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Abstract

Attempt was made in this work to develop a device for blood cell counting. The concept of
capacitively coupled contactless conductivity detection (C4D) first presented as detector for
capillary electrophoresis was employed. It has been proved in this work that the concept of C4D can
really be used for counting particles in micron sizes. It was clearly observed that C4D signal varies
accordingly to the size of particle. However the developed sensor was not successful when tested
with blood cells. It may be explained that the conductivity of the liquid carrier and the liquid inside
blood cells are not significantly different unlike poloystyrene particles. A paired emitter-detector
diode sensor (PEDD) was also made and tested with particle and cell counting and was found not
suitable for this purposes.

Some microfluidic platforms including cross injection analysis (CIA) and a flow system
consisted of syring pumps (sequential injection analysis or SIA) have also been designed and made
for focusing and the transport of particles and cells one by one through the tubular C4D detector.
However since the developed C4D and PEDD sensors are not suitable for blood cell counting, we
therefore employed these microfluidic platforms and the sensors for development of flow analysis
systems for chemical analysis. All together there are four international publications produced from

the use of developed microfluidic platforms and the syringe-based flow system.

Keyword: contactless conductivity, paired emitter-detector diode sensor, microfluidics, cross

injection analysis, sequential injection analysis, particle, cell, counting
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Disease occurring from abnormal cell

Normal
count
Type of cell cellcount Cell size
p Lower than Higher than
(uL?)
normal normal
1. Red Blood 4.5x10° 6-8 uym 1. Anemia 1. Polycythemia
Cell (female) 2. Acute leukemia 2. Myeloproliferative
(Erythrocyte) 5.6x10° 3. Hemorrhage disorder
(male) 4. Hemolysis 3. Dehydration
2. White Blood  3,000- 12-15 ym Leukopenia Leukocytosis
Cell 10,000 (decreased (increased
(Leukocyte) leukocyte) found leukocyte) found in
in viral disorder, infection,
HIV, some anemia inflammation,
leukemia
3. Platelet 150,000 — 2-3 ym  Thrombocytopenia  Thrombocytosis
400,000 (decreased (increased platelet)

platelet)
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1.2.1 Hemocytometer

[
2

LA3849 Hemocytometer LI 3 5astauAlddinsunisnud wIniasas
Hemocytometer ﬁé’ﬂumzLﬂuﬂszaﬂa"La@TﬁaaﬂLLuumasinﬁmwlt‘ﬁmug]'ﬁ'unﬁaa
ﬁ]‘aﬂi‘iﬂﬁ Ellﬁl 1 LEAIAIDENIVD Hemocytometer [4] ﬁ]’mj‘ilﬂ Hemocytometer Lﬁ”mﬁﬁ‘ﬁl
a:ﬁuaﬁnmumaﬁﬁmsgagluﬁaaﬁﬁlﬁumﬁa ﬁﬁﬁaﬁﬁ'ﬂLLSGG’]%LL&&I}EL%U’J%’]@I%T]”I?

ALBUIN

(@) (b)

311 1 (a) Hemocytometer Waz (b) ToIaINAMILMIULTIWIMDTAN

1.2.2 Flow cytometry

A & d A Aa ' = o 9 A& Ay

\Aa9 Flow cytometer (iutadasfianfivmalngjuazianudusouiidunian

L Iua @ AT UM IRLIWIBLTAR LAY DVFIRANNINIILES [5] R1TUVINRDLVDILTARAE

a v A & | ' A A o o, A
andauinluluiases imadazinaluamudiudrig vaieIasiaiuduin 1a3es Flow
cytometer DNAHLFILALTAINAAMNLINRUATI § Nih LEILALTOTIRAIBWITANNIZNLAIUY
LIRS IARHIRAILAUINTIVIANAZLTAS IINBULATEIIZIAT Y 1Ok fluorescence,
{ a J 4 v v { L o 1
scattered light Uz transmitted light Mifiaduiialv lddayaininuduan, awnauaz3ung

YBILTAR ﬁé’ﬂmiﬁwmumaqLﬂ%aaLLameﬁgﬂﬁ 2 1A384 Flow cytometer &1aNTOHUSIWIH
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LAZIIUUNTRAVDILTARAS 9 PALUATIALING 11899 1NDIABRANAITANTILA DL
FUNIZLANZDITERINILAUALIBLALLAUALAANURIILIDILRI fluorescence faot :auae
AN131139INB1LATB9 Flow cytometer I31017ig9an g uazdadasliigormalunild
A o v o @ ' A A =< ' A A o °
L3089 edasIneadna luAunNTUwUNI I ligIN1Tadia3a9 Flow cytometer b be A7

v A ~ & o A A v o o
TiaTasivvwaanidw il lau1niied NIz UULRIN U NNTUTa%

Sample -  Drop-charging signa
Sheath fluid | ]
8 Filter Fluorescence
OG- detectors
Vibration splitter
transducer }
Flow 5 ' Filter
Collecting lens for
O fluorescent light
Laser W | — | Light
Focusing \ detector
— Collectin vl
g lens for
, forward-scattered light
Positively charged fi Obscurationbar  **

deflection plate % Negatively charged

deflection plate

Left collector Right collector
Waste

Electronics
console

3111 2 nann13vinauveILAIBY Flow cytometer

1.2.3 Coulter counter

#BNAINLATEY Flow cytometer NlaNa1INILa? 1A3ad Coulter
IS d'l A ni [ cia Yo ot e 6 aA A A 0 v
counter  tJuinIasdandunfoulddswsunmmiuiwasanidnianunivaslurasaaia
A [ o ' ' A& % A
L3849 Coulter counter ardswanmMIMSHIBEMININATErIBEnINnTa 2 84 N9
ATINWIINN @”@LLa@alugﬂﬁ 3 LTRALARZLTANIY IAANIUTDIT1952nIN9BLENINTe 2 aU
v & = v & 6 1 n:i a ,§’ 1
nnewnibiasmzuldgindunie  mvlwavesmadiuswn I iiiaduszning
alaninse 2 aulh v IvsyawmeWihseninediannsefowuasly [6-7] an
wanmMIaInaITIInlTRuiwInoad e feuddaias Coulter counter Hazlwdaya
fiaenialas Flow cytometer UeLAIad Coulter counter Amanfinnnituazedidinnnu

W ldlaluwnnsvinlwiasasdvwiaianas
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311 3 nann3viauvaILAIed Coulter counter [7]

1.3 Capacitively coupled contactless conductivity detection (C*D)

Capacitively coupled contactless conductivity detection %38 C'D Lﬂuﬁiﬂuﬂlu
v aAa 6 & s A Y o a . o o
nunsdmadiiansiiduszszamiedignldidudinsraiauuy universal §1%3L
\naka Capillary electrophoresis (CE) C*D a1@8nann1In1siTaudanuizning tndn
NITWLREAULAE detection cell [8] tNafaa1uN1TtURuULYaIA1A1TIN WA wann137a
@9n8118INalAN137319 C'D detection cell Suazdidnlnsafianuaivigauiiasan
Aa a Oq: ] a 1 3 1 ) 4:5 c!l
alinlnsnazdaasaguInaniouanuddsaunsniadinisin Wi dowldaas
1 v a cin e I . n&
srazanunoluviald sduuuvasdidninianiisalifeiduuny axial arangement $9gn
danadnIuiduaiaialaly CE lag 2 Ng§NIY fa Zemann's [9] Uz de Silva's [10]
n139a138981anInIauUY axial arangement % viaBidninsafivinanlans 2 via azgn
T asuaasluzua 4 [8, 1] vedidnlniemunsavildnnidudasmiasannudy
silver ink a9uutia capillary ldauanumanzay asuaadluzln 4 azsduldi iz
U Aa & Qq/' Q 1 J Q/' 1 ;d 1 a a
szndndianlnans 2 duey Selasrialy szozvinefddndszann 1 dafwas aanns
' 4 ' ' A& a X o { '
NaaeInL Nl TzEzinIsznIeBan InsatAndn anuhlunsiamsidfsuwudasainns
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/ \
Actuator Pick-up
Electrode Electrode

3171 4 ansorue9 C*D UL axial arrangement G3lTEwILTuAInTIIalwnaiia CE (8]

anjUves CD lugﬂﬁ 4 éi'nﬂWﬁ'}ﬂi:Lmaé'm:gﬂmﬂlﬁﬁ'u actuator

&£ Y ° v A v = ' v a
electrode @9 actuator electrode % azvimthidudiiuzassnalfiianszualniilng
vl luansazasfiegneluriadulu nizualvihazlnauszgnasiatandidnlnaadn
o £ A . A v A« o & . a [ o o
aunits fia pick-up electrode T3vimnAiduanAvlzawAnING BanMINMTIAAINT
WA C*D waz nsaainm I MWL UUn& lddanwuintn ag9lsna C'D
@2IMIANNDNFIEMILNNTIA JUN 5a uaaswasiaiiouses C*D uDL axial arrangement

= o A Ao & a4 & a A o A4 a X A &
mﬂgﬂazl,%u"l,@';'ﬂmwil,auam:wmmuﬂi:qmeumaﬂﬂmmmmmumﬂaLanIm@
& v & Y. . . i a & & S
Vg4 L3 38naLAuLsEaidn stray capacitance stray capacitance NLAAYIRHENIN1IDYN
IWanasldlanniari shielding szninadBiinlnianises asusadlugdi 5¢c 9IngUf 5b 19

mmﬁ'ﬁﬁﬁq@a%m%'umsi’@mm@"f’mmumaqmia:mUﬁa U3 R
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ACuaor Soluuon FICK-Up
(a) Electrode Resistance Electrode (b) Catray
/’//
/ z R
I I I I :
3
R f 3
c c 3 c
I -
|
I I Catray \/
100 kHz
Stray Capacitance Freauency
F
(c) : G:r':v‘;?:r Amplifier

Faraday

K;_\ Shiokd n
oA \\. | P >

Actuator | \L/- Pick-up

Eloctrode Eloctrode

gll‘ﬁ 5 (a) LRAIIIITLENOUVDY CD uwuy axial arrangement (b) ANMNFUNUTIZNING
Aszua A uazanuduuuadn lsinaaliny C*D uaz (c) N3aa stray capacitance 28

N13711 shielding [11]

1.252UURAAF1TI2AU LNl ATANTIIAUIznE A “aTaddulaatnaswI lata” ®waa dla
. . . ° [ o 1 [~4 H
L® (Cross Injection Analysis VED) CIA) a'msumswmamg,mﬂmw]mamﬁami

o ) o 1 [ J a
FIVIULALHANARIUNIINANFITAN Eﬂ%‘ﬂ amu'lmamﬁam‘m Lﬂi']z‘ﬁ(

141l 1975 Ruzicka uaz Hansen [12] lasiauatnafianisiasiniaai
Flow injection analysis (FIA %38 FI) 1d%a3susn wasainnwduduun In1saRuw
HaWISELREIRUMINARINaRa FIA uazmafindug Mfortaseanundudiwanann
[13-15] SsUU FIA #9130 I uluLIzUD reversed-FIA [16-17] 16 lagn1siasialaudad
Tunszugaasansaregne mvhuuuiidinalwan sl lunsieszdunnniiszuy FIA
wuuUn@ [18] 1l 1990 Ruzicka was Marshell latiniauainaiia FIA juﬁ' 2 #ia Sequential
injection analysis %38 SIA [19] %aﬂﬂi@‘mﬁmmwg\mmLﬁmmuﬁmiuﬁﬁmuqﬂm
AaNNILAaT AnILinaila SIA viouraix1IdIaILATLoIAUAATYNAAGI syringe pump
WJudreulasnisiienvad selection valve 1 liin13lu holding coil S1aunauNviauans
‘ﬁLﬁ@ﬂg’jﬁ’%mﬁ]zgﬂNé’ﬂgj@ﬁmni“@ Ruzicka 84 baiauainafia Lab-on-valve (LOV) 8n
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e iepsnsdaenumauisnaas mafia SIA liauInaiuqunsinazesansluszay
lulasaasniatasnininld lasnsains platform Aviann acrylic LLaxQﬂﬁmﬁﬁ' selection
valve [20-22] Platform LML 0N A AN LT 09I WY BIENTRZAI DA 9 ez flow cell
FIMTUN1IATIIA NATA LOV U19A3ILS8NT1 tnafia SI-LOV %38 pS-LOV [23] ludl
2004 Grudpan battauainaianisiianlea fe Lab-at-valve (LAV) [24] inafia LAV &
snwuzaduiunaila LOV dald syringe pump lun1iaiuqunisinazesssazane
dnanui tmaiia LoV lildaauias selection valve 2y platform Gsdasltin3esiiafis
mmLLajuﬂ’]gﬂumia{’m waaz 1% potentiometric flow cell ig319189 [25] %38 pipette tip

FNITUNNTUUNVBIARIN MINFUNY [26] AaAIlasaTINTaIvad selection valve UN

wananil gafinadia FIA LLazmﬂﬁﬂﬁuﬂ ﬁtﬁmiadvlﬁgﬂﬁwmua:mLfma
agnadatitos lull 1999 Cerda uaz ameldiauanaiia multi-syringe flow analysis ¥38
MSFIA [27] Reis kazane latanainafians sy multicommutation flow analysis 1138
MCFIA [28] Tudasil 2002 Santos wazame balanainaiia multi-pumping flow analysis
(MPFIA) [29] tiialaimuanit Tull 2010 ﬂmﬁai'ﬂmﬂﬂizmmﬁﬂiu ldviauaszuugnuas
3217314 FIA, SIA Uaz multicommutation @@ simultaneous injection effective mixing analysis

%38 SIEMA [30]

nwsselusnil faan lanawIsieneiendunannsiwaunuln Aa aves
dwiantuazu lafa wia Tlaia (Cross injection analysis #3a CIA) fniLmthdsauna
PWALENLRBNTATIITLURZE NI N INEN R TN sl ALENIR BN 331A 51295 CIA
platform ¥ina131n $ua1% acrylic maﬁmﬁiwﬁuﬁwﬁlgﬂLmﬂﬁLﬂu‘*ﬁaﬂﬁmmzmalvl;ﬁa
t11 CIA platform Usenauluaissa931uin 1 589 lULwIunt x baztaI8niuin 4 1a9
seanniuTasusnlwiwIunm y aIdnadnanazIialaudazgnaaidng CIA platform wiaw
AUNINUARNUNIITo919 4 Tuuwaunn y Fadrganinafia SIA way multicommutation 71
miwg\mum}:gﬂﬁ@Liﬁgjszuuﬁawﬁ@ FSNIRNATNINEN T UT I UILNY X BNN

ﬂmzpj"’ié'ﬂvlﬂul%gﬂ LUUMT IAALUY cross-flow LiNatRaau  lwn1sezianeay
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1.3 a203299auuulalang (Paired emitter-detector diode %38 PEDD) lwszuutia

