNAIPIUENANT (%RSD)
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batch vR8INW @19 batch N
AILAATETEARY 10.54 12.91
ONTLAATETUARY 6.72 8.71
ARDLANTZTHARY 10.96 8.22
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= o oA
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LLa:Lﬁaﬁﬁﬁ"agwﬁ'u Oasis HLB mmmsaaamﬂlﬁnﬁaoqamiﬂﬁﬁﬁnmaﬂ@ﬂ‘lfﬁﬁﬁé'wmm

[ a

a s s dl 4 a d. eal I3 dl =3 1 d&‘ dl 1
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21]7] 31 .ﬂ’TW'i]’mﬂﬁad@ﬁ‘ﬂiiﬂ%atﬂﬂ@ﬁaui@]F_lsl,“ljﬂ"lad“llEl"lf_l 10,000x LABINUITHINT (a) I&II%E]‘H“H%@

poly(divinylbenzene-co-N-vinylpyrrolidone) Lag (b) @ﬁgﬂsﬁl Oasis HLB

A o ' v o A A A a o A Y o ' ' A

wWaynnmsmeainslanaufuilainsiduansiaaseraaanad llwinalratronuin  wlalsluln
ANWOALNAINFILATIZY ladaNTosa: 69.3-81.7 IummzﬁLﬁal%@Tugﬂeﬁ'u Oasis HLB #@1n5Lanauan
ayﬂuﬁuﬁaﬁa: 40.6-44.0 msvlﬁﬂé”uﬁuﬁaﬂmLﬁaamnmsqm’”umaommmuaamLLazﬁoLﬁaﬂuiuﬁw

A < S A & o = ¥ g o & ) ' >
«mI@ﬂmvlﬂu'mmmnvxl'lsquzumiﬂmﬂa‘wnadm‘mimmqwaﬂs:ﬂaumﬂmuwawamﬂa NN

v a

waad Uantlulasdiaw o msnsz@juﬂ'mauim OTULRLENTAIRITIINDI LU AaTuuazuIsg

v v

Lﬂuaaﬁﬂsznau LL;wa:v‘hmsmaaﬁwmnWﬁwqamﬂnszmunsawm@ 11 "Lumauué”aﬂ'ﬂﬁ humic

a

_ . (A X e ¥ . aea v oA, v
acid A9 wazmIuvIussuawsTINdnifeduluirihwifansgedwderhmsliiiudu
Ysnonnld  udiBiasanluludniilwssdaiiias (flow through pore) amalnainindaliansdasg

m”anainﬁﬁ“um@Lﬁnchu"l,@“’[mlvlajl,ﬁ@ﬂﬁq@m”u

a 6 ) Y : [
4.4 maydszgnalsnululuansiasandunsd s dmsulasaninnmlunswnnawiaian

nsaaazAluluansiadanidunssg C8 luzaim a1 10 [wdAllaIva93cUuYad 1na

PUNALRNNABBENLITLLNTATINIA LIF Lﬁaﬁmm,l,ﬂﬂmiﬂszﬂaulumjmaa amine, chlorpheniramine

U

Wz riboflavin
441 ﬂﬁilLﬂﬂﬂ’liﬂiZﬂaﬂlaﬁ%

Tugasnsirasna 10 ouANaINI LU IuaNTRATANBUNSS C8 Vo ITzUUMT MARUWIALAN

[

ﬁ@iaag’ USXUUNIATI970 LIF snansayimsuenansdsenauiaiinfa  methylamine, ethylamine, Was
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Qs

trimethylamine  lasfinmsviudueynusiiifanmuddussngeaissaudnounmianaia  anied

A o v a A o A a ~ A aa ' a A
wianzanfivhldifiensuenda danmslnavasluuoafiduamuesuiagnd 0.5 Gaddasdewndl 49
liAaussdudaunduialdlszanm 300 dauddaaeiia wavaslasanlnunsuuaasaigli 26 uaz

' a 6 = aa A
ATNTIINLABDIY a\‘lIﬂiM’IIVIﬂiﬁ‘NLLﬁ@N@1\1@]’15’]01’] 14

- @
Intensity g
2 B
600 5 =
g T
500 T = )
5 = = L
: E
S
[ =
400 - Jh =
i
1|
300 i \
i

100

200 é
|

(4] 0.08 o.16 0.25 0.33 0.42 0.50 0.58

Time (min)

;51]171 32 lasunlnunsumsuenansdsznay methyl amine, ethyl amine LLaZ trimethylamine luszuvaad

& da a A aa a a6
vL%ﬂ“llu’]@Lﬂﬂ‘ﬂNﬁﬂdﬂ"li‘l%aﬂiiﬁﬂuiuﬂﬂ’ﬁu@‘ﬁﬂﬂ'\Q‘Wﬂiﬂl C8

P . a & 1 P A \
A3 9N 14 ATNTIIINELABDIAN §) quiﬂiuqiﬂﬂsqwmadﬂ']il,l,ﬂﬂﬁ']iﬂizﬂallLallul%“ﬁa\jﬂ']ivlﬂaﬂ']'ﬁ 10

L"]IuaL&l@]i?lE]xﬁz‘]J‘]_lﬂ"lileﬂ?luﬁ@]Lﬁﬂ

WINADT Methylamine(1°) Ethylamine(2°) Trimethylamine(3°)
Retention time, tg (W171) 2.1784 2.7015 3.4055
ﬁ%ﬁﬁﬂ 34093.94 17930.43 45947.93
quwaaﬁﬂ 421.5851 293.5851 469.5851
ANUNINVBINN (W) 0.3419 0.2595 0.4220
anunireasini
A4 B 0.1495 0.0112 0.2595
ATITBIANNFI (WF1)
Dead time, t, (W17 0.005 0.005 0.005
Retention factor (k') 432.62 539.30 680.10
Tailing factor (TF) 5.0067 1.0790 1.8162
FIUIBLNAN (twan) 224.8986 600.4059 360.783
ANUFIVDILWAN (LWANHBINAT) 0.0446 0.0167 0.0277
Selectivity factor (OU) 1.2407 (35WI9RNT 1 uaz 2) | 1.2611 (32939WNT 2 ua 3)
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A & = A A .
IMNANIULADINTN € maaimmiﬂﬂi’lwslmrﬁ’ldﬂ 1 L']ﬂ']ﬂl“lﬂ%ﬂ'ﬁl,l,ﬂlﬂ methylamlne,

dimethylamine, trimethylamine fasasnin 4 wfi luuefien selectivity factor Adnwitwladanfiafa

a

1.21 (methylamine/ dimethylamine) waz 1.26 (dimethylamine/trimethylamine) TAIWIBLWANUAT

AaudadAatszanmh 395 wwanda 10 LERALNATRINIUTAINT MARUWIANTIS 70-100 LUATOURID

° o 6 a

waslyzanm 85 luataw an 35 luasan  LUaABUNUSIWIBNANTaINAaNT HPLC Un@nanagend

U

10,000 LWANGAE 10 LTUALNAT ﬁﬁLﬁumﬂuz}{nma 46 JaRas  udadglsneularinnmsswi o
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v

P = A a A g ) aa a Aaa a aea 6
M19190 15 mmhm_lmmJﬂi:a"nﬁmm:mwﬁaamﬂ%a‘miuiua“nﬂjamaum NRILAINCHALLRS

o g o v
ﬂaﬂ“u‘ﬂ'ﬁvl,l]'ﬂ’mﬂ’]sﬂ’]

fayan1adwInk TAINT MAR MWIZULVWIALAN AaaNIIN2 1
FIBIWLNAN 395 10000
AL (URALNGYT) 10 10
PR . 0.085x0.035 §aALNAT id. 4.6 48597
NBNRUEIAR (AU RFLUAT)
= 0.00298 = 16.63
U539 3789n7 s
o 0.0298 166.26
@nuanidaiiuns)
FNWIWNANGaUINIGT
13277.31 60.15

(Lwaﬂ@iaﬁﬂmﬂﬁﬁaﬁmm)

4.4.2 mnanaisusenavaaatinitsdin (Chlorpheniramine)

arinmsgsaziluluanaaadaniaunisd c8 lutasnislrasd 10 1 oudluaIuad

'
A 1

suumibarwalEnfideadiuszuunInsaia LIF ernsusnuazidiinadiensdanlszneay
chlorpheniramine lagmsdassazayanasgnu chlorpheniramine hdsszuUMIlnaswIaEn wazd

miﬁﬂl,ﬂuakl,w”uﬂﬁ Lan3s a'aLL@N‘V\IQaawmmuﬁﬁaummsni’m loma aﬂmmimmsmﬁgﬂﬁ 33
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ABSTRACT: A simple, sensitive, and high-throughput method was developed for the determination of six volatile phthalate
esters—dimethyl phthalate (DMP), diethyl phthalate (DEP), dibutyl phthalate (DBP), benzylbutyl phthalate (BBP), di(2-
ethylhexyl) phthalate (DEHP), and di-n-octyl phthalate (DnOP)—in seafood samples by using monolith adsorbent in a capillary
coupled to a gas chromatography—mass spectrometry (GC-MS) system. The freeze-dried samples were subjected to an
ultrasonication with hexane, followed by vortex mixing. The liquid extract was quantitatively determined by a direct application to
an online silica monolith capillary adsorbent coupled with a gas chromatograph with mass spectrometric detection. Method
validation in seafood matrix gave recoveries of 72.8—85.4% and a detection limit of 6.8—10.0 ng g~' for bivalve samples.
Reusability of the monolith capillary for trapping coextracted matrix was up to six times, allowing high-throughput analysis at the
parts per billion level. When compared with the Food and Environment Research Agency (FERA) method, no significant
difference in the result was observed, confirming the method was valid and applicable for the routine analysis of phthalates in

seafood samples for food and environmental laboratories.