STUUBLAIWLTLADWLINT

Tanvia'le Light emitting diodes w38 LEDs lagnlfiduundsdufiausslu
ndasaialasfmafuuunnwiiasannldnaseuluintes Snvisnasa LEDs g981s
saasunTlasusefinay (Uszanm £40 nm) genslimansadandianueniaanle
s umzianzaslaglusuiudasldainynt monochromator wia filter Gafienuns [31]
281491304 waea LEDs gigansabiidudiatiaiauasladnals [32-33] Paired emitter-
detector diode %38 PEDD fa muma%moLmﬂmgﬂﬁﬂi:ﬂaﬂﬂ@ﬁ pewaaa LEDs lay
%aawﬁagnlﬁﬂmmdoﬁwLﬁmtaa (LED emitter) uaz 8n#aaa liidua103727a0&s (LED
detector) N3\% PEDD Lﬂumuma{moLmmausl,aw'ml,ﬁaamﬂﬁﬁmgﬂ, fuwnalanuay

fzrennuenadulilslugr9nineasudsis UV 819 near-infrared (380-900 nm)

n3l4 PEDD fwiumyiadin1sganauuas (Absorbance) "lﬁgﬂﬁnaumfia
¢l 2004 lae Diamond wazame lals PEDD LI utouisasn1duaI&®InIunIIag
(Colorimetric analysis) 193N AANaNTIAMALET [34] Asudiniuduan PEDD ldan
ﬁﬂvl,ﬂﬂizqn@“l%aﬂwan%amwﬁ%mumoﬁ’mﬁoLn@ﬁam 1 MTIaUSunalaneriin [35]
wazmIIalsunaunasne [36] Te881990 LATITWNIRIBINTIATIERNIITINN L%
myiUTnmalalnadu [37] uazn13ia alkaline phosphatase activity [38-40] PEDD 839N
inlddszgndlfidudiasraialu post column HPLC [41] uaz IC [42-43] f9lUn3n500
PEDD ﬁVL@Tﬁ'@LLﬂmgﬂLLuumaLauLLaqﬂ'\immml"ﬁlﬂu@?’amwf@ fluorescence ladneae
n3l4 PEDD &1%3un1330 fluorescence GuWAssusnlnd 2010 dwsunisiadsunm
adfulwa3asiin [44] sragnedug Tunsld PEDD $wsumyia fluorescence fia myia

Pnauesidonlagardodjiseniniasadetauny calcein [45-46]

Usngmsatimsiniussuszmnszidsuaaduitnaiannduselomilunig
WAALA TR Lasanizet1adinTiaasalag I NIFLeINLIIEINITALRaNANNEND
ﬂﬁuﬁmsﬁﬁvlaj@@ﬂﬁuvlﬁ RANNITNNTIANTANLAYDILRILITLIATOUABVDIVDILARD KID
a ' 6 A [ o Y & o o a . .
Fund1 dnngnisaladud swnsadiundszgndlfidudianataluineiia Liquid
chromatography [47] a2 Capillary electrophoresis [48] 4 bn31%% #aNNNTAINET? (99N
iandszgndlfidudranaialumnaiia flow analysis 8ndae dmiunlianziuTum
:’ a é o e =) {
ianaglasa [49-50], uaanagaa [51] uazlnanaa [52] BniTnisdmniunsienzdanf
faAamTian1INTITIUEITeIaRNIAABARDYG ®I8 ITNTIAANYY (Turbidimetry) [53]
adaql’ 2 o v 1 1 0/ 04 0/ 6 o‘ai a
AildgninldlfaduninanslasandunanmIinmidiianziayninnassasaniiaan

aaa a

ndJisernuTieaudninanzas n13dzgndldifaand1naiugnuimadia flow
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mwaﬂmﬁjmm‘nLLazwaaLmlmwaﬂmsmmmqumzmmeame"lﬂm’mmﬂau

A I o A o ' ° @ A A
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dasazlinangidun LuawuuwmﬂafgIﬂsaiuﬂswmeWﬂ Tasdn@uad mmasgimasl,umaau
duazwululSu1ow 8-16 Brix [57] luq@mvmﬁwmm361121@11aazﬁmii’@ﬂ%mmﬁ’]ma
' A ' o aa < A oo a he S A Aad
sgimaﬂaum:mwﬂnmu wm"[ﬂwlmmﬂsmmmmayimalumaaUﬂa 5%
Polarimetry [57] l4n133@ PulINID88NLAY lead acetate WWarsataulouazuann
AU TMIANATNaL 1NN 1UNTa9628 cellulose membrane fiawiin b3LATIER

AUADWNILASLUAIDENIAINA M NIRNALTZU T 20 U7

v s J ad

Aada & 1Aa g’ :/ v ad . .
IfienzidinaiaaglasaluihdasnareiTldgnwamudu 37 Liquid
chromatography mugiﬁ'umsmni’mmu differential refractometry VLGTQT]‘]JS:&;T]@ﬂﬂ%ﬂWS
TadSanaihanaglasalaslfnadusiuuy carbohydrate [58] uaz ion-exchange [59] 3513
1ALULY attenuated total reflectance fourier-tranform infrared spectrometry ﬂ?llfjﬁ' UnI3
U3zIaNAULY multivariate analysis lannlgiausunminaiaglasaf absorption band 71
800-1250 cm™' [60] msf@]ﬁmmﬁmﬂm?% Thermometry 81AERANNIINIT H1A18
a aaa aa v & AR ' . . v A
glasraziialjisenlalasifadroienlsindsatuu sensing thermistor AuTau
a &’ aaa s 1 53 = = et = a e s
\aduandJisenainanazgnialTouieuny reference [61] ITa9wIdunIHmw
a N g/ 3’ v v a . a o té
AEnviavianaglasaluihdesdisinafia flow analysis (FI) @RuWaanu1dwIunis
Zagatto WazAMWAIIT flow analysis laglt spectrophotometer Lua193337@ [62] 35
_ Y / o ¥ o 4 A
Fl-gravimetry lagnWaiunauan lasardunisteininadidaiiaszataznau Cu,0 N
sraNBLUL filtration unit 1198LUWATBITI AzNBU Cu,0 LAAINMITNUATEIEWING
WaNaLaz Fehling reagent [63] AtkeA98 31891435 FI g]'ﬂq'll piezoelectric transducer #1618
glassazilfuuaiuivad piezoelectric quartz crystal 71 10 MHz ilafinmIifuudasas
ANMURAALAZAMURWILIUTDIABEN [64]

16



%é’dﬁrmﬂﬁﬂizl,ﬁmwmé”amhUmsi’@ﬂ%mmﬁflmaﬁmﬂuﬁﬁa"aU@U@”&"L@T
NENINIUAIIY 5angm§mLﬁﬁisoaﬁutﬁaﬂﬁuﬁﬁamﬁu W éTaﬂﬁuﬁVL@Tazﬁﬁmﬁaaﬁwfia
Fasrnliindaniulatandiazdsllndaiwinanadely mailiiidasladurinldlaoms
wuuaadolaasenlofiioanaznanuaaifouaana [65] aznanwaaSounasnai
Lﬁ@ﬁ]ﬂfmzﬁwﬁ'@agkmﬂu,muaaml,a:msﬁﬁ Waaml@]‘lm{ﬁﬁaﬂﬁmzag{ﬂugﬂmao
orthophosphate PO, m3tatSunaswamnadudssnududmiunszurunmavinlwindas
la qu@m%mmﬁ’]mm:ﬂmmﬂ%mmwamWsﬂugﬂmaaﬂ?mm P,0; 1Haa1nlu33
mmg’mﬁ’m%‘umﬁmﬁzﬁwamvxlmluﬁwé"amzﬁmgumuﬂ'm@%ﬂm”aashaéﬁUmsLm%G

a211/88w orthophosphate PO, wnanendu P,O,

Usunmwamnafunsinlutindesda 300-400 mg P,05 L Usunaasdail
gufnliazilmihdeslaldondsuiTymlasnadunsaneanesnifada Usum
WamnananniAullazyinlimsasansnuazisrinlwiAaaznsulunousdas [65] aati
S9fanusnduiiezdosialsuinaasna 35UnanlE3aAe35n13308 molybdenum blue
Iu3ianslean3and deldnetunatosiia 1w ascorbic acid [66], stannous chloride
[67], 1-amino-2-naphthol-4-sulfuric acid [68] L & ¥ sodium sulphide [69] 3 5 lon
chromatography "L@Tgﬂsl,"ﬁs?m%'umﬁl,ﬂﬁ:ﬁwaawlmLﬁemﬁmﬁmmﬁummad silicate

wasanINALWIEaY [70]

asnldnanandredu Usinahanaglasauszlemnadu 2 daudsndary
fwiugaswnyumIndaiaanindudasiianzidinnm nmIimuniwsIun I
1 a 1adada o st s 1 A a wA @ K v ada .
wudgilifiisiasasdaudsaindnluasidsiiu anzdi303ldWamIs Sequential
injection analysis #wiuMyIadiunahaaglasauazWemnaluindasluasnidonu
fmiudrgndltlugamnniruniniaiieia ianaglasseziacoiirauuiianinng
wasWamNALINA2835 molybdenum blue lusudtlallanghasan3ls PEDD 1Juan

avanuulnidInIuIas A knawin lneagaun iy aune
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(Capacitively Coupled Contactless Conductivity Detector) #38 $IW3a (C*D) mm«jﬁu
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Tuazunlada nia Flaia (Cross Injection Analysis #3a CIA) §1IUNIiN&EIaUNA

YWIALRNLNONITATIFULAZEIAITUNINFNRN TN T aL A NLNaNITILATIER

2.3 aammuLLa:a%“ﬂo@Tamni'@LLUU"L@IE]@@; (Paired emitter-detector diode %38 PEDD)
muQﬁus:uu&mm%mﬁumﬂfu Lﬁaﬂ@aaumsmfmﬁuagmﬂ wazwalw 1 ld

fnTuMTIadIunmmaeduuuane
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waluladlnd 9 ldnumegeasmwniay lassmistilimaeisumsiiesesivldnnizey
A [ a a =4 [ > A |d' [ 6 > A o

fa szaudinanad In wazien Mniszduinddpiulninduanasdinimmarham

@T’mmiﬁﬂummammzmﬁi’mluwﬁﬂ BNaE

18



A4, aa
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3.1 20NUUULALEST191HIAIIATINSA (C*D) adnedny 81%3UN1IAI9IVBRNA

YW IANARNAT

wiannadlWiaiduaranaiadinisi inivesssazansrfiadianinea L
[ o e di 6 d' 1 o J
SUNENUENIazane Waavadsznausasmsasansilfdowuladldesdinalasasanuaine
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a & A - ] @ o v &
aunia FIWIaNlTlunuiaisluinannreuiigdaigrwaiduriugudnatsnieluy
(inner diameter, id) LH17U 5.5 HARLUAT LATTWIALEUHIUARENAIIATBAN (outer
diameter, od) L¥17u 8.0 Aafiuas Aidnlnaviwnainindniiezgiifisnauie 1 x 1
a o : =3 Q v & Q Qs 1 U a qq//
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e-Corder ..o eDAQ chart
! Sampling rate; 100 Hz

i @ Frequency = 100 kHz
\ \ AC voltage 60 Vpp

‘\_ Glass tube (5.5 mmID/ 8 mmOD)
Al tape (1x1cm)
Electrode gap ~1 mm
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(a) 1—7 Faraday shield

»L_ Capillary tube

inlet — * —> outlet
i.d. =20 um
E Screw j
PCB sheet
Conducting ferrule
/\/ Output signal
(b) Function generator
Amplifier
Ferrule 1 Ferrule 2
as actuator as pick-up
electrode electrode
Capillary tube

i.d. =20 ym |
inlet _>_L {

Faraday shield
Thickness =16 ym

Conducting ferrules
PCB sheets
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(a) C*D circuitry
1 [ |

Particles solution

’74—EID o —> waste
1

Syringe pump

C*D circuitry

Recorder

Computer

(b)

Power supply

Syringe pump

Capillary
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EII‘VI 10 LLﬂ@NiﬁJ‘Uﬂ'ﬁ‘l%aﬂﬁﬂﬂﬂﬂizﬂﬂﬂqiﬂ@la’ﬁ@nEl‘ﬁvLﬂLaLLWﬂ(ﬂwasll

seuumslnasinsadsznaudas wesenasfindy (P) lasidy P1 & msy
QALAZHANATALANHANATIIRAANWIOFTAIBE (S) Wz TTolane NI 3 7fia (R1, R2
Waz R3) HWNNaYio 7 1 — 4 auuwinnm y amefidy P2 lddmsunanansaamiiwmg
Viafl 5 AWLWILNL X i:uumﬂmd’oﬂdnﬂ'aﬂi:ﬂauvlﬂéﬁmﬁalﬁalﬁﬁm{umuquﬁﬂ
NINTIABVBIANT Immﬁmﬁaaglu@i’nmm “open” (LFWNL) VaVaITzUUNNT AL
FandartudnTate miéﬁwwmmmNé’ﬂmswﬁmﬁmsﬁﬁ"ﬁmﬂmiﬁmﬁﬁ%mvlﬁaN'mgj
fas97auas Inafiaaannig waste 2 uwazddragluduni “close” (1duisz) @136
wrazlwafisaannis waste 1 Manaianltluszuunslvaitnonissmialalnlafines
mé'ryrg'lmﬂ’m@@nﬁuumﬁm’my’nﬂﬁu 510 uqumegﬂu"’uﬁﬂI@sﬂﬂnmwﬁ@wfu

snmeluiasd Juanig

A19191 2 LL?K?NE?L]LLlI‘].Iﬂ’]ivL‘Hﬂ"llax‘i‘%vLaLﬂLL‘Wﬂ@]W@{ﬂJ 2 ;JﬂLL‘U‘U

Step  Process (flow pattern in CIA platform) Duration (s) Pl P2 \%

Procedure 1: Loading of sample and reagents using alternate flow

1 Carrier loading (flow: x-direction only) 10 Off On Open
2 Sample + reagents loading (flow: y-direction only) 10 On Off Close
3 Zone flushing to detector (flow: x-direction only) 50 Off On Open

Repeat step 2-3 for next sample
Calibration equation: As;p=(0.050 + 0.005) mg L~ ' Fe(ll)+(0.090 + 0.074): r*=0.991

Procedure 2: Loading of sample and reagent using simultaneous flow

1 Carrier loading (flow: x-direction only) 10 Off On  Open

2 Carrier +sample and reagents loading (flow: x-direction and y- 10  On On  Close
direction)

3 Zone flushing to detector (flow: x-direction only) 50 Off On Open

Repeat step 2-3 for next sample
Calibration equation: Asp=(0.073 +0.003) mg L~ Fe(l)+(0.041 + 0.039) ): r*=0.995
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N y (viefl 1 - 4) luanizd Ju P2 nyavhau dSinarwesasdiwivazlnasanain
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v 1A 6 [ A Aa =3 a {A:i 2
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datrzanm 167 lulaidas nuuludunany nareznavanagludiuniis ‘open’ 8nas
Tu P1 8300ngarinam amiz Ju P2 22nanyiouadasnsansanasgiwnanuaziionud

a ] a 6 % a a ) A a ¢ A
vimsandavasdlolounaanatulinauniu uaznanidiginiasslalalnlofiinasine

@ A a o eal o aaa a
@mm@mmi@@mammw AN Nﬂ@]ﬂm‘ﬂﬂq@]'ﬂ’]ﬂﬂgﬂiﬂ’]mu@ avaI_J

E‘LILL‘U‘U“?]I 268 NITIRATEIRNTATNLUILAL X LAZUNY Yy WUUNTaNNY
(Simultaneous flow) Na12fe Iwduaaufigas nITy P1 uaz P2 9svin9a wniannn
fIRTABNAIIIMRANLAZTIaIuAE naiTngviaveslatounaanasuauumwiunu y lu
VALALIARALMT MABBIRNITAIN TULUILNYL X §1TFIULAKIL IAaBaNN19 waste! MY
muqumsﬁwmmaaifumﬁaaaﬁaUIﬂiLLﬂimawﬂ’;Lma‘§ﬁﬂﬁﬁ'ﬂ1av|,@ﬁ1ﬂ'ﬁ5o@msmuma
GE'VLaLaLLwaWWaﬁJ@ﬁﬂgmmumﬂmﬁt\a 2 WUy a:vlﬁﬂ'%mmﬁgﬂﬁm winiuaz lana

mﬁauﬁ'unﬂﬂ%'w ININARDI

= aa A v o ¢ & o o
MIANEATMIRarIMeT lataunaawasui Usznavlume ansaemsina
psgInuludlaiounaanaiudisgluuunsinanisasuouniaunidaduazdalfe,
§aUaINNIAIBE I TLOIANG, KaTaITMaFUuUgUENa19T8IE latounaaaTuLAzT
ndInana (Mixing coil), NaVBIANNTNTUVEITIBLIUG, AMAANBINIEIUNITTATIZA
(Analytical performance) 1848 lataunaanasuuaznistszyndltlunamdIanownanly

& A a =4 uq/’ U 1 %] v Qs
LAIANANIIN NAMIANEINIRNAL lanaluwiitana b
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3.4 aaaviauvulalang (Paired emitter-detector diode #3a PEDD) @au@nuszuy
U
FAIMITYADWLANTH UAZNIINAFAULLDIABEINILATINIU NI THNLALSIBALIWN

[ 6 [ 1
N Llazﬁli?%ﬁ]ﬂﬂ?']a\l‘q%?laﬂmzﬂa%

Tnauil lewamszuugiawdsaduantusinnudiniase wuu'lalaag (SI-
PEDD) Lﬁiamﬁ@ﬂ%mmﬁﬁmasﬂmmmzwamwmvl,eﬂumnLﬁmﬁ'uﬁm%'mmmuqu
amn1nwiasesduladn 3UA 11 umesszu SHPEDD fiauidu szuy SI-PEDD
Usznouaae'lasus Tu (Syringe pump, SP) Ni%LanTwINdauuy 8 Fas (Eight-port
selection valve, SV) Usznavagaionu lfaugnunszuaniasi (Syringe) 1u1a 10
Jaasns Imsleszuueeuiuaasimllsunsufidoutuwasdrslusunsy LabView™ 1iie
augumIauveslaiud Ty wasdiansuing ﬂl,umgumaumﬁmﬁ:ﬁazﬁms@@ms
FBENILAZSLELIUANNINA 1 lriawnanT (Holding coil, HC) @”@melugﬂﬁ 11a uaziia
mMsuausnasLioriana T daufiHuranguas (Mixing coil, MC) Faviovimas (HC uay
MC) sf9duanmstviatnWaon (Teflon w3a PTFE) PNALTURIUEUINANG 1 HafiuaT
yvanulilanwusiduinien

gﬂﬁ' 11b LEAIAINTIAIG LLuuvLaIa@g]' (Paired emitter-detector diode) %38
‘PEDD’ s$sduannasalolanissugsndnuasdunsige (NIR-LED) $1%2% 2 o2 lag
waoalaloanitaaavinminfidusailssuss (LED emitter) %a@iaagﬁmﬁﬁmmummm
100 To¥y drudnaaniternmindidudasuuss (LED detector) #aoa NIR-LED 113 2 #9291
3z nUanaze uTasLTassauuylna (Flow-through cell) NETaIN19LAWLES
(Pathlength) Tu1@ 1 LoudLNas 620357950 PEDD #azldouldidediniseslnin
ATTUEATIVUIA 5 1186 WA LED emitter Laziaanuaedns indherodines Naddinas
(Digital multimeter, anudumueluwia 10" Iaﬁw) Ydll LED detector I@mﬁm’m@hd
andlninisa ld e W nEn AU N LEIRiannszNURA LED detector Tinlad a1n%H
é’mumuﬁmmwmhaﬁ'ﬂﬂWﬁwﬁf@"L@Ta:Qnﬁuﬁﬂﬁaﬂﬂauﬁamaﬁhwﬁaa RS-232
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f
Digital multimeter Computer
LED emitter LED detector

’
.. /

(T

gﬂﬁ 11 L8A93UU SI-PEDD ém%’umﬁ'@ﬂ%mmﬁwmaéﬂmmmzwamvxlm"[ﬂlumn
weaanwluadasanlagn S, viauaaa8197 1: R: 0.08 mol L CaCl, WENL 0.1%(wWv)
PVA lussazanatiniwasuanlaufiouautu 0.3 mol L' 7 pH 10; S,: ioushatned 2; W,
YPILRE (Waste); SP: syringe pump; SV: selection valve; HC: 4.6-mL holding coil (i.d. 1
mm, 588 cm long); MC: mixing coil (i.d. 1 mm, 144 cm long); AWLLNIN (a) RAUTIanENT

muluriawnans; awunIn (b) aaﬁﬂszﬂawaaﬁmsaﬁmmuvlaia@@; (PEDD)

ANTNN 3 LFAITUADUNNTILATIZRG8T2UY SI-PEDD I@UL’%uﬁnﬂszung}@
WU3u167 4 AafaeT mﬂﬁfm:g@ﬁaumiéﬁaﬂ’m (S) ua3Lalaud (R) iwhanluvianwnans
riauaINInaaIzanWan 1l63daa31a7a PEDD iNaiasty mvasitanaglaauas

NogWaa NS 1AL

R1I8ZAUTIIANE 50 Brix (WhI8ANUTNTWUaIIIANS ABUWYINNL % (wiw))
LASHNINNNTTINIANEANI18AATHA (Commercial grade) 50.00 NT¥ azansluiin 50.00

A3 aunldidnnulasnsldurvisuaiinan wazinIaanIuans (Magnetic stirrer) 3UNILN4
YD ILTINEANURNA miazmﬁﬁlﬁu"ﬁﬁqmﬁgﬁ 4 °C uaza N0l e Usznnm 1 §Uawt

g1IazauWarING 5000 mg PO,> L™ LASHNINNNNTTS KH,PO, Arnwmyauf 60°C 1w
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A13199 3 LRAITHABUNITILATIEHRA2852 UL SI-PEDD Lﬁ'af@ﬂ%mmﬁwmaﬁmmm:

Wastwa luluasaenuluiaasaulasn

Step Mode of Volume Flow rate Port Action Duration
syringe (mL) (mL min™) no. (s)
pump
1 Aspirate 4.00 4.0 3 Aspiration of water carrier 60
2 Aspirate 0.50 4.0 7 Aspiration of 1% sample zone (S;) 7.5
3 Aspirate 0.10 4.0 4 Aspiration of precipitating reagent 1.5
(R)
4 Aspirate 1.75 4.0 7 Aspiration of 2" sample zone (S,) 26
5 Dispens 6.35 5.0 2 Dispense of all zones to detector 76
e and waste (W,)

Total analysis time is 171 s.

e 2 5ala9 $1ma% 0.7157 3w azansluin wasUsudsinasluwiesalsunasue
1000 Jafaas snvazanslu (Working solution) Lﬂumia:mwammjwﬁﬁma:ﬂma
wazamie tasouldannnsiiaaslusansiniimanzavanasazaieinana 50 Brix
ez s1vazangWasLNe 5000 mg PO, L

Slotandnlglunisanaznan (R) e 81382878 CaCl, LTWTW 0.08 mol L
NENAL 0.1% (wiv) PVA luansazaratWiwasvasuenluilosidud 0.3 mol L™ pH 10
L@SBWIINNI3F9 CaCl, 0.888 NN WENNU 0.10 N34 PVA (Polyvinyl alcohol) &4l
fsazaatWiwasian oyt 0.3 mol L' pH 10 USunas 90 dadaas mﬂﬁ?ua;uﬁm
YRILTINZALRUA ﬁdﬁaiﬂﬁLﬁuﬁqmﬁQﬁﬁao MnlsuUSnasssmsazan e e s
@9nan? AnlayUSunas 100.0 Faddas snsavavtininasuanlufioudud 0.3 mol L™
pH 10 t@3sunuauLanluitauaaalsd 0.1338 N8 uazwaulufioltuty 0.9 JafaaT

azagluwinawlalsunas 100 Ia8aas

@ \ A A 4 Sad A 4 & a

gadraaIasaunlslunuiiniaiasdulasnanuulnd (Regular cola) Las
wuUUIEINIana (Sugar-free cola) 314 8 G283 mﬂ%‘”mﬁﬂuﬂi:mw%mq]ﬂ'ihm
Aa 6 a 6 o o 1 1 1 1 123 . .
Ja=H AaunIAaR elagrlaanduwnTlawda (Degassing) 11 Ultrasonic bath

WWIaT 15 WM #aINBWTIINITL3021902 83 1@ 181 1:1 AI08IIRILATIER T1UIN
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5 @28819 L@‘%‘wmﬂmmamzmwmsa:mﬂﬁ']maﬁgima (Analytical grade) Nu

81382818 KH,PO,

#1MIUAIAI2970 PEDD %% @21UadUay (LED detector) 3zl amy o

Ane AN (Vyo) Taanusunusifaduasinuwentuwaani3Aa (Logarithm function) 184
¥ A A ° et dy A A v

ANMUTURINANNIZNUN LED detector dmivlusiuit iadinmssumuanuiduussain

NIRNAYBILRINUTIIILIDEADVBIRITAANY (Schlieren effect) W38 NINIZLTIUET (light

scattering effect) 3zasHavin A Na9ang NI lanuwdfsuudasldeas

Lfiaviaumsﬁagﬂmiaﬁﬂms (gﬂﬁ 11a) ganantldadaasiaia PEDD
AauRaLAasIzuinF I muaInua1sdnd lWWnaIn LED detector (LN y) NLLIAN
(WD X) @”ﬂLLa@alugﬂﬁ 12 Fyanm baseline ATuiinldurnnizuaresinilnads
#32970 PEDD é’tyryﬁmﬁﬁmaigima Ao ANULANA1IBBIANNANANE INHNTERING
HQYNh baseline WAz IAFIFAVBIRYYIMLIN (‘A 1u3ﬂﬁ 11a) ErudyImNasING Ao
AMAUANAIIVBIANENIAN T LA T2HINIT Db baseline WAz q@@‘ﬁqmaaﬁ'@@ﬁmﬁ
804 (‘B Iugﬂﬁ 11b) iEanIasnTwInasuldanmInseaddy I miIaes fo

A llag B ﬁ'um’mL?Twimaaﬁ'lmasgima uaz WaslWe eusaL

810
,.% 1 .......
— Baseline
]
Eo 7707
(7))

750 v v v

0 200 400
Time (s)

3N 12 uraesneazdyIMsasihanaglase (A) uaz waswa (B) Nldannisiadiue

7373970 PEDD
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3.5 ﬂ’]‘iﬂﬂaauiﬁizuu‘mﬂ')%mﬂa DRLINTULNDNTITNRAIVIIDTAIIVIANIILANDW 9

o A a a e A o & ¥ o
3.5 ms‘lmzunmmmmaamammmafmmmaﬁmauazﬂamﬂmslumaazl
Taga1@aranNI3IANIINILATNNILLLNITRNIBLEIUS IS a g ad1saza g a0

o A 1 % s & ® 4 % 1 a
ATBWENLRLLANAIINW (?jmiumaﬂtﬂn‘n) Lta&ﬂ']i']ﬂﬂ']']&l‘l!%‘llﬂ\‘lGlzﬂﬂ%‘[ﬂﬂlﬂﬂ%ﬂﬁ

wnlasinlafiaas

J2UU Sequential injection (SI) 2 WU ﬁiﬁ’lumu?ﬁ'wimmlugﬂﬁ 13a LAY
13b AMULANANVBITZUUNG 2 UL A0 FIURIINITINIVES selection valve lasfiszuy
gﬂu,uuﬁ' 1 selection valve a:maagﬁﬁﬁm%aamnf@ (Eﬂﬁ' 13a) Lm:s:uugmmuﬁ' 2
selection valve ﬁlmnag%ﬁuﬂ%amsmi’@ (gﬂﬁ 13b) FEUUN 2 gﬂLLuuﬂszﬂau"Lﬂ@Tm
syringe pump \Bandany 8-port selection valve via PTFE mumﬁumug{uﬁﬂmdmﬂu
10 mmuas 1.59 mm ldg1wsunisadisszuunisinauaziinGsnans tadas

spectrophotometer anliduinTasariataluszuunisinanainue1iniu 880 nm

A1087191 82U N LT IRNIINARDIBTANIINNAAA ﬁ’]ﬁangmﬁama@hym 4

LY 91NIZLANKY activated charcoal 37424 0.2 N3N 8914 20 mL VaIaauNL3aa19
v A o o Aaa o . & o ') . v =i ~ =

WaALNaRNIREN TN AR lUA8819 I nwuiansalase b Tuirdsananuisy 3,000 rpm

WWIRT 20 WIT BNEITRZAUEIWLEN L UINTAIHIWAINTAY cellulose acetate membrane

YA 0.45 LUATAM
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3111 13 UgaITEUY SI 91U 2 izuuﬁlﬁﬁm%’uw‘"wuﬁ'ﬁ'mﬁ@ﬂw@naﬁmmmz%lamw@
Tuindasluasnidoinu (@) d1unidvad selection valve 11408 NAILATDINTINIG (D)