KEYWORDS: phthalate ester, extraction, adsorbent, monolith, gas chromatograph, GC-MS

B INTRODUCTION

Phthalates are esters of phthalic acid consisting of one or two
benzene rings. They are typically utilized as plasticizers to
improve properties of polymer products, such as transparency,
durability, longevity, and especially flexibility. As phthalates are
not chemically bound to polymer chains, during manufacturing
they are easily released under thermal or mechanical stress.
Their extensive use not only in plastics but also in products,
such as personal care products (e.g, perfumes, lotions, and
cosmetics), paints, toys, food packaging, medical devices, and
pharmaceuticals, leads to their leaching into the environment
and thence their presence in various matrices, for example, soils,
sediments, air, and natural water and food products. In
Thailand, a significant number of petrochemical industrial
facilities are located around the Gulf of Thailand. Along this
coast the residential area is dominated by local villagers and
farmers working in agriculture and fisheries. The number of
families associated with fisheries is continuously rising with an
increasing demand for seafood for export and domestic
consumption. Despite the fact that, according to Thailand’s
regulations, waste and wastewater from industry must be well-
treated and controlled prior to discharge, leakage of waste into

-4 ACS Publications  © Xxxx American Chemical Society

the sea can be possible. Phthalates are chemicals of great
concern that possibly contaminate the environment in those
areas. Released phthalates that may induce adverse health
effects may be transferred through the food chain into aquatic
animals, from which human exposure mainly occurs via food
ingestion. From our review, phthalate contamination is
commonly found in drinking water,' in seafood, for example,
fish, jellyfish, shrimp, and mussel,”> and packaged foods.®
Phthalate levels in edible marine fish and shellfish, such as
oyster, white shrimp, and crab, were affected by fish habitat and
physiochemical properties of polluting contaminants.” A report
of food monitoring of phthalates, meat samples (beef, poultry,
pork, and meat product) showed high concentrations of DEHP
of >300 ng g". All phthalates were generally found in seafood
to be of low concentration; DEHP was, however, detected in
variable levels.” Foods high in fat are contaminated by high
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molecular weight phthalates that are more lipophilic, such as
DEHP.’

Because phthalates are lipophilic and produce estrogenic
activity in mammals,” when they are directly or indirectly
absorbed in human tissue, they give detrimental effects on
human health, leading to cancer and endocrine disruption. The
U.S. Environmental Protection Agency (U.S. EPA) and the
European Union therefore classify them as priority pollutants.
The U.S. EPA has established a maximum allowable
concentration (MAC) of 6 ug L™' for DEHP in water. The
European Food Safety Authority (EFSA) has declared tolerable
daily intake (TDI) values of 0.01, 0.05, 0.50, and 0.15 mg kg_1
body weight/day for dibutyl phthalate (DBP), di(2-ethylhexyl)
phthalate (DEHP), benzylbutyl phthalate (BBP), and a group
of diisononyl phthalate and diisodecyl phthalate, respectively.””
In 2011 the Chinese Ministry of Health announced quality
limits of PAEs in foods and food additives of 1.5 and 0.3 mg
kg™' for DEHP and DBP, respectively.” It is therefore
important to provide a rapid, highly reliable, sensitive, and
efficient analytical procedure for monitoring phthalates in food
matrices.

Several analytical methods have been developed for
determining phthalate esters in food samples. Extraction and
cleanup are the most challenging steps for analysis of the
lipophilic phthalates in fat matrices, because fat can be
coextracted and lead to contamination during the procedure.
A few extra pretreatment steps for fat removal are then required
prior to analysis by chromatographic methods, such as gas
chromatography—mass spectrometry (GC-MS), or liquid
chromatography—mass spectrometry (LC-MS). To date, the
most popular sample preparations are liquid—liquid extraction
(LLE) and solid-phase extraction (SPE). After liquid extraction,
a further cleanup of the extract is always necessary for those
fatty matrices, and it was achieved by gel permeation
chromatography (GPC) and/or SPE.*'*'" Currently, several
efficient and accurate sample preparation methods widely used
for phthalate extraction are SPE, solid-phase microextraction
(SPME), and dispersive liquid—liquid microextraction
(DLLME). However, such methods are laborious and time-
consuming, employ nonreusable materials or devices, and
require large volumes of sample and/or organic solvents that
can be harmful, carcinogenic, and hazardous to the environ-
ment. The most recently developed technique for routine
analysis, SPME, was applied to extract phthalates from
food,'*"® as SPME is a very simple, rapid, efficient, and
solventless sample preparation method. Some disadvantages of
the method that should be considered are high cost and sample
carry-over effect. Its fiber is limited by type and lifetime, large
batch-to-batch variation, and thermal instability. These
limitations can be reduced by using a new alternative adsorbent
employing monolithic material.

A monolithic material is a single continuous piece of either
an organic polymer or silica that provides many advantages,
those being large surface area, high permeability, easy
fabrication, and functionalization. Many applications of the
materials have been reported, including SPE, sample
preconcentration, and separation in many areas, such as the
environmental, pharmaceutical, food, and biomolecular
fields."*”"7 Characterization and classification of monolithic
materials have been given elsewhere."*™*" The silica-based
monolithic columns were prepared through hydrolysis and
polycondensation of alkoxysilane in the presence of water-
soluble polymers via sol—gel reaction.”"** In our previous work

silica monolith was prepared in a capillary and used to absorb
nitrosamine after superheated water extraction.”’

The goal of this study was to couple the synthesized
monolithic capillary adsorbent online to a gas chromatograph
for cleaning up and determining volatile phthalates in seafood
samples. The outcome of this study proved the feasibility of
high-throughput, low-cost, and rapid analysis of volatile
phthalates in seafood samples by utilizing the monolithic
capillary adsorbent.

B MATERIALS AND METHODS

Chemicals and Materials. Six standard phthalates were diethyl
phthalate (DEP; 99.5%), dimethyl phthalate (DMP; 99.97%), and
dibutyl phthalate (DBP; >99%) purchased from Sigma-Aldrich (St.
Louis, MO, USA), di-n-octyl phthalate (DnOP) from Sigma-Aldrich
(Buchs, Switzerland), benzyl butyl phthalate (BBP; 99.4%) from
Merck (Darmstadt, Germany), and di(2-ethylhexyl)-phthalate)
(DEHP; >98.5%) from Acros Organics (Geel, Belgium). Six
deuterated standards, namely, dimethyl phthalate-3,4,5,6-d,, diethyl
phthalate-3,4,5,6-d,, di-n-butyl phthalate-d,, di-n-octyl phthalate-
3,4,5,6-d,, and bis(2-ethylhexyl)-phthalate-3,4,5,6-d, were obtained
from AccuStandard (New Haven, CT, USA), whereas benzyl butyl
phthalate-3,4,5,6-d,) (98%) was from Cambridge Isotope Laborato-
ries, Inc. Anthracene-d;, (>98%) used as internal standard for
phthalates was bought from CDN Isotopes Inc. (Quebec, Canada).
All phthalate standard stock solutions were prepared in HPLC grade
hexane (Burdick & Jackson, Ulsan, Korea).

For synthesis of the silica-based monolith capillary, a 0.32 mm i.d.
bare fused silica capillary was obtained from SGE (SGE Analytical
Science, Melbourne, VIC, Australia). Tetramethylorthosilicate
(TMOS; >98%) from Merck, polyethylene glycol (PEG) with an
average molecular weight of 10 000 g/mol from Fluka (Germany),
glacial acetic acid from BDH (Poole, UK), urea (>99%), and sodium
hydroxide from Merck were employed in the formulation. Other
chemicals were of analytical grade used in a chemical laboratory. To
avoid phthalate contamination, all or parts of the laboratory apparatus
that potentially contacted samples were made of glass and/or metal.

Sample Collection. Representative seafood samples, namely, fish,
prawn, and squid, were purchased from local markets in Samutsakorn
province or in Bangkok, Thailand. Crabs were not selected because of
the difficulty in removing the shell and low meat content. Fresh bivalve
samples were mainly green mussels collected from Pradoo bay,
adjacent to Map Ta Phut industrial estate, Rayong, Thailand. After
collection, the shell and bone of all samples were removed, and the
meat was kept in an aluminum foil bag during transportation and
further storage at —15 °C or below.

Sample Preparation. Fresh seafood meat sample was defrosted,
homogenized in a metal blender with an aluminum foil cover, and then
freeze-dried. In a glass tube 1.0 g of the freeze-dried sample was mixed
with 5 mL of hexane, and 1 mL of 20% NaCl solution was added for
salting-out. To prevent sample agglomeration, the mixture was put
into an ultrasonic bath for 5 min, homogenized by using a vortex mixer
for 10 min, and followed by centrifugation at 4000 rpm for 5 min. The
supernatant was dried with anhydrous Na,SO,, filtered through a filter
paper, and evaporated with a gentle nitrogen gas stream. To the final
extract was added 100 L of 100 ppm of anthracence internal standard
and adjusted to 1.00 mL. One microliter of the liquid extract was
finally injected into the GC-MS system.

For the Food and Environment Research Agency (FERA)
method,”* a 15.0 g sample was shaken with 15 mL of (1:1)
acetonitrile/dichloromethane for 4 h and then centrifuged for S min.
The supernatant was transferred into a glass vial and stored at 0 °C for
24 h to remove any fat. The organic layer was taken and evaporated to
dryness at 60 °C, and the dry residue was reconstituted with 1.00 mL
of acetonitrile for further analysis by GC-MS.

Monolith Capillary Preparation. The silica monolith was
synthesized via a sol—gel technique by Kobayashi et al.** with some
modifications. After pretreatment with 1 mol L™' NaOH solution, the
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fused silica capillary was filled with the formulation solution, tightly
sealed at both ends, heated at 40 °C for 24 h, then raised to 120 °C,
and kept for 6 h. After cooling, it was rinsed with ethanol and then
dried in an oven at 60 °C for 3 h.

The synthesized monolith in a capillary was morphologically
examined by using a Quanta 450 scanning electron microscope (FEIL
Hillsboro, OR, USA), whereas the thermal gravimetric analysis (TGA)
profile of the silica monolith was measured using a TG7
thermogravimetric analyzer (PerkinElmer, Boston, MA, USA).