@RIV selection valve maa%i%ﬁﬁm%aamni'@
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_____________________ '
SIA section (handling of acceptor A1 and A2)

g

1.5M H,S0, 0
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Vent tube ’
SLVI SLY
a2|  Lineb )
S & AR
Line
T \ sp
t woe
- g H,0
Alr
PP2 ! N
; I
5*o) - W1 10 mLmin ' SIA system
-
o I
I
= W2 10 mLmin' I
.3 !
I
I
I
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3.6 udwlalasBiliNamsauaaiianiensivazaseynia

lunuitldaanuuumInaaaaiaulGntNaWmwILHY microchip #RITLYINANT 1A
mimadma’;ﬁ'}ﬁiaagmﬂluia@ eIzl 15 LLa:"L@Tﬁﬂmimaaa‘Lﬁﬁamuwﬁa
NN MazasauNMaLazwanINGd latiuEu microchip aanaunlginILMINGw

anaNIIIaIzaU lalafnan ﬂ?%‘ﬂgaamamuﬁﬁ’m

3111 15 Uein microchip MnaasaiNaILguianInsnasaunanem
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FIINZAUAINT FUUIHNIA LG RIWIAAT § N1 ANUFUN WD ITAINIVUI AT U IR
1110 vaauNaANafa laTuLaadlaaszln 20 NKANIINARBINLTIVUIATY Y IUNNT
wWasuudaimnivesdlusaianusunuslosasinuawiavatounia ANNFNAUD

aInaIaNIInatune laaRNN1IAIT

AR= 2l
A

lagf
A = WWNRUAAVDITD
AR = AU R RIANNEIUNIUNNG PN
p = ¢n specific resistance VaITTRLAUBLANINTIAG
A = Sunasvasanmafiinianini

v o = X a A A A

nnaunItidwziiuldd dSanasvateymafiafeufiiiu (v, KE

WusasInlagasInuaINI Tl wlaIaNudIwn w1 IlWassnIazauBlanInThag

(AR) anumumulinin (R) iusinnabvasdin s i (G) waadaiaunIanend
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ANFUNIINIFAIN LANAIINITIAWIZLAL LA Waaynadvwalngdu @1
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ANAIWNIWN RN NINTW JIabraInIT W29 Taza88anInT ad
I o o o o A Y A v o ¢
AARILTUFARIWAY ATNEIAU emLLam"Lmnﬂwamsﬂ@aaalugﬂw 16 IMNANNFTUN WD
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s:mwwmaafyzyﬂmmsmameaama"LWﬁwadﬁﬂwwu,awm@maaagmﬂﬂ%ﬂmam
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@199 madakl,nmvlﬁasmﬁﬂixﬁw%mw
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[ =3
4.3.3 ﬂqiﬂﬂﬁauﬂﬂLsﬁaﬁl&lﬂlaaﬂu’ﬂd

TADUTANN Q"‘s’ﬁ?’a"ld’ﬁ’m”’smm’i’asﬁ‘[w{ﬁﬁw”@umfuiﬂﬂizﬂqﬂ@"lﬁf@%’m{u
miﬁfuﬁﬁmuma&ﬁmﬁa@Lmﬁdﬁ‘hmumaoLsnaﬁl,ﬁ@Lﬁa@LLmifuL'flmTaQafuﬁuﬁﬁwﬁmﬁ
sninldifiasuliald deunslienzd ssazmoisadidafeauasldgnidaansean
gvnzansNasiNatWinasTau (PBS) LEuTw 0.1 M pH 7.4 d188asdiniitnuizay
fsazaawamnauWiwasodn (PBS) 1WNT% 0.1 M pH 7.4 lasihanlgd@nsunsiaans
weauandussazassanlumyiaiiasnasazarsainarndussazanslalolnfin
Auasazanameluaag dnaliimasidadoauasliuan mniuasazaoainaniezlua
il a9t adIWsa AN 1032970 N ImaasdLlasdunuIn Waasatadlnga
Anandwssliamusaanaiamadidadaauasle HI9uaadn aunqaraduwnzan
My WieesssazasmeluassildaifoauainasaTazaumnT L danuLanea1Ins
wieAmaasuudasmilwiiifesnisasidadoauaslnaiudlnsaddtesuing

=< ' o XY o o A fa A o &
2918013097970 LA A 8RINTIIAT NS AN WA WU

4.4 20008133200 lulasaAIIA1UI IR “ATaaDRLIIATWOL W lada” B3 T la

- - . o 1 [~4
Ld (Cross Injection Analysis U ED) CIA) uacnadgauNIIMIAIdBNIATRIALAN

4.4.1 msdnszduuunisivavasarsnalugloounaanasu
4411 anuhlumaaene

gﬂLLuums"meaamsmﬂwﬂmauwamﬂﬁuwg\i 2 wuy aefiuaasly
a17197 2 Ao M7 IMATBIEITANURILNK X LAZUNY y WUURSLN® W58 Alternate flow
LATNNT IMATBIRTIATNUWIUNY X WATUNY y LULWIBUAL w38 Simultaneous flow lagn
fmmlﬂmzuumﬂ%aﬁwm%’uﬁ@mmﬂﬁﬁ%mﬁLﬁ@“‘fmzwj’mmmzm51 Fe(ll) waz 1,10-
phenanthroline 81382a"8310331% Fe(ll) auidutulugas 5 fis 20 adnsuvas Fe(lly
893, 8179za18hydroxylamine VT 1 I&Ia/ﬁmi, ]1382R18 acetate buffer pH 5.3 UL
81382818 1,10-phenanthroline L aT% 0.015 lua/Aas Qﬂﬁ@Lﬁﬁ;jsﬁvl,al,auwa@wg{mﬁa
FIINIWNIAIZIUDDITINEABNIAIPIN Fe(ll) GEI/’JHEULL‘].IUWNVL%EWI&G 2 WUU NNNANIT
NARBINLTIT gﬂLLuums"L%aﬂgmadLmu’l,ﬁmﬂw;nmgmmaomia:mﬂmmgm Fe(ll) 7idl
anudwdunsena den 2 Taglszanmwyiniy 0.99 asha"hﬁﬁwu’j’mﬁ"l,mgﬂuuuﬁ 2 9
fifia simultaneous flow A8l 18INNTILATIEA (sensitivity) mnﬂdwmﬂmgmwuﬁ 1

aatu M3 lnagduuuf 2 Jagnieniialddmiudletounaanaiuuazninaaassa g 1y
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441.2 é’m:}m:m‘s"l%am ANRIIUINIUIDYG DY QG%VLBLE]LLWG@]W a‘?uém%’um‘s"l%a

LU alternate LA simultaneous flow

UfiTu1n191ia&32%319 1,10-phenolphthalein Lazansazauius KOH o
° v A = o & a ' a &

anibanldinednmansazuazdnngnisaimluaiinusesdevesdlalaunaanasy
v ad & [ | % o A o o &
dreatmvinavesiszesgduuuainanndiedu szuunsivalugd 10 uszdraudunau
MY IRRAILEAIL AN 2 "L@Tgﬂﬁmﬂ‘*ﬁﬁﬂm R1INTALLUE KOH 110w 0.4 Tua/Aas
azlwanIun19vian 4 anuuuIwny y luunzf 81382808 1,10-phenolphthalein LWL
0.003 lua/aas a:gniﬁﬂumsé’awﬂmLiﬁgj%'vl,aLaLLwam\Iﬁwmuma'ﬂ'aﬁ 5@

, L4 = %y a e
WAL X RIUNBEN 1 D4 3 I%LLH':I LN y ﬁ]zl‘ﬁu’]LLV]usLaLﬁ]%@]auG]

3INNIIANHINT IRAUUY alternate flow @281 JATBIAINEIT WUIT 9zWUENIR
muwﬁoLﬂumiw§mﬂ°'msvi‘ﬁnﬂﬂ§ﬁ§mi:mw 1,10-phenolphthalein Laz&NIazA1LLUE KOH
VST A 0TIV anAN LAY 4 Waz 5 Liog198T81ULUE KOH Wunaanis (gﬂﬁ' 19a) &
mwﬂmaomiwa@ﬁmsﬁauﬁwfuﬁaLamchuvl,ﬂ (gﬂ‘ﬁ' 19b)

ANNTANBINTIAALUL simultaneous flow WU Tug9usnlukanIInaaes
AFAUNNTIWALLUY alternate flow Ao WURNIHAAAMIRTUWUTIIMIALdoT0IYE
WUNBLaT 4 uaz 5 LilasIazansiua KOH tnann (gﬂﬁ' 19¢) iariarwly frunyal
sInAan Mz dudn Annasswuinrenlanuesasnie smsiasitnslnanuy
simultaneous flow fum’m'j'} VoWl TUUaINAA A N A8 TNT IRALLY alternate flow
4N z%'am@vl,ﬁmﬂviaumiﬁwwﬂumumama%mmam 5 Aznanferiananoiay 2 Wald
AT AALUL simultaneous flow (Eﬂ‘ﬁ' 19d) lumm:ﬁﬂaumsﬁmwﬁzagLLﬂ"u'%nmsamia
Pa9viaRuNELeY 4 uaz 5 1ialdn15lwauuy alternate flow HadwnTznTlnaln
WWILAY X VBINT LARLLUL simultaneous flow viawlanua aamsﬁgnﬁwﬁﬂﬂa:ﬁm 817
sanluldunyin AN Y T2 AN AN TNEN T D BIENTF208190aSLaLAnA LA aH 9T
drngmssinisinaiisanadesiunanisnasastnisduiinud stuuunTnauuy
simultaneous flow ludauhlumslienzdannnd gduuunsiwauuy attemate flow
sotin n3lmauuy simultaneous flow %fiagmﬁaﬂLﬁa’l,%ﬁm{uﬁ@miﬁaasmLLa:%'LaLﬁm@T

=) 6 o s a 6 |1Aa =3 ]
TudlataunwaawasudmiunmaezidSunonanda bl
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H,0 H,0 H,0 KOH H;0 H,0 H;O KOH

c H,0 H,0 H,0 KOH

IR bdodd

519 21 wEaITULUUNT NG 2 WUU @8 alternate flow LAz simultaneous flow laganede

u U

UAsenmstiadszninesIasasiud KOH uaz e3azaudndlaiaas phenolphthalein

44.2 msﬁnméwéfvn'lwaanlaam‘s‘lwﬁlaLauwamﬂa{éu

a v ) o v o aaa = aaa = & =

lagdndusrdsraumainvdjisonvassiaaudlul jisoainie g azing
1 a =) i { a z % o =
lauaTiaa S MaNTNRAA MR NLAATY BISIAUNITHENVBISLOLAURLANIZEN §1T
HRAA MMz fanalranuhaasnTAeneinie sensitivity snanuldaas lunis
AN TIAIAUNNITHANVBISLBLAUA bILANNZEN asHaanmsiazifiates vilwaal
a & o A ok o a \ ~

289NN1IIATIZRAN IWN1TNAReIR lGANBIANIAUNITHIRNYDITLOLAUA LuTiav T late

& o [ A A o a o
uwaawaiuduan 2 Jluuy dsuaasluansen 4 de JUuuy a Mauveasmnaieandis
ldoq1 (viaf 1-4) A2 s138za18 1,10-phenanthroline, R15aza18LNIWas, a1TazaNe
hydroxylamine Waz&1382A184193374 Fe(ll) JUuuY b Sauvasmaiiesandislden
(iaf 1-4) LOuaI% 81382818319337% Fe(ll), 81382818 hydroxylamine, #1388
UWinaT uaza13azaty 1,10-phenanthroline §10UUBINIINI 2 JUULY viowlouuassia
LRUALAETAAILAUAIBEITAZA B LNNES IINHANITNARBINLI1 AN vaInng

a AL A 1 et o @ & '
']Lﬂi']zﬁ‘lid‘l"l'ﬂ?if%’]ﬁ]']ﬂﬂ']ﬂ’)’]SJ"H‘WIIE]\‘iﬂﬁ’lw&l’]@liﬁ']%‘]]ﬂﬂﬂ"l@]ﬂﬂ']iwﬁllaqﬁ‘l’lﬁ 2 EllLL‘]J‘]J vl.&l
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' o . Ae o a A ' = Al AN v A Yo
BANAINUB LIV BLRINTY (9173719 4) E]El']\ﬁvhﬂ(ﬂluﬂ’ﬁﬂ@]ai’]\ﬁuvls@]l,aaﬂlﬂiﬂ’]ﬂﬂﬂ'ﬁwall

maamimugﬂuuu a Lﬁaaﬁnﬂmﬁaun"’uﬁm”ummaumﬂuﬁ%‘uuu Batch

M13197 4 LRAIRIAUNITHFUVDIFNT b LaLa

Zone sequence Calibration; correlation coefficient

As1o=(0.033 3 0.004) mgL-" Fe{ll)+(0.011 £ 0.046); =0994
-

Y
D | |Phen C |Buffer C NH,OH C Fe(ll) c

As1o=(0.034 3 0.001) mgL-' Fe{ll)+(0.047 + 0.017); F=0994

J
]
(]
-
m

(b Fe(ll C NH,0H C Buffer C Phen C

|
.
=
-
.

= ¥ 1 3 1 =) s a
4.4.3 mmnmwamawmﬂLaum%quﬂnmwam a‘l%ﬂmmmamw aylasy

noIAaus

' AN vl = o o & ' =

miw@aaﬂumuuvlmﬂmmmﬂwm@LaumuﬂuﬂﬂmwawalwﬂaLa

¢ Ao ' ™~ & v o A ¢ & A A
uwaaWasuNinadanIywaImMIAe T laglaaedlalaunaanasuanin 3 Tia Ao
T3a A, B waz C ﬁﬁmm@Lfé?mhuquﬁﬂmwawia@mﬁ'u AILEAIIWANTINN 5 Tlata

& ~ o & \ @ \ A A

wwaaWaiu A uaz C Jrwiaidwinaudnansvasvialyinnunnyia (viell 1-5) Aa WA 2

A a o @ A A & = o & '
LAz 3 UARLNAT ANUENAU TweNT lataunwaanasy B fywaidurngudnasvavie

1 % o A 6 1 o A % 1 6 ] A = Y o e A
WNNWALUG latauwaawasy A dnunumaLFuugninaIvedvian 4 FalrgnIuaa

fIA20EN9NAYINNY 3 URRLNAT

IINWANIINANBIFTIINIINNIAIZIU 981382818 Fe(ll) laplddlote

& <& A ' A A v & , A a a '
uwaaWaiuni 3 sila wud aiRunaldwingudnasradvan 4 (Wisuifisuszning
=\ 6 & Yo o A = 1 1
Tlotaunaawosu A uaz B) dslddwsuiassunaigiuuazansaiagnadiainy aaesns
A ~ & 4 a @ . 0 o a & & VY oA
ATITHRALLANN NN 13h8991NUTUIATVBIRITADENIN MTLN LA LY WADLANTWA
Lﬁumug{uﬁnmwamﬂﬁa (U3puisuszninedlataunaanasy A uaz C) dranulaly
MINATIEAN LA TAN LU ANAIINUNIRLTEDINDAINEINAILUT ATV DIRITRZAIUNIRNA
Al v " A o & @ o R A = & o [ '
ATUANYEN AT ;dmmsmaawuaanm"[mauwamvxlmw B &MU INaaadda kil

Ao

1 ] A I < A A' [ . . .
lusruunmsinasgrsdeiitas Wunsnulasviiluiningsaasd (mixing coil)

U
' A ' ' vaa & A ° o ’~ &
mmmmwaumsﬂmagm olurialwa d9tu Faazvinlwdranullunsdiazvvad

& ak o AN e = A A 4 '
Szuuuu@mu@’mvl,ﬂ@’m luﬂﬁiﬂ@ﬂaduvl@ﬂﬂﬂ'mdNa“lladﬂ’n&lUﬁiﬂladmﬂsﬁdﬂaﬂa“m’noag
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a (% % di a 6 a cal (d‘ v A 1ada
Usmduwninvasaladaidnlalnladiaas anug1vesdnginasan anunaa luian
FINUAE AWDIANTIAALALI 90 LTUALUAT IINWANIINARAINLINAIN MIUBINNT
a & o X A va A & & =2 a o & o, =2
SATIEALNNNIND WL LT RNTINDURINITWANDY 45 LTUALNAT AIThI A I RHRELREN

= A a &al a '
LEANANNLNIVBIUNTIADLAN 45 LTUALNAT sl,ﬁ’lumsﬂ@aama"l,ﬂ

A13199 5 LFAINAD ﬂdLﬁ%ﬂhuﬂ%gﬂﬂ’]\ﬂl advi alusTivLaLa

CIA platform Channel diameter (mm) Calibration; correlation coefficient

CH 1 (R3) CH2 (R2) CH3 (R1) CH4 (5) CHS (C)

A 2 2 2 2 2 Agyp={0.033  0.004) mg L =" Fe(ll}+{0.011 = 0,046} =0994
B 2 2 2 3 2 Agyg={0,074 20001} mgL—" Fe{ll)+{0.040  0.002); P=0.999
C 3 3 3 3 3 Acyp={0.029  0.0M2) mgL—" Fe(ll)+{0.068 + 0.017); #=0997

L = 6
444 msﬁnmwamaamwmumumaa‘stamum

Tunsnasasitlednsnavesanugutuueisioaudns 2 wfia do ssazans
1,10-phenanthroline (R3) LLas 81382818 hydroxylamine (R1) @ia@i’li%’mvty’]mmigmﬂﬁuum
PoImsHANA T laga15azans 1,10-phenanthroline fnwnlutasanudutuasud 5 x
10° fi3 1.5 x 102 lua/Aas 1MNNIIMARBIRATINZAIBN1A39 W Fe(ll) ﬁﬂawvﬁu‘*ﬁugaq@

]
1 =

A 4 a ' o . A A o v @
A 3.5x 10 I?Jﬂ/ﬂ@]i WU myrg’]mcﬂ’m’l‘i@@ﬂaml,a\‘m’s@lvl,@mmﬂwm’mu‘qﬂm’m

v & 1

VUt WU BI81TAZANE 1,10-phenanthroline NlTNaaas uxaslALlAnIN a138zay 1,10-

Aaa )

phenanthroline il JuStataudinlumsifassisznauidsdond famuniu Fe(r) viud
ATNINLAKNG ;jﬁ'lmimaaavl,ﬁl,ﬁaﬂl%mmzmsl 1,10-phenanthroline Liuiugdq@ﬁa 15
x 102 Tua/Ans ihalwiila ldnTioiaudilsfusinannifuwadmsunsi §Asonu
Fe(ll

g138za18 hydroxylamine AilFlulfAseniiwinidumssardamsu Feql)
mynesasitld@nsraTasn TRt HIaIE5a=aY hydroxylamine 111249 0.5 — 1.5 Tua/
893 FNIUNIIARIINEAWNIAITIN Fe(lll) AfanuTudu 20 Saans/ART NHANT
NANDINUYIN @hé’fyty']mmig@1ﬂﬁmmoﬁfﬂvl,ﬁﬁmmﬁua:"l&i“'ﬁ?uﬁ'ummLﬁuﬁumaa
81782818 hydroxylamine ;jﬁmﬁmaaavléﬁﬁana’ﬁazmsl hydroxylamine 1021 0LEuTH

1.1 Ta/Aas SnTumInaaadea bl
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4.4.5 aosanwmzuasdlatounaaasulunisdasizdlsanm Fe(ll), Fe(lll) uaz

c <&
USurmnannInaa

minaaaineldanzinanzauainanndiedu wod weliFlaeaiugniu
szUUMIadaNzRrsUsINm Fe(ll) azlnawinasgiundanududuasing (As, =
(0.070520.002) mg L™ Fe(ll) + (0.031£0.011): r* = 0.995) AN UTUVDILARNAING 5 014
20 §afn30/AqT FANA1gAV89INTTATIIA (limit of quantitation, 100 blank/slope) UTunas
& AdA A A a « A AdA A o X A9 o @ ' a &
Wanau3ddlatada 0.2 JaanIN/AAT ATT oo NN AUALTE1TA0E19LAZT AL UG
USunautas fa 167 waz 501 lulasdas and1au A5haw1503aziUSu a8
1dwntie 60 enatredat s Sanuiiies (%RSD) #asnii 2.6% &AIUNNTILATZA

Fe(ll) LUNT® 15 FRNTV/AAT IATIZATINUE1UIN 10 AT

a 1 { Y J Q o ) a

A latenivgnuzuumslnaf ldwamnaugignin g lunsdwundianm
Fe(ll) uaz Fe(lll) luansalasng lunsdinnsianzidSunm Fell) iWasagnaifalazlaiin
unwa1Tazans hydroxylamine (R1) luumedsunm Fe(lll) aunam laannuadaszning
SN aABNNIRNANUUSNOMAAN Fe(ll) LNEIaENGE7 HANITNARBIUANTIIN 6 Laad
feanuFaanaaInuaaIlIum Fe(ll), Fe(lll) Wag LAANNIRNANILATIEN baea835T late

a a o v o A v a | A ) &
Wisuiisuiumenududunladuadly drfauaznsAundy (%Recovery) Ba4ininyn
A AL Ada

shaild1Na

Wadanduswuananazdmaman (Fe) iuasddznauuds dadsznauly
drum198ug 8n 1w laladu (1), aaaIu (CI), waaiBow (Ca), wunilideoy (Mg), unamila
(Mn), §9nz& (zn) uaznaduad (Cu) mrginarifianuduldldnazsuniunisiiasezd
UTuounin Tunnasasidmasaunissunmiuseimaainad lasdumquaiulugy
284 K, KCI, CaHPO,, MgS0,, MnSO,, ZnSO, Uaz CuSO, adlumiazansanasgiu Fe(ll)
LU 5 TaRNTN/ANT MINAFILYIRNATIUENAY NAN1INARBILEa IAIAWINFL WA
ldannmyiamiazany Fe(ll) Ndmqaug udszriianauad lddanuuandnudyanmn
lanmyiassazaruuasgin Fe(ll) AnNuLTugwyinng ﬁmﬁﬁ]ﬂfﬂmmﬁuﬁummm@;
A =2 A a o A = ~ v & A A =
a9 gafis 1,500 Hadniw/Aas iana wanImaassuaaslfiiuinsgaug Anuluda

a a ' a & 1Aa (<3 v ada
'J(?']']&J%i’JNVLlﬁUﬂ'JuﬂTJ’J LATZAUINLRANGN ﬂ'lﬁsﬁvLaLa
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A15197 6 LEAINANTILATZAUSIN I Fe(ll), Fe(lll) LaztRaNNInae

Spiked solution Added (mgL~" Fe) Determined value (mg L~ Fe) ZRecovery

Fe(l1) Fe(lll) Total Fe Feqll) Fe( i) Total Fe Fe(ll) Fe{lll) Total Fe

300 120 150 2.81 +0.06 128021 15.6+0.24 93.7 107 104
5.00 10,0 150 5.48 x0.11 905 +0.19 14.5%0.22 1o 90.5 96.9
7.00 .00 150 7.32 £0.15 870019 16.0+0.29 104 109 106
9.00 G.00 150 8.54 +0.17 665+ 0.13 152021 949 1m 1m

[-Nal-I

A [ @ A a
4.4.6 msmﬂ‘smmman‘lmummuwﬁw

ada v = 14 1 ' ' o P v
APAARIIAT ﬂsﬁvlaLaLLwamwaswmugﬂmwumﬂvﬁaammamaw"l,@
&

a é’ £ o £ a =3 & A a o ni v 1
Wl w113t Vl,mnmvl,ﬂﬂi:qﬂ@ﬂwmimmmaﬂlummmummmmu 4 GRauLaNEI9

u
v

% ' A Aa ¢ s & & A & |1a = = a a
1% (A-D) WARzER22zATITATININNG 3 A9 HaNITIATNzAUSI o nanludadandn
A o Ad A o & = ~ o a ~ o a A v  ad
sawﬂ"l@\mmﬁwwwmmmﬂmumwnuﬂimmmzﬂmamﬂLLa:ﬂsmm‘nmmmme
azaandnuavsauTualnlafing (Flame atomic absorption spectrometry, FAAS) LRI
UN 22 ﬁnﬂmil,ﬂ%'yuLﬁyuﬁayaﬁ"l,ﬁmnﬁﬁéﬁvlaLaLLazﬁvl,@Tﬁ]m FAAS @2833Nn1980a fa

. 1 £Z dl =1 1 Q 1 s o o Q d' d' qz'
paired t-test wmwagaﬂvlﬂulwmmLmﬂmoﬂuamwuﬂa’mmmmmmauu 95% (tye =
0.16, ty = 2.20) luvmzndayanisiiamzinldanisdlaianlInuisunudnazy1in
A/IN WU A7 ba LA uuane1snueninluaiatng D w“aﬁmmﬂmwsﬁ:qmmwmaa
AE1I0R DALY

9luninu lumineassiasladnesasasnsAunay (%Recovery) 1893
SiaendSunmnanludadanduniindnaas mﬂmiﬁﬂmwm’lmﬁvlﬁﬁ@hagjszm'm

YV & 1 =) { L &’ 1 o =) {
90.1-107% W&AIALHAWINADTD latanwawdnianuuangr lunAezine

BCIA  ©2FAAS  OLabel

mg Iron(ll) / tablet

T 2 3 D1 D M
Sample code

31l 22 LRAINILS UL UNANNIILATIEAUSU DM RANTDY 3 3T A 339 bata, USunn

quﬂﬁmmmmﬁ‘ﬁ' Atomic absorption spectrometry
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4.5 310379 7auvulalang (Paired emitter-detector diode %38 PEDD) l@aau@nu
v
szuudiainidaaduiandu dmsunisiadsaaiiataglasauazoasinal
] ] v
tasasnnlaalaga1durann1sIANII N EANNILLLAISHNLKRLEILUS IS a 8D
1 Q/ =~ 1

A a o = & @ 4 o 1
#1921 NNANATRAENLRLANANINY (%atsumaﬂmln‘n) LLRZﬂ’li'Jﬂﬂ')’lN‘Ig%‘ﬂad

acnan

Tuswitlsnasauiiiassduin PEDD mmmuLLrim‘si'@ﬂéjmangw%a"L&i ABNIIARTT
wunn (F¥9aznawdlljisenanaznaw) waziflonaseuiosdunuininleass udds
mianudunu i ldnivsygaiudwinenna udmingdmnininanugu Nuits
lewamidagaa PEDD ldsrunuszunlnaunudiarmdoainananiaslng lun1sia

ﬁwnaﬁmm’wn”uvxlam%l@ At

4.5.1 N13DANUUUIEUURATANHIASH NI

32Uy SI-PEDD 1ugﬂ'ﬁ' 11 IFiRefnsnsldinuaasdiniiaia PEDD wiaia
Usngm st Schiieren effect uaz AN Tuluasuderns szuuﬁmﬁzﬁﬁm‘f’mmsgﬂ
rawsifiazamaiadunnlurannas leadviousiotane (R) UNINaYaUnuInIINay
TERINVOUENIADLE (S; WA S,) ‘ﬁ'ﬁmﬁﬂi:naumaaﬁnmaglmmm:ﬂamﬂm AN
Viaumiwgwmgﬂwé'ﬂvlﬂ{i'm”am’sﬁn”@ PEDD dayamvasvianansvisnaaiiielwariiud

7131397@ PEDD LLa@olugﬂﬁ 12

6

AT ALUUaIAWNS (Laminar flow pattern) ¥inliwiAasasdasenitevian
fr0t19 S, AU donaliiiusyyimsuiitosnnainitsingnisal Schiieren effect
(Frynoe ‘A lugﬂﬁ 12) ilaviaudiatng S2 A udaT3a7a PEDD ud uSiimas
ﬂmwaaﬁaumiﬂ%m@%aﬁmﬂamaoLmaLﬁ'fi'wwaammagjifu ek wdnNn aznaw
waaLTsunamarsNiaz N33 9ug991n LED emitter FINA IR AARS (R ‘B
lugﬂﬁ 12) uazidavhovanlausassossdasninaviandiagng s1 uaztin Tnarwdranle
§103297A PEDD znuindupmaasifiduumaiinies Sesnyimieznuidoninw

inTuvestheaglaIagindt 5 Brix fanm

U3ngn13at Schiieren effect LﬂuﬂﬁﬂgmitﬂﬁLﬁ@mﬂmsﬁ'nmmamm
VS mAN5e0daTaIF1Tazany luiih Ao T08602098TATANBINAIARLNN (FNT8zaNe
ianadeeiinnig (Refractive index, RI) innnnnin) et wasfinnain LED emitter
LﬁaLaumamumia:mﬂﬁwmavﬁﬁqﬁw 99T LED detector 8109w damarinly

1 o { s &/ s { o o L
Tuanadadng Wi ndagelun Fygin A lugdd 12) dmiumadygimens

Qe
ﬁfe 2

o

1

aenawluInaaTaILAalTouNasNG 32NT2LFIUFINNIN LED emitter ﬁ’]lﬁ/ﬁ

o2
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WEINANNIZNUN LED detector aead S manua1sdnsg A1 laTsaass

(Fys ‘B lugﬂ‘ﬁ' 12)

4.5.2 Tan1@229023UNIRAIIIN

Tuns@nunil ﬁi’@lqﬂi:aaﬁLﬁaﬁﬂ‘mmﬁumw’fioﬂ”w,l,azﬂvuém%‘umﬁ'@
ienauazmsianasie luganusn Fnswanissuniusasiesiafiddanmsiainaa
mlaTw I@ﬂ;ﬁfﬁ'ﬂ"lﬁm%'wmmzmUWaaLW@]m’]mﬁuﬁmfmm 50 — 200 mg PO,> L' Tu
mmxmuﬁ’]maﬁma 7 Brix NAN1INARINLIT é’tytyﬁmﬁﬁmaﬁj”@"lﬁLfiaﬁwaawslm
AULTNT WG 9 Ausndalndidseiu ugasinnemnalifnasunindanmsiainana
mlasw sstiilasanannen Rl sa9ssazaiiainsduiuaNuT T wIass sz 8tinena