Phthalate Determination. Phthalates in the liquid extract were
determined by using a 7890A gas chromatograph (Agilent
Technologies, Santa Clara, CA, USA) coupled with a 5975C inert
XL mass spectrometer (Agilent Technologies). A 5.0 cm fabricated
silica monolith capillary was coupled between the GC injection port
and a 0.25 mm id. X 30 m X 0.25 pm ZB-SHT fused silica capillary
column (Phenomenex, Torrance, CA, USA) by using a 4.0 cm glass
connector. The injector temperature was set at 290 °C in splitless
mode with 1.2 mL min~' He carrier gas flow. The oven temperature
was initially programmed at 120 °C for 1 min, ramped to 300 °C at 20
°C min~’, and then held at 300 °C for 10 min. Both the ion source and
transfer line temperature were maintained at 300 °C. The target
compounds were determined in both full scan and selected ion
monitoring (SIM) mode in a mass range of m/z 50—450.

B RESULTS AND DISCUSSION

For comparison of efficiency of solvent in liquid extraction, two
organic solvents, namely, hexane and acetonitrile, were chosen
on the basis of high solubility of phthalates.'”"**° Both solvents
gave similar results, but in our work hexane was more
appropriate because its higher volatility gave a better solvent
evaporation after liquid extraction.

Feasibility of Using Fabricated Silica Monolith as an
Adsorbent. As different monolithic material affects the
properties and performance in extraction and separation,
different types of monolithic material were therefore inves-
tigated to obtain the most suitable for use as an adsorbent. In
our previous work silica monolith showed very good perform-
ance of trapping fat and nonvolatile components prior to
chromatographic analysis of nitrosamine in the extract from
sausage after superheated water extraction.” Silica monolith in
a capillary was then synthesized and the monolithic structure
confirmed by scanning electron microscopy (SEM) to be
interconnected particles of about 2 ym and macroporous size of
approximately S ym. The thermal behavior of silica monolith
studied by TGA showed dehydration of weakly adsorbed water
on the silica surface at approximately 150 °C, whereas the loss
of the organic compounds or unreacted TMOS and
dehydroxylation occurred between 150 and 600 °C.*” This
confirmed that the silica monolith was stable up to 600 °C and,
hence, it can possibly be used for high-temperature separation
in a GC oven. In our previous work the maximum allowance
length of silica monolith capillary to connect to the ZB-SHT
column without an overpressure was S cm. To confirm the
teasibility of using silica monolith in a capillary as an adsorbent,
a comparison between with and without the silica monolith
connected between the injection port and the analytical column
was performed by comparing the peak areas of 1 uL each
spiked phthalate in the liquid extract. From the two-tailed t test,
the peak areas of each analyte separated with/without silica
monolith were not significantly different, although the peaks
with a presence of the monolith were slightly broader than
those without the monolith. This broadening was most
probably a result of the polar silica monolithic surface acting
as a stationary phase for adsorption—desorption kinetics of the
analytes and the nonequilibrium mass transfer of the analytes

between the polar silica solid surface and gas phase. A batch-to-
batch variation or the variability of quality of capillary monolith
synthesized between batches in different days was found only
very small. The study of capillary-to-capillary reproducibility of
silica monolith capillary demonstrated that the relative standard
deviations of peak area of the six phthalates ranged between
3.03 and 4.88%, showing there was insignificant variation of the
monolith synthesized between two or more batches, similar to
SPME, for which variation was <6% RSD.*®

Comparison of chromatograms of real prawn samples
obtained with and without the silica monolithic capillary
adsorbent in Figure 1 demonstrates the effective removal of

0 2 4 6 8 10 12 14 min

Figure 1. (A) Chromatogram of prawn sample extract analysis with an
absence and (B) presence of silica monolith capillary before the ZB-$
HT column coupled with GC-FID. (C) Chromatogram of a 100 ppm
phthalate spiked sample extract with a silica monolith coupled with the
ZB-SHT column. (Inset) Chromatogram of S00 ppb spiked phthalate
determined by GC-MS.

coextracted compound from the sample. A much clearer
chromatogram was obtained when the monolith capillary was
used (Figure 1B) compared with the one obtained without the
capillary connection (Figure 1A). Figure 1C illustrates a clear
chromatogram of 100 ppm phthalate spiked prawn extract,
showing well-resolved peaks of all analytes with low back-
ground, thereby proving the selectivity of the method.

To examine the capability of a capillary monolith to be
reused as the adsorbent, several repeated injections of the
extract of bivalve from the most highly matrix-contaminated
representative sample, was performed. The peak areas of six
phthalates for seventh injection were obviously higher (26—
40%) than those for the first injection. This was possibly caused
by the fat matrix deposit onto the monolith; a shiny coagulation
similar to one of fat injection was observed under SEM. The
silica monolith capillary had a capacity limit in trapping of
coextracted matrix; the maximum tolerable injection number of
the bivalve extract was therefore six.

Efficiency of the Method. To test the efficiency of the
method of coupling between silica monolith capillary and the
analytical column, some method validation features were
measured, such as linearity, detection limit, recovery, and
precision. For all selected phthalates the calibration curves of
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Table 1. Validation Parameters of Volatile Phthalates Determined by Using Silica Monolithic Capillary Connected with GC-MS

% recovery = SD (n = 3)

analyte intercept, a slope, b ? LOD (ng g) bivalve prawn squid fish

DMP —14864 137329 0.9995 6.8 81.2 + 0.2 714 + 0.2 672 + 1.8 52.7 + 3.0
DEP —426.14 133984 0.9996 7.9 82.8 +0.3 76.0 + 0.2 682 + 1.6 68.7 + 2.4
DBP —49012 224795 0.9985 9.5 80.1 + 0.5 80.2 + 0.2 684 + 1.7 749 + 1.8
BBP —8079 69856 0.9984 10.0 82.0 + 0.2 81.1 + 0.4 753 + 14 71.8 + 1.6
DEHP —19571 115429 0.9982 9.0 855 + 0.2 84.1 + 0.3 77.8 + 2.4 68.5 + 1.7
DnOP —44545 161505 0.9972 9.3 844 + 0.2 84.0 + 0.4 94.2 + 4.4 64.0 + 1.6

Table 2. Phthalate Concentrations in Fresh Seafood Samples, Except Preserved Prawn, Analyzed by Using a Silica Monolith

Capillary Connected with GC-MS

concentration (ng g™*) + SD, n =3

sample DBP

fish 1 212 £ 6.7
fish 2 126 + 2.5
fish 3 13.6 + 3.1
fish 4 341 +73
fish § 272 + 3.1
bivalve 1 62.7 £ 5.1
bivalve 2 79.0 £ 12.8
prawn 1 31.0 + 44
prawn 2 nd

prawn 3 11.0 + 3.3
preserved prawn 1 375.1 + S14
preserved prawn 2 263.5 + 67.8

BBP DEHP DnOP
113+ 12 48.0 + 8.2 nd
nd nd 9.7 £ 03
13.0 £ 1.7 nd nd
nd nd nd
30.1 + 1.5 nd nd
10.9 + 0.6 nd nd
19.6 + 5.9 nd nd
10.6 + 2.4 9.6 + 0.4 73.1 + 4.8
nd nd 89.1 + 7.6
nd nd 78.5 + 132
522 + 112 3852 + 99 344.7 + 82.2
531+ 12 nd 243.7 + 27.7

the concentrations between 0.01 and 20 ng injected to the
monolith coupled with the ZB-SHT column were linear with
correlation coefficients of >0.997. The detection limits of six
phthalates were investigated by applying extremely low
concentrations of standard phthalates to the silica monolith
coupled to the ZB-SHT column and ranged between 6.8 and
10.0 ng ¢! (Table 1).

To evaluate extraction efficiency, six deuterated phthalates
fortified in the seafood samples were examined for recoveries,
resulting the ranges of 80—85, 71—84, 53—75, and 67—94% for
bivalve, prawn, fish, and squid, respectively (Table 1).
Comparison of these matrices showed that the fish sample
gave the lowest recoveries for all phthalates, which possibly
resulted from the higher protein content in fish than in the
other matrices. During liquid extraction in the aqueous—hexane
liquid mixture, despite NaCl addition and dispersion by
ultrasonication, the fish sample was agglomerated and became
glue-like. It is therefore likely that the phthalates were more
difficult to release from this matrix. Traces of remaining
phthalate in the monolith adsorbent trap prior to chromato-
graphic separation could also lead to low recoveries, as
evidenced by an increasing background signal in the mass
spectrum after several runs. The high background was also
contributed by some unidentified interferences in the matrix
extract.

Application to Real Samples. The proposed method was
applied to determine phthalates in real seafood samples from
several matrices, for example, bivalve, squid, fish, and prawn,
collected from different locations in Thailand (Table 2). Four
phthalates, namely, DBP, BBP, DEHP, and DnOP, were
detected in all samples at very low parts per billion levels,

whereas DMP was found in only in one fish sample (fish 2) at
30 ng g' and no DEP was detected in any sample. The
concentrations of phthalates in all samples were in the range of
the method detection limit (MDL) of phthalates in meat of
0.9—10S ng g~', according to the FERA method. A comparison
of phthalate concentrations obtained by our method and the
standard operating procedure of FERA is shown in Figure 2 for
bivalve sample. The detection limits of the proposed method
(6.8—10.0 ng g~') were within the range of those of the FERA
method (0.9—105 ng g™'). A t test for significance analysis was
performed, resulting in experimental |tl values for analyte
concentrations of 0.21, 1.07, 0.06, and 1.44 for DEP, DBP,
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Figure 2. Comparison of phthalate concentrations from bivalves
obtained between the proposed and the FERA method. The observed
DMP concentration determined using the proposed method was <12
ng g~', and BBP by the proposed and FERA method was <26 and <10
ng g, respectively.
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DEHP, and DnOP, respectively. DMP and BBP were not
detectable, thus giving no It values. All of the experimental ¢
values were lower than the critical value (f.g g0s,4 = 2.78) at
the 95% confidence limit, which confirmed no significant
differences exist between the results obtained by the proposed
method and the FERA method.