= 1 =
SAHANHEN YO

Tugufiges AnEINATUNIBDEIINAaRTdan1TTanas e laogadnle
wWw3suaTazanawastwa 200 mg PO, L™ luﬁﬁLLaz’Lumsazmﬂﬁmmngma 7 Brix
ﬂ'%mmviaum“’aaamﬁ@mfﬂm A8 0.5:0.1:0.5 488807 ERILYAWRT SRS, MUY
(gﬂﬁ 23 7 S,=0.5mL) AIT8WUIY FYaImaNtu (LN yiugﬂﬁ 21) A'l&a7n
sIazapnemnafiasouludivnazasdsianu Sarvwadyuimfidinuedied
wyudamny ﬁgof:l,ﬁaammnmﬂwﬁwaamia:mm{wmasgimaﬁwa@iammaulumi
anaznanvasuesifaanoma laiald maiiuanugivasanaans (MC) axtanlu
Bosmsnanlaadn ualuszuuit ;ﬂ‘%‘ﬁ'ﬂéfaanﬁﬁuﬂszﬁﬂ%mwm‘mmJLawwzu’%nmma
nasvasraulowrintuuss lidasmslinmsnauifadduiusmwavionlaw Gazin
U%nmﬁlﬁ'@ﬁwmaﬁma R pﬁﬁ'ﬂfﬁaLﬁ'uﬂizﬁﬂ%mwmmamhﬂﬂwsl,ﬁummm
YaIrawaIae1g S, AN NINANIE AT U019 UaEY NS LaLa UG LWL IBI AN
718 (Longitudinal dispersion) Namimaaﬂugﬂﬁl 21 LRAIIN mummmgwaaﬁrgryﬁm
WamnavasansazaswamwalwinAndn Weldi5unavaniang S, G9ue 0.5 — 0.75
iaa507 tilesandaznasuaafsunamaioundu agnslsfiany woin winldusunas
vioudatng S, 3NN 0.75 HaddaT Ay mnemwazandad asnifianadenns
vasviaulauniplurie luduesdsanu gisonuduuwlinvesdyyruneasnalu
1#ea 7 Brix asenusnsazanaWesnaluin UAUWIAVIF Y I WA RN INEINILNNT
laviaual8819 S, USu1as 0.5-1.5 Jadaas ag19lsna1y wuindsunes Sz"?'i 1.75
daaaanduduly ldsygraemanvhiuninesoaanluiuacluasazaoihes
7 Brix et Q"’Si’ﬂ"lﬁl,ﬁaﬂﬂ%u’]mviamﬁaﬂ"m S, 1 1.75 fisdsay WarmsANaTLNINYaS

& Aa )
Haandsaanianagine
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Olnwater OIn7 Brixsucrose

~3 30
£ <1>¢<1>¢
® ©0 g
£ X
& o @
10 P —————————y

0.0 0.5 1.0 1.5 2.0 2.5
Volume of S, (mL)

%

311 23 ugasdnIwaveIlIuaTvieudadn S, nldeswasyuimnaaing 200 mg

[
v

PO,* L' Miasunludavinazars fa in (O) uag gIazana1aglasa 7 Brix (O

AnualIuNasriauans Sy e R WinNU 0.5 uae 0.1 UafaaT AINaaaanIInanad

4.5.3 @1A52970 PEDD

o

wa o & A A o 9 o A A A
W19 EI‘ﬂ"ILfL]u@la\‘lLaE]ﬂﬂ’l’mEl’]’lﬂﬁuluﬂ’]i@]i’l‘ﬂ’)(ﬂl% LANNESRY LWBRANLRUINIT

2

A a o ' A A R ° o
TUNIUAINNIQANABUEINNFTVDIADEN ta3psanlaalfiianadi) sidnasung
g@mﬁuuawawﬁamﬂﬂmagjﬁ 350 — 700 W1 llN@T A9thw Idnuikddaanldnaaale

1 d'l a =4 dll ni ) 094' ™ ' o
Toaitad ARULRIBWNIINIA FANNLIIAAUN 890 WIlNAT LTUNIAIUSILRILAZAIT

bLE

g wme V] oA & o AA a a
wanaNt gwﬂmaaﬂ L aLUY e NEYSeTneluuuia 18 lulasaas
A o oA o ' 4 o 3 & o AA a
lNa LA leTadaNANTATE I AN TaZ AN 8IIAIaN U Lraa auuy manadUsunasniale
au1a 80 lulasaas Lutmunz’uNUN13I@ Schlieren effect Lihada1nNUwIAVaIrian 8l
EraaNvwIalng sanavinldiianisnszansdlrvesvianlauiain uaz virlvsesdevas

RNIRZAUTANANUN LU TALI

4.5.4 NM13ANBIDNENAVDIDAIINI INA

gasnnTinaddninadanlnu i lunisTiasedt (Sensitivity) uazdiuin
@ . Aa & o A= A A o &
#18819N3LATIER (Sample throughput) 8@TIMTIMANANEH Aa 8asINT IAaluluaan
1 5 (013199 3) LHuduaeunNanvawaMInua lH191937370 PEDD ¥inmsdnsnadua
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.1 ] % c'- Y a {d‘d o s & %
1 - 10 mL min™ wui1 aasnsluadlwdranhluniiienevng susuninisia
iaanazwasina lun1Inaaadd E”ﬁi'mﬁaﬂé'mﬂmﬂmﬁ 5 mL min™ tHa937n laen

A1 wvbsl,umﬁmr]:ﬁua:ﬁ‘h WINA ii’]\‘]l%ﬂ’]i% L3N Z‘V‘Tﬁ ANNCRY

4.5.5 aandsniuanan1sanaznanzanaatsaNnadine

N”ﬁﬁ'ﬂ"[ﬁﬁ’mﬁﬁﬂmaﬂ%wamaammmeTumaomiawmﬂ CaCl, laa@nsn
slumo 0.04 — 0.12 mol L™ Namimaamamlmﬂw 24a WU NeNuTuTues CaCI2
doue 0.06 mol L 1luerwlyl & ammmmum‘ﬂ ’meu HIdBLRanANNNTUIEd CaCl, 7

0.08 mol L smLﬂummmemu‘ﬂmﬂmuwam:lm”lummmammaLGMNW@&W\I@

gﬂﬁ 24b LRAINANITANBIANTNRVAIAMNLTNTURITAzA1 8L WL WS
wan e e9ue 0.2 — 6.5 mol L™ wudn anuiudusadzntazastninasi 0.3 mol L
lﬁﬁ’lmmvl,ﬂumﬁLmﬁ:ﬁgaq@ fnTuanuduTuidIndt 0.3 mol L' 1k d1a2109
1JWiwas (Buffer capacity) MitNsawadansvinliarasnadunars wnldanududusas
@ &al a ! ' = P Aa A .
UWLWSS‘Y];;NLT]%VL?J FTFINRADNITANAZNDWLARLTINNDFLWG LHaIINNNENTWAIN lonic

{ & o & wua o o v @ o Y

strength NFIT A3t ;paﬂ?{?a"l,@Lﬁaﬂmmmeumaamsa:mwwLw 23N 0.3 mol L 3u
= ' P o & =
1 24c ugadAn pH VasanIazansway lutiantWwasnmanzanlunsanaznanLaaLgey
WasiWa wudl @1 pH Aanzaw fia 10 tesnnlidanyhlunsienzigige

g1382818 PVA 1lussaausssfnngrsinlwaznannaaifoanoaiva
meaaﬂma@mmvl,ﬁgﬂﬁ 24d UWERAINIANBIBNINAVDIANMNULTNTUEITAZAY PVA
I 0.02 — 0.30 % (Wiv) HANITNARBIUFAIAMUTNTUA 0.1 % (wiv) TenaanaTalu
mﬁmﬂ:ﬁgaq@ mslEanuitutusas PVA fnniiwly (ELw?i'f: fa ¥1NN31 0.1 %
(whv)) azdanarTi e wInaznanfiliadnaaiagasuasssnarnliiiansnszssussfian
woensenuluee aavi pﬁﬁ'ﬂ%ﬁ“aLﬁanmmﬂuﬁmaomsa:mﬂ PVA 71 0.1 % (wiv)
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0.20 7 a 0.22 o b
0.16 -
0.15 -
=~ =| 0.10 |
— -
21 0.10 r . — ©1o0.02
'é” 0 0.04 0.08 0.12 g’ 01 2 3 45 6 7
- [caCl,], mol Lt Ny [Buffer], mol L
> =
E 0.25 clE 021 4 d
> >
£ ]
> >
=| 0.20 A s
x £1 0.16 -
c =
()] [}
“| 015 - “1 0.1 -
0.10 —Tr—TTT" 0.06 r r r—>
7 8 9 10 11 12 13 0 0.1 02 03
pH of buffer solution [PVA], %w/v

5111 24 BnSwaw ﬂx‘i%LE]L’i]%@ﬂ%ﬂ’]i@]ﬂ@]xﬂ ammaLsfj'amwaawxlmiamm’m"l,ﬂumﬁmﬁ:ﬁ

e

(Sensitivity)

“aNINNGH Qﬁ%’ﬂ"[ﬁﬁﬂmﬂ%mmm DIF1IATANY CaCl, adtkd 50 — 200
a 1 dl nl a J 1 s ~ n:gl v
lulasdas nan1masad waasin WalRnd3anasgslu dsypraamaigadiueiy uaz
va v =1

asiNUTunas 100 lulasdas aeiu fI3uiiandIunasvasansazaiy CacCl, 1 100

lulavaay
o ¢ A Aa & 1 1
4.6 AMANHMVITTUL waznslszandiialiaszdaiagnelasi

gﬂ‘ﬁ' 25 LLam@T’Jashaé’tgryﬂmﬁvlﬁmﬂmm:mwawmmgﬁmzmwﬁm’m
ﬁmauazﬂamﬂm muldanmzfimnzaunasszuy SFPEDD Anawdu NNNAIZ N
maammzmUf{ﬁmaLl,az'vxlaaLW@]maUﬂqwﬁNm’mL“}T&J"ﬁulué‘mma @vdﬁ R1INSNEY
ﬁqmasgima G9UA 1-7 Brix ((signal height, mVy,) = (3.14%0.03)[Brix] + (0.14%0.13), r?
=0.999) LazaTazarygwarina faud 50 - 200 mg PO,* L ((signal height, mV,) =

a °

((1.8520.04) X10™)[mg PO,> L™ - (1.9610.51), r* = 0.999). @ad1nan133a L (Detection
limit, 3S/N) agjfi 0.5 Brix w8z 20 mg PO,* L AAaLfles (Precision) agfl 0.9% and
1.7% (RSD) Lfiaﬁ’mﬁﬁ@mm:mmwaummgmmaaﬁﬁma 5 Brix NU WaalWa 150 mg
PO,> L s1minsnagnsfisiamzdladatalus da 21 dradne
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w
=)

820

»J

N
o

=
=)

Signal height (mV,,)

800 4

0

o 1 2 3 4 5 6 7 8

[Sucrose] (Brix)

Signal (mV,,)

780

345

>

E

® 30
™ l

0 50 100 150 200 250

740 . . [Phosphate] (mg PO, L?) .
>0 100 150 o

Time (s)

3171 25 LLam@T'sazmé'mvapmﬁvlﬁmﬂmm:mﬂwaummgﬁmmhm{ﬁmaég‘[mmm:
WaslWea  A2NNLTNTW (i) 1 Brix + 50 mg PO,> L™ (i) 3 Brix + 100 mg PO, L™ (ii)) 5
Brix + 150 mg PO,* L™ (iv) 7 Brix + 200 mg PO,> L'" AMWunInuaaInI naIIzInees
miazmsﬁﬁmaﬁﬂma (UW) tazg1Iazaawasine (a19)

o347 7 LLammiLﬂ?wLﬁﬂuNﬁﬁLmﬁ:vfﬂ?mmﬁﬂmasﬂmmmzwamvxl@ﬂu
f2081989LAT1H 1% 5 G28819 nan1sataTzdugasliiAiuinszuy SI-PEDD
w"'@um%ulﬁwaaa@ﬂéfaaﬂ“’u’ﬁmmgm nin ldvinmsiezvaaetnalasn (15197 8)
wuin Wnaluruandsaiuiudednifieiondues fe senadasnuitanasau sl
WollSaufisunaiiazvnesia lagld paired t-test JraUAIULT N 95% WU
nadSouifinuenszuy SI-PEDD fudfunewiulinadlidanuuandisiuadneg
e d1A 1Y (f{ﬁmwasgiﬂia: tpsorved = 1.285, toiica = 2.306 T P = 0.05; WadLWO: fponeg =
0.005, L, = 2.178 T P = 0.05)
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P> a a ' oAV o a x> ' [ & o
AN 7 Lﬂiﬂ'ﬂL'Y]ﬂUﬂ']ﬂ'J’nJLLNHH']V]VL@Q']ﬂﬂ']TJLﬂiqzﬁ@naﬂqﬂﬁ\uﬂiqz'ﬂ I@ﬂl"ﬁjﬁ‘ﬂﬂ

{ o & @ A
SI-PEDD W@ 3% 1gunu3dunasgiv

Sugar (Brix) Phosphate (mg PO,* L™
Nominal values of
Our Refractometric Our Spectrophotometric
synthetic sample
method method® method method"®
_ . 5.16 X 0.05 197.7 £ 3.0
5 Brix+ 200 mg PO,> L' 516+ 0.14 (2.7) 202.7 £ 2.1 (1.0)
(1.0) (1.5)
7 Brix + 200 mg PO,* L’ 6.47 + 0.07 200.0* 25
. 6.42 = 0.12 (1.9) 199.0 = 2.1 (1.1)
(1.1) (1.3)
10 Brix + 300 mg PO,* 9.94 + 0.10 300.7 £ 25
p 9.79 = 0.14 (1.4) 296.3 = 2.6 (0.9)
L (1.0) (0.8)
10 Brix + 300 mg PO,* 10.27 £ 0.10 299.9 + 3.9
§ 10.44 = 0.22 (2.1) 303.9 £ 3.0 (1.0)
L (1.0) (1.3)
12 Brix + 300 mg PO,* 12.31 £ 0.14 300.7 £ 3.3

L-1

11.95 & 0.24 (2.0)

(1.1)

(1.1)

306.4 * 4.3 (1.4)

®Refractometer 30PX/GS. Mettler Toledo, USA.