Comparison with Other Methods. Despite the loss of
some analytes during the analysis as discussed above, the
proposed method provided more advantages. The amount of
sample was only 1.0 g, lower than sample requirements for
other methods.”***~*" Most methods required between 5 and
50 g,24’29'30 whereas the method of Williams et al. for fish
samples used up to 100 g.”' For determination of phthalates in
food, the extraction and cleanup steps are the most challenging
parts. LLE is the most frequently used among all reported
methods because of its convenience and effectiveness.
However, for phthalate determination in food extraction by
other methods, organic solvents, such as hexane,"’ pentane,32
dichloromethane, and mixed solvents,”****® were required with
high volumes of between 15 and 100 mL. For example, 50 mL
of mixed solvent was needed for complete extraction of fatty
food (bacon and cheese).”® The volume of hexane in the liquid
extraction (LLE) step of our proposed method was only 5.0
mL, implying 10 times lower solvent consumption. In our
approach the liquid extraction time was 30 min per sample, and
only about 1 h was normally required to complete the sample
preparation. Extraction of multiple samples within 1 h was also
achieved with the proposed method, compared with >4 h of
preparation period reported by Bradley et al.’’ During the
cleanup step, gel permeation chromatography (GPC) was also
included in the other methods to remove interfering fats and
other coextracted components.'”*"***> GPC and LLE often
consume large volumes of hazardous organic solvents, require
long pretreatment time, and give high blank values. SPE was
more preferable to solvent extraction,'’ but it utilizes
nonreusable materials or devices. Such problems were over-
come when the silica monolith capillary adsorbent was
employed in this work, in addition with the benefit that one
piece of monolithic adsorbent could be reused at least five
times (or five samples). The cost of adsorbent was also much
reduced, owing to the low amount of the inexpensive
fabricating reagents, and tiny capillary, gaining virtually no
produced waste. SPME employed in Kataoka’s method is
simple, fast, solvent free, and practical, but has several
drawbacks, such as high cost and sample carry-over."” These
limitations can be overcome by using the silica monolith
capillary adsorbent. Moreover, online extraction, preconcentra-
tion, and determination of multiple samples were achievable,
leading to rapid high-throughput analysis with only a one-step
preparation. Although the FERA method does not require any
adsorbent or further extraction,” it was found that the
analytical column was highly contaminated and eventually
deteriorated after several injections. Coupling the monolith
capillary adsorbent with the analytical column therefore also
reduces the analysis cost by extending the column lifetime.

GC-MS is the most popular technique for phthalate
determination because of its higher sensitivity than flame
ionization detection (FID). The limit of detection (LOD) of
the proposed method determined by GC-MS was in the range
of 72.8—85.4 ng g_l, which is the same as those of the other
methods em;)loying the same detection technique reported
using FERA, + Bradley et al,*® and Cirillo et al,”® but higher
than those of Arnold et al.** (0.2—3.7 ng kg™ in solid food)

and Guo et al."’ (0.29—0.61 ng g™' in ham and sausage). The
higher LOD than expected were possibly occurred from cross-
contamination from chemical, materials, and laboratory equip-
ment, which is a common problem in phthalate analysis
methods;” a phthalate-free sample in this work therefore did
not exist. Recoveries of the proposed method were between
72.8 and 85.4%, which is in the same range as those of FERA,**
and Bradley et al.’® The degree of recovery was lower than
those reported by Petersen et al.’”> and Lau et al,*> who
obtained 90—100%.

In conclusion, a method for the determination of six
phthalates in seafood samples utilizing a simultaneous sample
pretreatment procedure, comprising liquid extraction with n-
hexane and adsorption by using silica monolith, coupled with
GC-MS was developed. The results of recovery and coefficient
of variation indicated the method is accurate and precise for
routine analysis of real samples with different seafood matrices
and sources. Phthalates in collected seafood were detected in a
low parts per billion level. Compared with the others,”**"~>°
the proposed method was superior as it facilitated simultaneous
extraction, preconcentration, and determination in one step
with rapidity, simplicity, reliability, and low cost. It lends itself
to high-throughput analysis of organic compounds from the
environment at trace level in the presence of high levels of
matrix contamination in bivalves and other seafood samples.
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Effective and Reusable Monolith Capillary Trap of Nitrosamine
Extraction by Superheated Water from Frankfurter Sausage
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ABSTRACT: A novel, simple, rapid, and inexpensive method of extraction and cleanup of nitrosamines from frankfurter sausage
was achieved with a capillary filled with monolith of either polystyrene-co-divinylbenzene (PS-DVB), Polydivinylbenzene (P-
DVB), or silica that had been fabricated. The study of capability in trapping nonpolar matrix and monolith capillaries with varied
lengths revealed that a silica monolith gave the best result for nitrosamine determination. With an online coupling between
superheated water extraction (SWE) and silica monolith capillary connected to a 5% phenyl-methylpolysiloxane column, factors
affecting the extraction and determination, namely, sensitivity with and without the monolith, reusability, injection—injection
repeatability, capillary—capillary precision, and chromatographic separation, were investigated. This confirmed the feasibility of
the method. The optimal length of silica monolith capillary was 30 mm, offering reuse more than 20 times. Separation and
quantification of selected volatile nitrosamines were carried out using gas chromatography (GC) coupled with either a flame
ionization detector (FID) or mass spectrometer (MS). The overall extraction and determination method determined by GC—
MS allowed for a recovery of 75—88% with a <5% relative standard deviation (RSD) and detection limit of 2—S ng of injected

nitrosamine.

KEYWORDS: frankfurter sausage, monolith, nitrosamine, silica monolith, superheated water extraction

B INTRODUCTION

In chemical analysis, the sample preparation is an important
process to cleanup and preconcentrate an analyte to improve
efficiency of the method and instrument. Food is one of several
samples that frequently require tedious preparation for
determination because of its complicated matrix. In many
food products from livestock, fat is the main matrix that needs
elimination prior to analysis. Several standard extraction
methods involving fat removal are liquid—liquid extraction
(LLE), distillation, and solid-phase extraction (SPE).'”*
Although SPE has been widely used for extraction and
preconcentration of analytes from food samples, a few
drawbacks of conventional SPE limit the requirement that an
extraction method should be as fast and cheap as possible.® As a
general rule, solid-phase material should be well-packed before
extraction and the method must be optimized. Single use of a
SPE column before disposal also leads to high waste volume
and cost. Moreover, many extraction steps are required before
reaching a suitable concentration of extract, of which only a
small proportion is actually introduced for quantitative
determination.

The motivation of this study originated from a tedious
process in sample cleanup and preconcentration prior to the
determination of volatile nitrosamines by gas chromatography
(GC). The analysis of nitrosamine compounds in frankfurter
sausage samples extracted by superheated water extraction was
described in our previous study.® Because matrix interference,
such as fat and pigment, typically exists in sausage samples,
elimination of these interferences was then performed by a
conventional SPE. Because of the drawbacks of conventional
SPE as well as the current trend in analytical chemistry to
minjaturize an extraction system driven by environmental
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concerns, the steadily increasing costs of solvent disposal, and
limited amounts of samples, monolithic adsorbent in a capillary
or so-called “monolith capillary” was proposed as an alternative
cleanup and preconcentration method.

In chromatography, the monolith is a stationary-phase
material consisting of a single piece of solid with interconnected
skeleton and flow-through pores. Its “cauliflower-like” porous
structure provides a highly effective surface area for adsorption,
and the interconnected flow-through pores give benefits in high
column permeability.”® Monolithic materials are divided into
two categories: polymer based and silica based.”'® Organic
polymer monoliths are basically synthesized by a radical
polymerization process, whereas those of silica are prepared
through a sol—gel mechanism.'' "> Numerous applications of
both types of monoliths have been focused on high-
performance liquid chromatography (HPLC)®'*" and capil-
lary electrochromatography,16’17 while the number of applica-
tions in GC is fairly limited."® The use of monolithic material in
an indirect chromatographic application, for example, its
application for sample preparation to concentrate and purify
analytes from liquid matrix, or SPE has been studied.'”" These
functions were based on physical adsorption between chemistry
of the supporting material and analyte, for which the adsorbent
should possess an extremely high surface area. The character-
istics of the sorbent are therefore a key parameter concerning
selectivity and capacity. In this study, three monolithic
materials, polystyrene—divinylbenzene, polydivinylbenzene
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and silica, were of interest as a sorbent trap to extract
nitrosamines from the liquid extract of frankfurter sausage after
SWE. Because PS—DVB and P-DVB possess high hydro-
phobicity and thermal stability, they are likely to absorb fat and
nonpolar matrix. Silica was chosen because it was successfully
used as a fat retainer’ and also provides a high thermal

stability.

B EXPERIMENTAL SECTION

Chemicals and Sample. For polymer-based monolith capillary
synthesis, y-(trimethoxysilyl)propyl methacrylate (98.0%) obtained
from Acros (Morris Plains, NJ) and glacial acetic acid from BDH
(Poole, UK.) were used as silanization solutions. Styrene monomer
(99.0%) was purchased from Fluka (Buchs, Switzerland), and
divinylbenzene monomer (80.0%) was from Sigma-Aldrich (Stein-
heim, Germany). Decanol (99.0%) from Acros (Morris Plains, NJ),
tetrahydrofuran (99.9%) from Fisher (Loughborough, UXK.), and
dodecanol (>99.5%) from Fluka (Buchs, Switzerland) were used as
porogenic agents. Dibenzoyl peroxide (75%) from Acros (Morris
Plains, NJ) was employed as an initiator. For silica-based monolith
capillary synthesis, polyethylene glycol [MW of 10000 g/mol;
analytical reagent (AR) grade] was bought from Sigma-Aldrich
(Steinheim, Germany), while urea of analytical grade and
tetramethoxysilane (98.0%) were obtained from Merck (Darmstadt,
Germany). Both polymeric and silica-based monoliths were synthe-
sized inside a 0.32 mm inner diameter X 10 m bare fused silica
capillary tubing with polyimide coating purchased from SGE (SGE
Analytical Science, Melbourne, Victoria, Australia).

Standard nitrosamines, namely, N-nitrosodiethylamine or NDEA
(99.0%) from Fluka (Buchs, Switzerland), N-nitrosopiperidine or
NPIP (99.0%) and N-nitrosopyrrolidine or NPYR (99.0%) from
Sigma-Aldrich (Milwaukee, WI), and N-nitrosomorpholine or NMOR
(5.0 mg/mL in methanol) from Supelco (Bellafonte, PA) were used in
this study. Each 1.0 mg/mL standard stock solution was prepared in
methanol. N-Nitroso-di-n-propylamine or NDPA from Supelco
(Bellafonte, PA) was used as an internal standard for quantification.
Other chemicals were of analytical grade.

Frankfurter sausages from a local supermarket in Bangkok were
chopped and homogenized. A 1.0 g sample was fortified with 100 pg of
each nitrosamine, rehomogenized, and left at room temperature for 10
min.

Monolith Capillary Preparation. Silanization of the Inner Wall
of the Capillary. The silanization method described by Coufal et al.
was used. In brief, silanization solution was prepared from 1.817 g of
glacial acetic acid mixed with 20 uL of y-(trimethoxysilyl)propyl
methacrylate in a 5.00 mL volumetric flask and adjusted to the volume
by decanol. The solution was filled into a 0.32-mm inner diameter X
100 cm bare fused silica capillary, where both ends of the capillary
were subsequently sealed with a septum. The sealed capillary was then
incubated in an oven at 60 °C for 20 h. After cooling to room
temperature, it was rinsed with acetone to remove the silanizing
solution, dried with a gentle flow of nitrogen gas for 1 h, and finally cut
into 10.0 cm pieces.

PS—DVB and P-DVB Monolith Capillary. A PS—DVB polymer-
ization mixture consisted of 200 uL of styrene monomer, 200 yuL of
divinylbenzene, 520 uL of decanol, 80 4L of tetrahydrofuran porogen,
and 10 mg/mL dibenzoyl peroxide initiator. The formulation of the
PS—DVB polymerization solution used the method by Premstaller et
al>"** The P-DVB polymerization solution was a mixture of 400 L of
divinylbenzene monomer, 520 #L of dodecanol, 80 uL of toluene, and
10 mg/mL dibenzoyl peroxide, and its formulation was from the
method by Svec and Kurganov.'® Either polymerization solution was
filled in the 10 cm silanized capillary for about S cm. The capillary was
sealed at both ends and kept at 70 °C for 24 and 20 h for PS—DVB
and P-DVB synthesis, respectively. To remove the porogen and
monomeric residues, the fabricated monolith in capillary was flushed
with either acetonitrile or methanol at a flow rate of 10 uL/min for 3 h
and then dried with nitrogen gas flow.
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Silica Monolith Capillary. A fabrication method for silica monolith
capillary was adapted from one previously reported by Tanaka et al.”
In brief, a 0.32 mm. inner diameter X 100 cm bare fused silica capillary
was pretreated with 1 M NaOH, and both ends were tightly sealed
with a septum. The filled tubing was kept at 40 °C for 6 h, rinsed with
deionized water, and dried with nitrogen gas. The sol—gel solution for
silica monolith synthesis was a mixture of 400 uL of tetramethoxy-
silane, 0.088 g of polyethylene glycol, and 0.09 g of urea in 0.01 M
acetic acid. The solution was stirred in an ice bath for 45 min and then
filled into the pretreated capillary that was subsequently heated at 40
°C for 24 h. The temperature was then raised to 120 °C for 6 h. After
cooling, the monolith in capillary was washed with methanol and then
dried with nitrogen gas. The fabricated PS—DVB, P-DVB, and silica
monolith capillaries were cut perpendicular to the cross-section into
0.50 cm long pieces, and the specimens were subjected to scanning
electron microscopy (SEM) using a JSM-5600 SEM microscope
(JEOL, Japan) at 20 kV.

SWE. The SWE system was similar to the one described
previously.*** In brief, degassed double-deionized water was delivered
by a ConstraMetric 3200 HPLC pump (LDC Analytical, Riviera
Beach, FL) passing through a 1 m X 0.51 mm inner diameter stainless-
steel preheating coil (Alltech Chromatography, Columbia, MD) to a
1S cm X 4.6 mm inner diameter stainless-steel extraction cell
containing 1.0 g of fortified frankfurter sausage sample. Glass wool was
put at both ends of the cell, where 2 ym stainless-steel frits and screw
caps were subsequently mounted. Both the preheating coil and
extraction cell were heated in an oven at 140 °C for S min of static
time. The end of the outlet tubing was crimped to control pressure to
more than 300 psi. After that, the water was reflowed and the aqueous
extract was cooled using a stainless-steel cooling coil wrapped with
aluminum fins. The aqueous extract was collected for 10 mL in a vial
containing 2 g of NaCl and 2 mL of dichloromethane (DCM). The
cloudy mixture in the vial was transferred to centrifuge at 1100 rpm for
7 min, and the DCM layer was filtered and dried with anhydrous
Na,SO,. To preconcentrate, the organic phase was purged with
nitrogen gas and then adjusted to 100 yL with the solvent.

Monolith Capillary GC Setup. A 1 uL sample of the organic
extract was subjected to extraction, separation, and quantification by
coupling a fabricated monolith sorbent with GC. To set up the
connection, a 0.32 mm inner diameter X 5.0 cm bare fused silica
tubing was connected with an injection port of a HPS890 series II gas
chromatograph (Hewlett-Packard, Palo Alto, CA) at one end and the
other end was connected with a fabricated monolith capillary, where a
glass connector led to a 0.32 mm inner diameter X 0.52 ym film
thickness X 25 m HP-5 column (Hewlett-Packard, Polo Alto, CA).
The temperature program was started by ramping from 40 to 80 °C at
7 °C/min, held for 8 min, then increased to 200 °C at 15 °C/min, and
maintained for 5 min. Either a flame ionization detector (FID) or HP
5989B mass spectrometer (MS, Hewlett-Packard, Polo Alto, CA) in an
electron impact mode was employed as a detector. The injector and
FID temperatures were maintained at 250 and 280 °C, respectively.
The temperatures of the ion source and quadrupole mass analyzer
were 200 and 100 °C, respectively. During optimization of the
monolith sorbent capillary, the FID was operated with nitrogen carrier
gas and the split ratio at the injection port was 1:15. For quantification
by using GC—MS, the operation was in splitless mode and nitrogen
was replaced with helium carrier gas.

B RESULTS AND DISCUSSION

Optimization of Monolith. The types of primarily studied
monolith for fat adsorbent were chosen from two individual
properties, namely, polarity and thermal stability. The monolith
should be adequately nonpolar to retain fat while releasing the
polar analytes. It must also have sufficiently high thermal
stability to tolerate heat in the oven during the desorption step.
When the monolith capillary was connected to the analytical
column, the column head pressure increased, particularly for
the polymeric monolith. The pressure was measured from the
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column head pressure gauge in the front panel of the GC
instrument. The maximum scale of the gauge corresponded to
40 psi. Although a high surface area was obtained with a long
monolith capillary, the longer the monolith, the higher the
column head pressure, and the gas flow stopped at the
maximum allowed length for different types of monoliths. At
high carrier gas flow through the column, increased resistance
occurred, and as a consequence, a higher pressure was needed
to drive gas through both the monolith capillary and analytical
column to obtain the required column flow rate. The maximum
pressure was restricted to 40 psi because of a limitation of the
GC instrument. Figure 1 shows the average column head
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Figure 1. Average column head pressure for the GC column
connected with different types of synthesized monolith capillary.

pressure when connected with each type of monolith with the
flow of 1.4 mL/min. No flow occurred for PS=DVB and P-
DVB monoliths of more than 6 and 20 mm, respectively.
With the coupling of the PS=DVB monolith to the analytical
column, nitrosamines did not separate well. For the 5—6 mm
long monoliths, baseline drift occurred and all compounds gave
broad and tailing peaks, presumably as a result of their strong
interaction with the polymeric phase. Besides, NDPA and
NPYR peaks were completely overlapped. For 4.0 and 3.0 mm
monoliths, a better peak shape was obtained but NDPA and
NPYR peaks remained completely overlapped (Figure 2).
Because of thermal stability and hydrophobic properties similar
to those of PS—DVB, P-DVB was investigated as a nonpolar
monolith sorbent trap. After varying the length of polymer
monolith from 5 to 20 mm, the best separation in this
experiment occurred using a 5 mm P-DVB monolith. Despite
the higher column permeability and effective surface area than
those of PS—DVB, an improved peak shape was obtained but
the separation of NPYR and NDPA was still not possible. It was
then concluded that both polymer monoliths gave rather poor
performance in retaining fat. According to our previous study®
in which silica sorbent was primarily used as a lipid retainer, a
silica monolith was then synthesized and studied, despite the
fact that it has rather high polarity. A scanning electron
micrograph of the silica monolith in the capillary showed a
skeleton with large through pores, and the microglobule
diameter was on average 1 um. The specific surface area was
32—43 m*/g determined by inverse size-exclusion chromatog-
raphy.** Because of large macropores, silica monoliths provide
several times higher column permeability than the two polymer
monoliths and permeability of silica monolith was not affected
by the capillary length. The flow was almost constant when
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NDPA+NPYR

npPa NPYR NPIP

o) 5 10 15 20

Time (min)

Figure 2. Separation of nitrosamines on a HP-5 column coupled with
online sorbent of 5 mm P-DVB and 3 mm PS—DVB and 30 mm silica
monolith sorbent. Temperature program: 60—100 °C at 7 °C/min,
maintained for 8 min, then raised to 120 °C at 7 °C/min, and
maintained for S min.