PE.W. Rice, R.B. Baird, A.D. Eaton, L. S. Clesceri, Standard Methods for the

Examination of Water and Wastewater, twenty second ed., American Public Health

Association, Washington, USA, 2012, p. 4-155-156.

aaulwIduLaaInTouasduIluuINaI3 U (%RSD, n=6)
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4 a =) § H 1 v { L g
A19197 8 LaaINaILaTIzRUSualuiaSasaN s Tasltyzuy SI-PEDD NWaIIAI%

WisunuAtanasgu aaselwisduuaadrsasazdoiuuanasgiu (%RSD, n=6)

Sample Sugar (Brix) Phosphate (mg PO,” L™
Our Refractometric Our Spectrophotometric
method method® method method"’
9.55 = 0.11
Cola 1 12) 9.75 £ 0.05 (0.5) 341.516.1(1.8) 342.4 £ 36 (1.1)
9.09 £ 0.09
Cola 2 1.0) 9.14 £ 0.06 (0.7) 338.21% 1.7 (0.5)  347.6 =56 (1.6)
9.96 £ 0.13
Cola 3 13 9.82 £ 0.10 (1.0) 3405X7.0(21)  330.013.1(0.9)
9.73 £ 0.14
Cola 4 14 9.84 £ 0.10 (1.0) 377.7 = 1.8 (0.5) 3758 T 4.4 (1.2)
1.4
Sugar-free cola 1 nd nd 348.0 £ 5.3 (1.5) 351.7 = 1.4 (0.4)
Sugar-free cola 2 nd nd 34331 9.3 (2.7) 332.7 £ 5.3 (1.6)
Sugar-free cola 3 nd nd 356.0 £ 6.1 (1.7) 34741 6.0 (1.7)
Sugar-free cola 4 nd nd 34251 7.3 (2.1) 351.3 = 3.6 (1.0)

@Refractometer 30PX/GS. Mettler Toledo, USA.

°E.W. Rice, R.B. Baird, A.D. Eaton, L. S. Clesceri, Standard Methods for the

Examination of Water and Wastewater, twenty second ed., American Public Health

Association, Washington, USA, 2012, p. 4-155-156.
nd: not detected.

anavluaiiuusasafosanonuuaaIzIu (%RSD, n=6)
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4.6 STUUTLAINLTURDWLINT W a"'m%“fun'ﬁ"i’mﬂ%a\l']mﬁm']ag‘[ﬂsmmzﬂamﬂm‘lu

#100alagaIdgRANNITIANIINIYATNNIRUUNITRNLRLFIUILIMIDUAD
Aa o A @ 1 o ~ ¢ & I %) 1

s1sazatafdaasiinimuanadiani (@aswialwng uazn1sinanuuzas

aznanlasmnanagtlnlasiiladiinas

461 m‘saammu‘s:uumﬂﬂafﬂ EI‘IJ5$L§I%%”IT’I§1| LLﬂﬂﬁﬂﬁ’Uﬂadﬁa%T%%LLaz

[ A o U
wuImNIAla

nmnasasitlddnmaluuuiiauuesranlaui 3 wuy (dsusailugdn 26)
di v a dl s 094/ a QQ: 1 é
walfiadiunmasemnauazglaralasinisanaiasmsnisassiaiuaz lisuniuds
) ) A2 a a A @ (% A
Auuaziu Minesasidnwszuufiarmdoaduianti 2 uwy asuaasluglfl 13 2y A
(@TGLLE\T@NI%EUﬁ 13A) gﬂ‘l%ﬁm%'umsﬁwémvmaaviauimugﬂLmuﬁ 1 UaT 2 (AILFAI LN
UM 26) lavldTunaunisssdaurenloudiuaadlua1snf 9 uaz 10 szuu B (69
uwaaalugdf 138) gnlddmiumaiisdrauvenloudunud 3 lasldiuaauniiasns
AU aulouaILaadluva1Ten 11 nMsnaasdhldiiennisasiatamuialadailalas
I‘vﬂmﬁma§ﬁmwmaﬂ§uﬁﬁmsgmﬂ§uuaamﬂﬁﬁgm Ao 880 w1 lulNaAT FRIUTTLLD
RIMTEaNI 2 12Uy iRefaaunaifamaBifeulufudnuugniini anuenadud
A & oA = o “ 1a ¥ o & A &
WantegluthuiuasdananzauiumyiaUinashaaglasalaslsunngnisalsfisu

BWWAT
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1/ ifold A Sequence II / Manifold A Sequence III / Manifold B
To detector (syringe pulled down)
To detector To detector —
- - Ho [ s Jar] r2 [s] m Jar] no
ol r2 [ r [s]uo Ho [ar| r2 [s] ri Jar[s] no
L stackfor J To detector (syr ned up)
- i '0 detector (syringe pushed uj
L Stack for phosphate analysis Ju Stackfu: . - sucrose analysis yringe pi P.
sucrose analysis
Slug S “ Ve o [ s Jar] r2 [s[ rt [ar| no
. L Stack for phosphate analysis
A e - E F] I Syringepulleddown 5 | Syringe pushed up
14 14 Yol
o 2 10 g 10 I
H H |
£ £ 06 £ 06
: 3 H [
Blank - < 02 ; < 02 L_
(Water) 02 02 T t
0 25 50 75 100 N 5 100 150
Time (s), Time (s)
B F H 3 H
14 14 14 o Surose {
" o.75440.003)
g 10 g 10 g 10
S Sugar Sugar § §
;: 0.6 1 (1t peak) _1 (2 peak) -g 0.6 osfg;;eo;l § 0.6
4-Brix sucrose | < 02 | 021020001 0-13310.002 Qo024 r] AN <02 .
0.2 -0.2 ™ T ™ ol 0.2
[} 25 50 75 0 25 s0 75 100 [ 100 150
Time (s) Time (s)
c G H K £
14 14 w 14 B
g 10 s 1.0 g 10 I
H I_P’D‘ 5 P,0, H | P,0,
£ o £ o o 2 o . 205
100-mg PO, Lt § o6 0.434£0.003 5 o8 0.725£0.003 5 0f | 0.714+0.001
2 02 < 02 2 02 i (
0.2 0.2 T T 1
0 25 50 75 75 100 [ 50 . 100 150
Time (s]. TlmLIE)
° ! ' ha
Sucrose
14 4 70.75420.00 i
4-Brix sucrose @ 10 8 & 10 ¥
+ 3 Sugar s cidence with sugar) H ¢ i oo
4 8 o-incidence with sugar] 3 PO Y 1 .05
100-mg PO L% § 06 1 (1 peak) 0.556+0.003 5 205 - | 0.71440.002
H 0.207:0.002 2z 0.659£0.008 2 .
202 2 2 02
0.2 0.2 4 - \
0 25 50 75 0 25 50 75 100 [ sor | 100 150
Time (s) Time (s} Time (s)
' '
o a0 v = a

311 26 usaIAIBENS

RN

1

AAIMNITUUD

LWL TUALLY A WAz B (

U

u

7

13) ilald

Sreuriaulauzduuuf 1 (A fis D), Sauvieulsugiuuud 2 (€ G4 H) uaz Sauriaulou

EﬂLLUU‘ﬁI 3(89L)
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P> & o a A a a A o o
139N 9 VUG UNTITNNIBVDITEUUDEAIULTLRDULIATULLL A (Eﬂqﬂ 13A) FIAILUNIT

sivdaurieulsuguuuf 1 (3U1 26)

Step  Action SP Position of SV Volume
(1) Flow rate® (puL)
1 Aspiration of water 16.25 C-SV-P6 2,500
2 Aspiration of R2 11.25 C-SV-P4 104
3 Aspiration of R1 11.25 C-SV-P3 104
4 Aspiration of sample plug 11.25 C-SV-P7 50
5 Dispense all liquid plugs to the 1 5.00 C-SV-P2-D 2,758

detector and waste

Total analysis time is 70 s.
2 (1) forward flow direction; (1) reverse flow direction
b Flow rate in mL min

C: 200-cm coil (1 mm i.d.). D: Detector. Pn: port position. SV: selection valve.

P> & o ~ a A % A o o
139N 10 VUADUNTIINNTIUUDITEUUDLAIULTERDWLIATULLL A (Eﬂ‘ﬂ 13A) RIRIUNIT

sivdeuriaulsuguuuf 2 (3U1 26)

Step  Action SP Position of SV Volume

(t1)2 Flow rate® (pL)

1 Aspiration of water 16.25 C-SV-P6 2,500

2 Aspiration of air plug 11.25 C-SV-P1 55

3 Aspiration of R2 1125 C-SV-P4 104

4 Aspiration of sample plug 11.25 C-SV-P7 20

5 Aspiration of R1 11.25 C-SV-P3 104

6 Aspiration of air plug 1125 C-SV-P1 55

7 Aspiration of sample plug 11.25 C-SV-P7 50

8 Dispense all liquid zones to 1 5.00 C-SV-P2-D 2,888

the detector and waste

Total analysis time is 100 s.
2 (1) forward flow direction; (T) reverse flow direction
b Flow rate in mL mint

C: 200-cm coil (1 mmi.d.). D: Detector. Pn: port position. SV: selection valve.
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dl aqa/ o = a a s ai o s
AN 11 VUADUNITNINIUVDITEUUDLAIULTL D WLIATULLY B (E'ﬂ"ﬂ 13B) R1AIUNIT

sivdaurieulsuguuuf 3 (3U1 26)

Step  Action SP Position of SV Volume
(1) Flow rate® (puL)
1 Aspiration of water 16.25 C1-SV-P6 2,080
2 Aspiration of sample plug 11.25 C1-SV-P7 50
3 Aspiration of air plug 11.25 C1-SV-P1 55
4 Aspiration of R2. 11.25 C1-SV-P4 104
5 Aspiration of sample plug 11.25 C1-SV-P7 20
6 Aspiration of R1 11.25 C1-SV-P3 104
7 Aspiration of air plug 11.25 C1-SV-P1 55
8 Aspiration of water 13.00 C2-D-C1-SV-P6 1,700
9 Dispense all liquid plugs to the 1 5.00 C2-D-C1-SV-P2 4,168

detector and waste

Total analysis time is 120 s.

2 (1) forward flow direction; (1) reverse flow direction

b Flow rate in mL mint

C1: 30-cm coil (1 mmi.d.). C2:100-cm coil (1.59 mmi.d.). D: Detector. Pn: port position.

SV: selection valve.
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4.6.1.1 éﬁ@?'uviauimugﬂLLuuﬁ 1

fauvieulauzduuun 1 szuvfiarwdoauuy A azgariauiia
WUA (R1 wa R2) émsumaatansinaswariiunsdiansuwiniadn o luaass
Wusnauusn faaueienigarian S Fepnaduiin, msazmwﬁq‘[mammm‘fwiu 4 Brix,
81382818 P05 LTWTW 100 mg L' w38 mia:mUmam:v\iwmiazmﬂgiﬂiaLﬁuﬁu 4
Brix L&z 81382818 P,0s LTNT% 100 mg L™ ﬁﬂﬁwamauisﬁugmmuﬁ 1 10uaeh Aa
H,0/R2/R1/S/H,0 viaulauninyafazgnuanlufianisasstnaiielieanainaasduas
o 4 A A e A > ! A A 9o &
Inathgiatasmialaslnlafiinesiieasiaia sygradimiganiuusaudaldinduvan
S uaaaaIgUfl 26A njtaninldi dsyyransisuudasdsadndesliafiouny
% 6 d' [ a 6 o [ d' Y
syananusta 37 268 usasdy g mrisurisiw 2 syyrm leltmazavglasa
\TuTW 4 Brix 1Jurion S s 1mwaIwinIgadioannsafauiniusasnanazing
A A A a o A o
lousasanazatsglasailonfauiiiiud1a31970 JUNIWA 26C UAAIRTYYIMNTT
@@ﬂﬁuuawaamil,%asfauiwﬁuﬁﬁuuglﬁammzmsl P,0O5 LTNT% 100 mg L’ E]ﬂl“fo]%
viaw S 3w 2D LLamé’tytyﬁmﬁi'@wvlﬁl,ﬁamia:malwammdwsﬁmmmzwaaLWmQﬂ
Ifiduriou S drygmusnluguf 2D Aedyanmsfisurivesglasa (0.207£0.002 abs unit)
A ' [% o o [ { . '
Fafldlndifuanudygrusdisurisuusnluglf 2B (0.210£0.001 abs unit) ad13laAd
é’mumﬂmﬁaao‘lugﬂﬁ 2D Lﬁm’mmﬁ’;uﬁ'wuaaé’tyty']mmﬁLsuﬁmﬂéﬂmml,a:é'tyty'}mm
=) U =) Aa o d U 1 ot {
mIganduiaInanidaulufudiuug Sausasldannanudassyyimlugla 20
uaz 2C (Ah = 0.122 abs unit) felnaiAsnudyyrmrdisurinaedlugyd 2B (0.133 abs
unit) @371 lanaanuaY JygimdnIganauussrasmnditaulufudiuugniald o
o A A ea A v o v & . o ' A A = '
Tudyyrwiriisuwiiifeanglesalidae dinudrauvenlougdunun 1% 3974
mm:awE%’l%%’ﬂﬂ’lii’@sgiﬂsal,l,azwaaw\l@LLUUW%ﬂNﬁu W0931nn17Ia81INg 2 aha

TUNIUTINWUAZAW

4612 éﬂﬁ'uviaulmugﬂLLuuﬁ 2

FLULTLAIWLTER A ﬂi‘imgﬂl*’ﬁ“’l,um‘smaaaéﬁé'uﬁ@ma%m%’umsgmmnﬁa
é'ﬂa"’m”miauiémgﬂl,muﬁ 2 é’oLLa@alugﬂﬁ 26 éwé’uviaulsﬁugﬂLLuuﬁl%ﬁau S WU 2

o

riaw viaulou S viauwsngnialiagiznineiialaud R1 uaz R2 vieuamagnlad
: a & ' . = o @ ) a A
Tzn31951019Ud R uazvien S vieufised drduveuloujdunun 2 de
air/R2/S/R1/air/SIH,0 JUN 2E usasdryyrmdiniganauusiialiiidurion s anwa
MINARDIREAR LI IRaFyIMIwalng 2 FYUIBALAAIINTa®EINA WaNINTHL
gefidrdyaimnisganiuuaavinny 0.1 lasdszunm dnsudrauvienlauves
. . 1 a J Qq: { ‘I/g/ ' | ] g
air/R2/S/R1/air A1n13ganduuaaialiunsg aldinduriau s thasananulaiduiiie
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a [ 1 o v A a 6 A 'U
Wennuvasviaunlousasasazansvinliiasnniasasailalasinladiaasifanviniauas
a 1 A & €dq' a X = o A ¥ v v .
LAFNNIAANRWUEIDY m@msmummumwauﬂumahmiazmmsgiﬂsaLmumu 4 Brix
\Juvian S @”ﬂLLamlugﬂ 26F 3171 26H LLamé'ryru_ﬂm@hms@@ﬂﬁuLLmLﬁaifaﬁiazaﬁﬂ
Nam:%dwizm'}aﬁmmﬁmﬁ 4 Brix uazWasmWald Nt uiTut% 100 mg P,Os L' 11
Vgt S MNNAMINARBIAINAILAK LN mms@@ﬂﬁuuamaomn%a%auimﬁuﬁﬂfuug
1 1 { a { a z a 1 1 :‘
Vl,m'umummi@@ﬂﬁuumﬁm@mﬂﬂﬁngmirﬁﬁﬁnuﬁﬁmmumntmaUmaizmnm
uwazanIazauTlatavadvion airS/H0 auaadldanddyanmsiiouinialdlugl 26H