increasing the capillary length. This led to the feasibility of
using a very long silica capillary. Better separation of
nitrosamines was obtained with a short silica monolith, owing
to the lower interaction of nitrosamines with silica sorbent.
Separation of all nitrosamines was achieved for the silica
monolith, although the NPYR peak was rather broad. Gradually
reducing the monolith length from 70 to 60, 50, and 40 mm
improved both the peak shape and separation. A 30 mm long
monolith gave the most favorable separation, and the
chromatogram is shown in Figure 2. Further reducing sorbent
capillary length likely caused poor nonpolar matrix trapping,
thus affecting the separation efficiency of nitrosamines.
Capability and reusability of a silica monolith capillary as a
nonpolar sorbent trap was studied to investigate the feasibility
of multiple use before disposal. Figure 3 shows the chromato-
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1.4e4

non-polar matrix

29 injections

1.2 e4

1.0 e4 \

8000
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27 injections

0 2 4 6 8

Time (min)
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Figure 3. GC chromatograms obtained from different numbers of
repeated injections of unfortified frankfurter extract on 30 mm silica
monolith connected with a HP-5 column.

gram of the nonpolar matrix of frankfurter sausage. The extract
was repeatedly injected onto the monolith coupled with the
HP-5 column, the peak area of the nonpolar matrix was
observed after 27 injections for a 30 mm long silica monolith
(Figure 3). The number of repeated injections was also
dependent upon the amount of contaminating fat, and for our
sample, the fat content from the frankfurter sausage package
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Figure 4. Scanning electron micrograph of silica monolith (a) before and (b) after use as a sorbent trap for frankfurter extract.

label was 30% by weight. The sample of absorbed fat on the
monolith after 30 injections was also subjected to SEM (Figure
4), confirming that the deposit of fat and other nonpolar matrix
covered the monolithic skeleton. The deposition might occur
from both condensation and adsorption of the volatile fat and
other nonpolar components onto the silica surface, because the
operating temperature was lower than the smoke point of lard
(188 °C). It was then concluded that the reusability of a 30 mm
fabricated silica monolith capillary as a sorbent trap for a fat
matrix was up to 27 times. In practice, for prevention of fat
leachate reaching an analytical column, the number of reuses
should be reduced by a quarter or to about 20.

Application to Real Samples. When the silica monolith
trap was connected to the HP-S analytical column, the elution
order of NPYR and NPDA was obviously swapped, in
comparison to the one without the silica monolith. NPYR
changed the retention with the silica trap, and its peak shape
was quite broad. The phenomenon possibly occurred from an
increased dipole—(induced) dipole interaction of NPYR to the
silica surface, because NPYR is more polar than the other
chosen nitrosamines. However, the interaction that caused the
broad peak was traded off by better separation between the
NPYR and NDPA peaks, giving benefits to the overall
nitrosamine separation.

A two-tailed t-test also revealed no significant difference in
the average peak area of each nitrosamine obtained from its
separation on the analytical column with and without the silica
monolith trap. The [fl values of NDEA, NPYR, NPIP, and
NDPA were 0.1532, 0.5815, 0.6317, and 0.2820, respectively,
lower than the t-critical value of 4.30 at the 95% confidence
limit. A 20 pg/g fortified sausage extract was repeatedly injected
onto the same capillary and different capillaries to show the
reliability of the method for each nitrosamine. The percent
relative standard deviations (%RSDs) of an average area ratio of
each analyte to the internal standard showed very good
precision for injection—injection (0.79—1.46%) and reasonably
good precision for capillary—capillary (2.4—6.0%) experiments,
and %RSDs of average retention time of both comparison tests
were very good (0.09—0.22%). Such results confirm that fat
adsorption on the silica monolith did not significantly affect
either the quantification or retention of nitrosamines.

Efficiency of the extraction and determination method was
assessed by an investigation of detection limits and percent
recovery of all analytes. The detection limits of nitrosamine
were found to lie in a range of 2.1-5.4 ng injected for all
components. The detection limits of all analytes obtained was
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not as low as expected, probably because of the small amount of
sausage packed in the extraction cell and an insufficiently high
sensitivity of the HP 5989B mass spectrometric detector used
in the work. It was then postulated that the detection limits
could be reduced using more sensitive and selective detectors,
such as a tandem mass spectrometric detector (tandem MS)
and thermal energy analyzer (TEA).

The recoveries of nitrosamine extraction from frankfurter
sausage using SWE coupled with monolith sorbent capillary
were compared to SWE—conventional SPE in our previous
study® and determined by GC—MS analysis. The recovery of
nitrosamines was in a range of 74.7—88.4%, which lies within
the acceptable range, and precision of the coupling method was
satisfactory, varying between 2.09 and 3.85%. Although the
results showed the same trend for both methods, the recovery
obtained from SWE—conventional SPE was slightly higher than
those from SWE—silica monolith: about 7% for NPYR, 10% for
NDEA, and 18% for NPIP. Silica monolith has obviously
proven to be the most optimal monolith absorbent for our
purpose. No additional ions of significant relative abundance
were detected in those spectra measured with the silica
monolith capillary coupled to the HP-5, indicating that the
method was very clean with no interference with similar
retention and fragmented mass.

The coupling method of SWE with a silica monolith capillary
for nitrosamine determination from frankfurter sausage in our
present work was compared to other extraction methods and
our previous work for several meat products, as shown in Table
1. Although the extraction efficiency, represented by percent
recovery, of the proposed method was close to those of other
methods,*%*° this method gave more advantages by reducing
solvent consumption, amount of sample, and analysis time. For
example, in the method by Byun et al,* up to 600 mL of DCM
was consumed per sample for additional extraction after
distillation. The necessary organic solvent volume for the
methods by Yurchenko et al.*>*® and our previous classical
SPE® were 52, 72, and 30 mL, respectively. The total volume of
extracting organic solvent used in this work was significantly
reduced at less than 3 mL, related to a fast preconcentration
step, compared to those methods. The required amount of
sample was also significantly reduced in this work. Only 1 g of
food sample was subjected to the overall preconcentration and
cleanup process, while the amount was 2—200-fold larger for
the other techniques.”*’~3*

Some reference methods require several steps of sample
preparation and are therefore time-consuming. For example,

dx.doi.org/10.1021/jf4036645 | J. Agric. Food Chem. 2014, 62, 1240—1246
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the AOAC reference method using vacuum distillation takes
about 75 min per sample followed by a second step of DCM
extraction of the distillate.>* The total sample preparation time
is approximately 2 h. A cleaning and preconcentration process
using a conventional SPE took about 1 h in the work by
Yurchenko et al,,*® but it was reduced to less than 10 min for
separation of those components using a coupling technique of
monolith capillary with GC after 20 min of extraction with
superheated water. In addition, one monolith capillary could be
reused with the liquid extract more than 20 times
(corresponding to 20 samples).

Many significant benefits were obtained for the determi-
nation of nitrosamines in sausage by coupling of SWE with a
silica monolith capillary and GC. The detection limits results
were, however, not as low as expected. To im7prove the
sensitivity, additional steps, such as denitrosation,®” could be
introduced prior to detection. Specific detectors, namely, a TEA
or highly sensitive tandem MS, can enhance the detection
efficiency. Furthermore, the monolith capillary can also be
adapted to couple with other methods of extraction for further
preconcentration and purification of a wide range of analytes
prior to chromatographic analysis. This method investigated
here has also been proven to be a green technique with
environmental advantages, because it greatly reduced solvent
consumption and minimized analysis time and costs associated
with obtaining reproducible results.
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An efficient, rapid, and inexpensive method for extraction
and clean-up of some selected volatile nitrosamines from frank-
furter sausages was developed by using superheated water cou-
pled with solid-phase extraction. Because a coextraction of lipid
caused a serious problem during the extraction, a subsequent
clean-up step using fat-selective Florisil adsorbent with 60%
diethyl ether-dichloromethane was then necessary. Various factors
affecting superheated water extraction, such as flow rate, extrac-
tion temperature, dynamic time, and static time were optimized
by using a full factorial design with three replicates. The opti-
mal extraction temperature was 140°C with dynamic and static
time of 10 and 5 min, respectively, and a flow rate of 1.0 mL /min.
Separation and quantification of nitrosamines were carried out
using GC-FID and GC-MS in selected ion monitoring mode. Direct
application of this method to frankfurter samples allowed over-
all recoveries of N-nitrosamines in the range of 81-106% with <
10% RSD, and the detection limit of the coupling method ranged
between 0.47-1.48 ng nitrosamines injected.

Keywords factorial design; frankfurter sausage; nitrosamine; silica
monolith; subcritical water extraction; superheated water
extraction

INTRODUCTION

Nitrosamine is a class of carcinogenic compounds that
contaminates several foods and food products even at low
concentrations. When oxidized nitrosamines generate carbo-
nium ion intermediates that promote alkylation of DNA (1).
Nitrosamines induce tumors in many organs, such as liver, kid-
ney, lung, and pancreas, depending on the size and frequency
of dose and the administration route (2-6). The compounds
are formed by a reaction of amines and nitrosating agents,
nitrite, nitrate, nitrogen oxide, or nitrous acid (4,7-8). Nitrite
and nitrate are additives of meat for preventing outgrowth
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and toxin formation. In immersion cured meat and poultry
products the permission levels required by the US Food Safety
and Inspection Service are 200 ppm for potassium nitrate and
700 ppm for potassium nitrite (9). The amines are natural break-
down species of amino acids present in food, water, cosmetics
and many other products. Nitrosamines are generally stable and
are only slowly decomposed by light or acid, while several fac-
tors inducing their formation are pH, environment, alkalinity
of amine, and temperature (4,10-11). They can also be formed
endogenously in the human stomach or small intestine by an
interaction of nitrosating agents and ingested amines (4).

For analytical purpose nitrosamines are divided into two
groups, namely non-volatile and volatile compounds. The
non-volatiles have received less attention, as they appeared
to be non-carcinogenic (12). Volatile nitrosamines are rel-
atively nonpolar, low-molecular weight compounds that
are mostly carcinogenic, for example, nitrosodimethylamine,
nitrosodiethylamine, and nitrosopyrrolidine. Despite the low
concentration of volatile N-nitrosamines in food and, as a con-
sequence, their little exposure to humans, two unavoidable
reasons to take the issue seriously are that their carcinogenic
potency in experimental animals is highly significant, and
secondly, humans may be more sensitive than experimental
animals to nitrosamines (13). The permitted level of volatile
nitrosamines in food has been regulated in several countries
(14-16), and the World Health Organization restricted the per-
mitted level of N-nitrosamines in fresh and smoked foodstuffs
at 0.002 and 0.004 mg/kg, respectively.

Great concerns regarding these compounds challenge
researchers to develop satisfactory methods for extraction
and determination of nitrosamines in foods. Extraction of
nitrosamines from foods has several difficulties, for example,
they present at very low levels and in a large variety of foods
with different compositional characteristics (8,17-19). Isolation
and detection of nitrosamines are problematic because of possi-
ble interferences of which structure similar to the analytes (20-
22). Analytical methods for nitrosamine determination in food
involve many preliminary steps, such as sampling, extraction,
clean-up, and preconcentration. The extraction and clean-up
have been achieved by solvent extraction on a dry celite column
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(23), supercritical CO, extraction (24-25), steam distillation
(26-28), and vacuum distillation in a mixture of mineral oil and
base (11,29). Many extraction methods require large amounts
of greenhouse-toxic solvents, such as dichloromethane (27,30-
31). More advanced extractions involved using supercritical
CO, as the extractant (24-25), but lipid co-extraction with the
analytes occurred. Hitherto the most effective method may be
classical distillation, but it has several drawbacks, such as being
time-consuming, requiring high energy, and sample throughput;
the method therefore does not support routine analysis. The
standard method of determination of volatile N-nitrosamines
has been typically carried out by gas chromatography-thermal
energy analyzer (GC-TEA) (27,30-32). Although the detector
is sensitive and specific for N-nitroso compounds, it is expen-
sive, not easily operated, and in particular not usually available
in most laboratories, unlike some other detectors, namely flame
ionisation detector and mass spectrometer.

To support the US Environmental Protection Agency reg-
ulations, reduce the usage of halogen solvents that are poten-
tially harmful to our environment and reduce costs of solvent
disposal, subcritical water extraction or superheated water
extraction (SWE) was developed for the determination of
nitrosamines. SWE is a sample preparation and extraction tech-
nique that combines elevated temperature and pressure with
liquid solvents to achieve fast and efficient extraction of the ana-
lytes from the solid matrix. Increasing temperature reduces the
surface tension and viscosity of water, thereby increasing the
solvent’s ability to wet the matrix and solubilise the target ana-
lytes (33). Temperature also assists in breaking down analyte—
matrix interactions. For applications involving highly adsorp-
tive matrices, high pressure enhances extraction efficiency by
forcing the solvent into the matrix pores. SWE has been demon-
strated for the extraction of organic analytes from food (34-35),
plant (35-37), and environmental matrices (38-39).

In this work, SWE was utilized as a sample preparative
method for nitrosamine determination in frankfurter sausages.
Superheated water was employed to replace conventional
organic solvents for the extraction, followed by solid-phase
extraction as an efficient tool supporting the cleaning-up step.
Optimization of SWE was clearly demonstrated by using a
full factorial design. Determination of nitrosamines in the
samples was achieved by gas chromatography-mass spectro-
metric detection (GC-MS), and the efficiency of extraction was
compared with conventional methods.

EXPERIMENTAL
Reagents and Chemicals

Standard nitrosamines, namely N-nitrosodiethylamine
or NDEA (99.0%) from Fluka (Buchs, Switzerland), N-
nitrosopiperidine or NPIP (99.0%) from Sigma (Steinheim,
Germany), N-nitrosopyrrolidine or NPYR (99.0%) from
Aldrich (Milwaukee, WI, USA), and N-nitrosomorpholine or
NMOR (5.0 mg/mL in methanol) from Supelco (Bellafonte,

PA, USA) were used in this study. Each 1.0 mg/mL standard
stock solution was prepared in methanol. N-nitroso-di-n-
propylamine, or NDPA from Supelco (Bellafonte, PA, USA)
was used as an internal standard.

For solid-phase extraction, Florisil with a particle size of
60-100 mesh or 149-250 pwm and a surface area of 289 m?/g
was obtained from Sigma (Steinheim, Germany). Silica gel
60 with a particle size of 230-400 mesh or 0.040-0.063 mm
was purchased from Merck. Other solvents and reagents were
analytical grade. Double-deionized water with a resistance of
18 M2 used throughout these studies was produced by using
Elga Maxima HPLC double deionized water apparatus (Elga,
Bucks, England).

Preparation of Frankfurter Samples

Refrigerated frankfurter sausages were purchased from a
local supermarket in Bangkok, Thailand. After being left at
room temperature for 1 h, the sample was chopped into small
pieces, and homogenized by hand mixing. A 1.0 g sample
was fortified with 100 pg each of nitrosamine stock solu-
tion, re-homogenized, and left for solvent evaporation at room
temperature for 10 min.

Superheated Water Extraction

Double-deionized water contained in a glass reservoir was
sonicated for 1 h to remove oxygen by using a Transsonic
T460/H ultrasonic bath (Elma, Germany). The superheated
water extraction system was similar to one described previously
(39). The water was delivered by a ConstraMetric 3200 HPLC
pump (LDC analytical, USA) through a Rheodyne 7010 valve
(Rheodyne, CA, USA) at 1.0 mL/min, passing through a 1-
m x 1.59-mm o.d. x 0.51-mm i.d. stainless steel preheating
coil (Alltech Chromatography, USA) to a 15-cm x 4.6-mm i.d.
stainless steel extraction cell that contained 1.0 g fortified sam-
ple. Glass wool was put at both ends of the cell where 2-pum
stainless steel frits and screw caps were subsequently mounted.
Both preheating coil and extraction cell were placed in an oven
(F11, Perkin Elmer, USA) and maintained at 120°C for a static
period of 5 min. After that the water was re-flowed, and the
aqueous extract passing out of the sample cell was cooled down
by a cooling system consisting of a stainless steel cooling coil
wrapped with aluminum fins to avoid loss of volatiles. The end
of the outlet tubing was crimped to control pressure of the sys-
tem, thus maintaining the extractant in the liquid state. The
pressure of the system indicated by the HPLC pump was >
300 psi. The total aqueous extract was collected for 10 mL
in a vial containing 2 g NaCl for salting out and 2 mL of
dichloromethane or ethyl acetate for trapping the extracted ana-
lytes. The organic layer was collected and subjected to solid
phase extraction (SPE).

A full factorial model was designed by using a Minitab soft-
ware version 14 with three replicates to study the effects of
temperature, static time and flow rate factors on % recovery.
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The volume of the aqueous extract was kept constant at 10 mL,
and each extract was further cleaned up by SPE under optimal
conditions.

Solid-Phase Extraction

The SPE was carried out using a 4.6-g Florisil column
that was preconditioned by 5 mL dichloromethane. After load-
ing the organic extract, the column was eluted by 15 mL of
60% diethyl ether/dichloromethane. The eluent was dried with
anh. Na,;SOy, filtered through a 0.45-pm Nylon 6,6 mem-
brane, and evaporated to < 1.0 mL under nitrogen gas. The
clear filtrate was then added with 100 pL of 1000 ppm
NDPA internal standard and the volume was adjusted to
1.00 mL with dichloromethane. 1 WL of the solution was
subjected to either GC-FID or GC-MS. All data points were
obtained by an average of the peak area ratios of triplicate
extractions.

Gas Chromatographic Analysis

Quantitative analysis was performed using a HP5890 Series
IT gas chromatograph (Hewlett Packard, Palo Alto CA, USA)
equipped with a 0.32-mm. i.d. x 0.52-pm film thickness x 25-
m 5% phenyl - 95% dimethylpolysiloxane capillary column
(HP-5, Hewlett Packard, USA). Both the injector and the flame
ionization detector were kept constant at 220°C. A 1 pL sample
was injected using a split injection (1:15) with nitrogen carrier
gas. The oven temperature program was started at 40°C, ramped
from 40°C to 80°C at 7°C/min and kept for 8 min, then raised to
200°C at 15°C/min and held for 5 min. N-nitrosodipropylamine
(NDPA) was used as an internal standard for quantification.

Extracted nitrosamines were determined by using a
HP5890 gas chromatograph (Hewlett Packard, Polo Alto, CA,
USA) coupled with a HP5989B mass spectrometer (Hewlett
Packard, Polo Alto, CA, USA) in an electron impact mode.
The separation was performed on the same column and oven
temperature program as those for the GC-FID analysis, except
that an operation was in a splitless mode and helium was
used as a carrier gas. To confirm NDEA, NPYR, NPIP, and
NMOR present in frankfurter, a selected ion monitoring (SIM)
technique was operated.

RESULTS AND DISCUSSIONS
SWE Optimization

As nitrosamines were to be extracted by using the
superheated water extraction system, several parameters affect-
ing an extraction yield of analytes must be optimized. Minitab
software was a useful tool for optimization by preparing a set
of experiments to study an interrelationship of those param-
eters. To design experiments by using the Minitab program,
the factors affecting the SWE, namely extraction temperature,
static extraction time, and flow rate, and their levels were con-
sidered. For a simultaneous extraction to keep all nitrosamine

analytes as liquid in the superheated water phase the extrac-
tion temperature range must be below the boiling point of the
lowest volatile analyte. NDEA has a boiling point of 177°C,
which is the lowest among the selected nitrosamines, so the
highest extraction temperature was chosen as 170°C. Because
of our instrument limitation, the lowest oven temperature that
gave enough thermal stability was 120°C, which was therefore
designated as the lowest extraction temperature of this model.
The extraction temperature was varied at three levels of 120,
140, and 170°C. The static time in this work was defined as
the period in which the temperature was held before restart-
ing the flow. The static time was carried out at three levels of
1, 5, and 10 min, since during a longer period of 15 min at
170°C, lipid and pigment were highly co-eluted and plugged
the SPE sorbent column. For most SWE applications, an effec-
tive flow rate for the dynamic extraction is usually in a range
of 0.5-2.0 mL/min; in our study it was then carried out at
two discreet levels, 0.5 and 1.0 mL/min. A higher flow rate
than 1.0 mL/min caused excessively high pressure and conse-
quently system leakage, and was therefore not practical. Three
replicates were run in order to estimate a standard error of each
experiment. The highest recovery for all extracted components
and for all experiments was achieved not exceeding 100%.
Maximum recoveries for NDEA (96.54%), NPIP (98.65%),
and NPYR (85.53%) were obtained at the extraction temper-
ature of 140°C for 5 min with 1.0 mL/min, and reasonably
good repeatability was shown by the range of %RSD for all
experiments between 2.6-5.2%.

Fig. 1 shows the contour plot of % recovery of nitrosamines
by SWE versus flow rate, static time, and temperature. Three
factors affected the removal of each nitrosamine at different
levels, for example NDEA extraction was affected by tem-
perature more than static time and more than flow rate, as
shown by the distorted contour lines of NDEA. The flow rate
affected the removal of NPIP more than NPYR. It was obvi-
ous that the flow rate of 1.0 mL/min was more suitable than
0.5 mL/min when considering % extraction efficiency and
range of extraction time; for example, at more than 90% extrac-
tion efficiency of NDEA the flow of 1.0 mL/min provided
a wider range of extraction temperature and static time than
that of 0.5 mL/min. Too low a flow rate caused accumulated
heat in the extract and, as a consequence, coevaporation of
the analytes with the organic trapping solvent occurred, and
the yields of the analytes were therefore decreased. Another
important reason for the decreased recovery was that the very
low flow rate eluted not only the nitrosamine analytes but also
the fat and other additives, which later contaminated the aque-
ous extract. With the flow rate of 1.0 mL/min the fat was
removed less than using the lower flow rate, since the water
solubility of nitrosamines is higher than that of fat. Besides,
fat retarded the analyte elution of the solid phase column and
trace of fat peak in the GC column also hindered the ana-
lyte peak. The optimal flow rate for NPIP and NPYR was
1.0 mL/min at the extraction temperature of 140°C and the
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TABLE 1
Main effects and their interaction effects to the recovery of
nitrosamine. Symbols: +++ highly significant, ++
significant, + low significant, and - insignificant

Compounds *

Source NDEA NPIP NPYR

Main effect

Temperature +++ +++ +++

Static time ++ + ++

Flow rate + ++ +
Two-way interaction

Temperature* Static time ++  ++ ++

Temperature*Flow rate + + -

Static time*Flow rate — — +

Three-way interaction
Temperature*Static time*Flow rate +

static time of 5 min. The extraction efficiency of NPYR did
not depend much on flow rate, particularly for the static time
of more than 5 min, as shown by the overlapping contoured
lines. For all analytes the static time of 1 min was too fast to
allow thermal equilibration between the oven and extraction
cell and at 10 min, reduced recoveries of all components were
obtained.

From the factorial analysis of variance (ANOVA) three
main factors and their interactions affecting the recoveries of
nitrosamines are summarized in Table 1. Temperature was the
most influential parameter in the removal of all nitrosamines
and flow rate seems to dominate the recovery of NPIP more than
NDEA and NPYR, while static time played an opposite role.
A combination of temperature and static time also contributed
to high recoveries of all compounds. However, the recover-
ies of all analytes did not change much when the three-way
interaction was taken into account.

Cleaning Up

After the SWE the analytes in the aqueous extract were
collected by an organic liquid, and then the organic layer
was subjected to SPE. Two kinds of organic solvents, namely
dichloromethane and ethyl acetate, were chosen for the organic
trapping liquid according to their immiscibility with water
and similar polarity to the analytes. From our investigation, at
120°C extraction temperature, dichloromethane is more effi-
cient than ethyl acetate, because it removed a higher yield
of nitrosamines (75-82%) from the aqueous extract than ethyl
acetate (58-69%), and because dichloromethane is heavier than
water, the aqueous upper layer prevented dichloromethane

and analytes coevaporation. A single extraction with 2-mL
dichloromethane was enough to collect most analytes from
the aqueous phase. The second extraction with 2 mL of the
solvent collected only 0-2% analytes compared to the first
extraction, and double extraction using 1 mL dichloromethane
each gave a similar result to a single step using 2 mL of the
solvent.

After the dichloromethane extraction of frankfurter
sausages, the lipid matrix remained in the extract. Solid
phase extraction was then employed to trap the non-polar
component, releasing the analytes for chromatographic
determination. To remove fat from the food matrix normal
phase SPEs involving a polar analyte interacted with polar
adsorption media are typically used (26, 40-41). Florisil
and silica gel are polar absorbing materials of interest,
according to their polar interactions to intermediately polar
nitrosamines. SPE sorbents, namely Florisil, silica gel and
sulphuric acid-impregnated silica gel, were compared for
their effectiveness in trapping the fat matrix and releasing
the nitrosamines with the elution of different ratios of ethyl
acetate-dichloromethane.

Florisil gave the best performance in trapping fat and the pig-
ment matrix from the sample. When extracting using Florisil, a
yellow color of lipid deposit was observed on the top packed
bed and red color of frankfurter pigment was in the anh.
Na,SOy4 layer. Although clean and clear organic liquid extract
was collected for Florisil and sulphuric acid impregnated silica
gel sorbent columns, the highest recovery was obtained using
Florisil. Sulphuric acid-impregnated silica gel was success-
fully used as a lipid-retainer for complicated fatty foods (42);
however, in this work no nitrosamines in the organic layer
were detected because they are not stable under strong acidic
conditions (43). When using silica gel sorbent, the lipid was
co-extracted into the collected fraction and the recovery was
consequently low. The recovery of NDEA when using silica
gel and Florisil with ethyl acetate eluting solvent was 53.50 and
58.93, respectively (n = 3). When the amount of Florisil was
reduced to 3.0 g, the lipid was co-extracted in the collected frac-
tion, but no lipid was detected when using 4.6 g of the sorbent.
The 4.6 g of Florisil was then used to retain the lipid compo-
nent, and it was conditioned with 5 mL dichloromethane before
applying the dichloromethane extract. Some organic solvents
and their mixtures were studied as an eluent for the SPE, as
shown in Fig. 2. With diethyl ether in the eluent, the recov-
ery was higher than those without it. Increasing proportion of
diethyl ether when mixed with dichloromethane, nitrosamine
compounds were more extracted, and it reached the maximum
at 60% diethyl ether-dichloromethane, giving a recovery of 81-
110%. Although diethyl ether is highly volatile, and took less
clean-up and preconcentration time for evaporation, the co-
evaporation of analytes with diethyl ether did not occur because
of the high boiling point difference between nitrosamines and
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FIG. 2. Comparison of different eluting solvent systems. A: ethyl acetate, B:
1% acetic acid-ethyl acetate, C: 1% triethylamine-ethyl acetate, D: acetone-
ethyl ether(5:95), E: 30% diethyl ether-dichloromethane, F: 45% diethyl
ether-dichloromethane, G: 60% diethyl ether-dichloromethane, H: 70% diethyl
ether-dichloromethane, I: 80% diethyl ether-dichloromethane, and J: pure
diethyl ether.

the solvent. The average boiling temperature of the studied
nitrosamines was 203°C, and that of diethyl ether was 34.6°C.
60% Diethyl ether-dichloromethane was therefore optimized
and the volume needed to completely extract the nitrosamines
was15 mL.

Recovery of the Method

The recovery of the optimized SWE followed by the clean-
ing up for all nitrosamines ranged between 81-107% with
reasonably good precision (RSD < 7.2%) as given in Table 2.
The recoveries of nitrosamines were examined from 20 pg
each nitrosamine spiked in 1.0 g of the sample under the
optimized conditions. NMOR is a volatile nitrosamine with
a structure similar to NPIP. It was then presumed that the

TABLE 2
% Recoveries and detection limits of nitrosamines obtained

from a SWE-SPE under the optimum conditions and
determined by GC-MS

Calculated
detection
limits (ng
injected/g

Compounds % Recovery'+ SD (RSD) > of sample)

NDEA 95.05+£5.9(6.2) 0.996 0.68
NPYR 81.82£4.9(6.0) 0.995 1.48
NPIP 106.93 £ 7.7 (7.2) 0.995 1.38
NMOR 87.34 £5.7 (6.5) 0.980 0.47

'n=5

optimized conditions should have a similar effect to NMOR.
Calibrations in a range between 10-30 ng injected showed very
good linearity with the regression of between 0.980-0.995, and
the determined detection limits were in a range of between 0.47-
1.48 ng injected per gram of sample. The detection limits of all
analytes were not as low as expected, probably due to an insuf-
ficient sensitivity of the HP5989B mass spectrometric detector
in our work.

Comparison with Other Methods

Table 3 showed a comparison of our proposed method to
other preparation techniques. The SWE gave rather high recov-
ery of 81-106%, similar to some extraction methods, such
as steam distillation/liquid extraction of sausage (27) and
dried seafood (44), two steps of SPE for the meat sample
and supercritical CO,/SPE for frankfurter sausage (24). When
comparing among gas and liquid chromatographic determina-
tion, the amount of sample needed for analysis in this work
was much reduced, with rather low detection limit in a range of
nanogram injected. Employing thermal energy analyser (TEA),
a selective detector, coupled with GC for nitrosamine deter-
mination could decrease the detection limits more than the
mass detector; however, the later one is more versatile and
commercially available. A tandem mass spectrometric detec-
tor may therefore be an alternative for lowering the detection
limit.

CONCLUSIONS

The proposed method provides several advantages in the
following ways: first, the sample preparation steps are sim-
ple, efficient, and relatively inexpensive while using only small
amounts of organic solvents. Second, the period of time nec-
essary for both extraction and pre-concentration was not very
long, ranging from 45 min to 1 hour. Third, factorial designs
can be considered as an effective tool to study the influence
of parameters affecting SWE and they permit acquisition of
more robust results with a reduced number of experiments when
compared with the classical one-to-one parameter approach.
Fourth, the use of a mass spectrometric detector provided
identification of all analytes without using other confirmatory
techniques.
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