(0.190+0.008 abs unit) delniAnsiulugii 26F (0.189+0.001 abs unit)

2
a A

ﬂﬁiﬁ'@éﬁ@”ﬂﬁauisﬁulugﬂLmuﬁ 2 4 f8 air/R2/S/R1/air/S/H,0 a:¥inlwen

a

u/ a 3 a a a n&/ 1 o 1
RUUIWNITAAN ALY aamsmmaﬂwauauwmw bNAVWIZHINRTYTYN mmm@lmy SR

[ qQ q

ViawU IV aw LN AN AN I LU @”al,l,a@a@i”maﬂﬂﬂugﬂﬁ 26G siavlﬂn’jwﬁfu;gﬁwmi

U

a A

maaq"l@i”wmwmmig@ﬂﬁuummaamu%asﬁaﬂwamﬁfuug‘ﬁ'l,ﬁmnﬂmiazmﬂmmgm
WoarlWaLNgIaE9La7 (gﬂ‘ﬁ' 26G: 0.725£0.003 abs unit) HAFININAINNIQANAULEFIVD
mn%wﬁ’aﬂu§uﬁﬁuu§ﬁ|ﬁ@mﬂmsa:mﬂwamwdwﬂamﬂmuazghm (gﬂﬁ' 26H:
0.659:0.008 abs unit) anngidutnmznnaunuatsliddszdninmwasluvioulau
293 R2ISR1 Liasananuniiasasssazansglasas aglsfddymiosudlaldlas
mMItAvANEvesindinssfifatfiunisuauniwasluvianlouwlwdbedu wdnns

widymidroitianaviliresdesznivasazasglasauazinlddalausnad anivia

(2
A
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TyuazWartNanNTa NN

4613 éﬁé’ﬂﬁauimugﬂLLuuﬁ 3
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21 D9 2L enutedan lunsten anuwiluasNanyiawlawy adgINInIaINNINGInass C2
';jéi"mnai'ﬂﬁﬂﬂ%'a NABINTIN0HE C1 NIUTLANTWINRILAS LAATY NIINANYIAWEITHY
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Unngmsatzfuinnglss 3Uf 26K Sfygrmdinmigandsussiifiaanandaton

a a w { a g 1 o 1o 0/ { a 1 :
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\iadunatuaauniIgauazuan Ui 261 Sdygimdiniganiuuaidszanm 0.1 abs

da X L - . e e YA X
unit MAAYUITHING FYYIH 2 FYLIMIINYIOUBINIALTUNY FY Y1 AN UHIINAIT
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4.6.2 NMIRIENTILNRNITANDDITZUY

4.6.2.1 Y3na1@0e19uazana

NaTaIlTINaTVaIvian S sluﬁm”miauimugmmuﬁ 3 "Lﬁgﬂﬁﬂmnﬁalﬂﬁm
a1 (sensitivity) wag 739289ANNLTULEUATI (linear range) NANIZRN RANITNAAEY
LRAIAIAITINN 12 INNANIINARILRAW TN aRNUSINaTBaIr1Te2a19a1a70 1)

- . 5 L ¥, C o ox oy
YRINTIATIZR (ANMNTUVBIFNNTLEFUATI) HANANNINDUUAUTU QTN VT U R FINA
T t90 UL T B UATIAAR wamimaaaﬁlﬂumﬁauﬁ‘uﬁamsfﬂégimauazwaawxl@l

d'l £ a 6 1 I U ni Y o (2
LB A LA T8I T AT IR LA TR UL D WL AUATINIANIZ RN ;dmmimaaa"l@

\ianyIunasdiadnem 50 pL uaz 20 pL dwiumyiaglasauszwasiWaandau

HavaslTanaTvasviauamalagnAnmlunimanasiidis diunasvasvan
anmanlsanen@e 8, 24, 40, 55 waz 104 pL laltUSuasviauanates fe 8 uay 24
uL wudn viesemaazuaniduriawiang dauala %RSD g4 Aa fd1u1nndn 10

dl V1A 1 n:gl d‘y vV o =)
%RSD azanadiilalflTuiarvasrianemeanndu lunmaassds grinnimesadiian

a \ A & A ° ) a = A o &
UJu1a3v9viawaINIFN 55 ML L UANLANIERUFIRIUTEUUDLAIULTL AN WV

61



A1319N 12 WY aoll'%mm@”aaﬂﬂwiamwvlw 29IMTATIZR AT 19NN T UL FUATS

ﬁ%ﬁﬁ%’ﬂﬂ’\ﬁ@sﬂmal,l,azwaawxlsl PYUADWNNTYININUVAITZUUTLAIUL T RDWLIAT LU B

(3U7 13B) dwiunssisdaurianlaugduunf 3 (3UN 26)

Sample volume (L) Linear equation

Observed

linearity range

S for sucrose determination?

25 y = (11.49+0.16)x102 x — (5.1+0.5)x1072, r> = 0.999
50 y = (19.34+0.18)x102 x — (4.840.5)x1072, r> = 0.999
75 y = (28.74+0.12)x102 x — (6.1+3.0)x1072, r? = 0.995
100 y = (28.4640.14)x102 x — (1.8+3.3)x107, r> = 0.993
S for phosphate determination®

10 y = (3.0440.06)x107 x — (3.44+0.7)x107, r?> = 0.999
20 y = (5.514+0.06)x107 x — (2.1+0.6)x1072, r?> = 0.999
50 y = (12.340.2)x10°° x — (2.4+1.9)x1072, r? = 0.999
100 y = (18.0£0.6)x10°° x — (4.145.7)x1072, r? = 0.996

0.5-5.0
05-50
05-4.0
05-4.0

20 - 200
20 - 200
20 - 200
20 - 150

2S: volume of plug S in stack H20/S/Air of sequence 1l
®S: volume of plug S in stack R2/S/R1/Air of sequence 111

4.6.2.2 003N I AR

;&”ﬁ'}msw@aaavl,@i”ﬁﬂmwamaaé’mwmsvlmlum”u@auﬁ 8 LAY 9

(@15199 11) lnvaeitmualisanmslnaluduaeud 1 uaz 2-7 feneefi de 6 waz 1.25
mL min”" NaNIINARBILEAIIRIABINAT %RSD (mmzmwgimmﬁuiu 3 Brix, 31%42%
§29819 = 10 §28819) RNdwRBILEnTos Ao 910 2% 1T 3% 1iosanislnalu
duaand 8 tWaswan 1.19u 3 mL min" 1asanslnainduwin 5 waz 10 mL min
Wudn 61 %RSD iAndulasUszunondu 6% Lﬁaaﬁnﬂ‘ﬂ'aummmmmflmiamﬁﬂ6]
lagtanizagrefsiasninislnauinnin 5 mL min" 9anean1Imanastiadn HYinns

A o A .19 o & A
maaamaﬂa@mmﬂ%aﬂ 3 mL min” 8MAIUVUADUN 8 LaT 9

f1aunau pjﬁﬂmsﬂ@aaaﬁﬂmé'@mm‘svlﬂamawzu@auﬁ 91
2.5 Uz 5 mL min” gij”ﬁ’mﬁmaaavl,&iwuﬂ'mmﬂmaa'ﬂ'aummﬂmaawgaaaaé'mfmﬁvlmaﬁ
dnwn anwlimasmsienzfideldsasnislnal 5 mL min” (Abs = (5.99£0.15) x 107
mg P,0s L — (4.0+1.7) x 10?) §dtounindniesialdsasinislnad 3 mL min" (Abs
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= (6.8410.04) x 10 mg P,O5 L — (2.6£5.0) x 10?) agna'lsia HYinmImasadiansan

ni P | A Al a 6 = 1
M3 HaN 5 mL min” 13899 AN LT IANTIATIZHLESINGD

4.6.2.3 aNNTNTUIARARAFIRTUMTIAN RN G

AMNMINUNMIWITIWNTINALALITIINLIN 8ATNEIUIZNING [H'] 6 [MoO,?]

1 094/ 1 4 v a v a a v a g ]
AITNANAILE 45 19 80 (pH 0.36 - 1.06) Lﬁ'aiﬁawsLmamauTwaumuwugLﬂ@muamaauyjmﬁ
uazfaInwnITLAe self-reduction VBIRNILTITOULEIAE Qﬁﬁmimaaﬂﬁ”ﬁﬂmwamad
AN NTRVaINIATaNISA (R1) lasldanuidutusesansazaslufuiaandf fa 9.7
mmol L™ #an1snasadlugii 3A wud anwhlumialienzdiassudannuduiuves

a & v o A v @ A 1 AL @ ‘
nIAAINIY {YinnInanadliananuLiuTuYaInIah 0.6 mol L lasfidnaanain
AINANIT1IGH Aa 62

NYNNNINA809 LaANBINAYDIANNLT NI BT INTALaFAa TN LT T wa33GE

2

T R2 @9uL6 0.02 89 0.3 mol L Namsmaaﬂugﬂﬁ 3B URAIIMABINAN ITaIn1T
a & A & & v v a A & & ' = -1
AanzdiingaduiisnnutuduseinsauasnaSniAingIiuaue 0.02 fia 0.1 mol L
athalsfdilaanududuveinsagininnidy 0.1 mol L anuhzasmsdiansziedautdis

AN ;‘Jl”ﬁ’mﬁmaaaLﬁaﬂ@hﬁmm:amaammLﬂTwaTu*’nmmmLaaﬂaﬁﬂﬁ 0.2 mol L™

4.6.2.4 HAMITUNIBVIINONaTRADY 9 UazBaING

2
o a

¥ o a & R TR v o oa A

wananindasfiasalsznaunaniduianaglasaudy gsfliaariiadug
vussddsznauludSurmiuandr9snudn As ﬁwmwaﬂgiﬂa (ANULTUTY 0.28 —
0.98%(w/v)) uaztanangalas (ANUTNTU 0.31 - 0.70%(wiv)) Mrathavhdasnllums
nanaItazgniieans 4 vihdrnidaun1liamsd denudiuinuenausaailadlu
o ) A A v A, v o i\ add o 4
dratangnidansudafidilasyszunm 0.25%wh) gnisnasaswudn IR
Indftanansanudamasumuzasihaanglawazwialasldtisanududu 0.3%wy) lu
datINilies uazauIanudanissuniuzasihananglauazsalasldatinnududu
1.2%(wiv) lualatnananiiaad Qﬁ']msmaaammsna‘gﬂeﬁmauaLmﬂmvl,mﬁlu‘sz@”u

ﬂ’J’mwafuﬁdﬂEi’]ﬂ&ii?l.lﬂ’)%ﬂ’]i’?Lﬂ‘i’]xﬁﬂ%u’]mqiﬂialuﬁ’]5985?83§%§L3%ﬁ

%ﬁmmLﬂumssumuﬁ'éﬂﬁfya%m%’um‘sf@waawxlméﬁﬂﬁﬁiwﬁuﬁﬁfuug USum
sanafnulwinseslasialudenlagyszanmie 600-800 mg SiO, L™ Ananaaasle
AnmanusuTalumInunssumusasdinadamianesmnalasifnuas lidunsa
n1n1355n%9171 w813 masking agent AANULTNTH 0.016 mol L HaN13NA8INLIN

63



U Y Aaa dl 1 ada 6 dl A 6 a A
anuduTugaiinagigan lisunuwitienzinesala liidunsaniiniinda 2,000
. 1 A Y Y o Aaa d'VL ' ada 6 A a 6
mg Si0, L vaienanudududfiinagegadn lisuniuwisianzinemnaiiaidunsanis
a . _ v & A { o &
3nAa 4,000 mg Si0, L' 3NANANIINARBILEAI IHLABINITANAUMDURINITANUAT
JUMUINTALNG b lwanaut T wuasgatnanwulwinadaslasna i las ldsndudaadu

&17 masking agent

46.2.5 qmé‘ﬂumwaﬁxuuLLazmiﬂixqﬂ@ﬂ“ﬁ

szuumﬂ,mLmus‘fﬂ,mm%m@ﬁLLamlugﬂﬁ' 13B fivawdulniiianunsnta
USunmglasauazWasina ldluasadsaniu @T’saﬂné’mqumsg‘[mmm:waaLW@]ﬁ’S'@VL@T
LLET@NFL%E‘IJ;II 27A maginsuneldzsniiziwanzavesszuunmyive aun1guass
ﬁ%m{umﬁLﬂiwzﬁﬂ%mm@mmmzwamvxlmamd’ogﬂﬁ 27B U8z 27C @NK1AU B9
AT W EUATIVBIRUNITAS 2 LG mu’]muﬁ'ma’mrﬁwﬁumaasgIﬂiaLLa:WaaLWmﬁwu
Twihdag ﬂ"lm’mLﬁuiu@%ﬂq@ﬁi'ﬂvlﬁmaaﬁgimaﬁa 0.2 Brix (3S/N) uazvasnaainafa 5.4
mg P,0Os L™ (3SD of blank/slope) @hmwmﬁmwadizuu(%RSD) fe1 3.2% 18ald
mmzmmglmmfuﬁu 3 Brix uaz Jen 2.7% aldasazaroWasvadudu 100 mg
P,0O; L™

Qﬁ'm'ﬁmaao"l,@'ﬁ'@ﬂ%w’]mﬁmaua:ﬂamﬂmluﬁﬁamﬁm’m 9 a1at1g A8

ad A o g = v ad a a v
'Jﬁl‘ﬁlJ‘YlW@Ju’]“lluL‘ﬂEI‘iJﬂfLI'JﬁSJ’W]iE’TH; Naﬂﬂ‘iﬂ@ﬂaﬂLLﬁ@ﬂl%@]’]i%‘]ﬂ 13 fﬂ"lﬂﬂ"liwlﬂll“llaﬂa

o
[ A

2891935l uazAFunasg ud1835a0@ paired ttest Wud1 NaN1IAILAINZHVEING 2 35
Tnalduandenuadn @i Aty (T10I topseve = 0.38, tua = 2.31, P = 0.05; Wasiwa
tobserve = 080’ tcritical = 2317 P= 005)
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Syringe pulled down

Syringe pushed up

Absorbance
1.8 4
Sucrose
14 . ’ 200 mg P,0O, L?
z Brix 150 mg P,0, L
Brix
1.0 3 Brix — L 100 mg P,0, L
0.6 4 2Brix _| — 75mgP,0; S
’ 1 Brix 50 mg P,0O, L?
0.5 Brix 20 mg P,O L!
0.2 - blank blank
T—ons
-0.2 T T T T 1 Time (s)
0 20 40 80 100 120
B
Absorbance Absorbance

1.2

0.8
y = (19.10+0.11)x102 x -
(5.6+0.3)x10?

r2=0.999

0.4

0.0

0 1 2 3 4 5 6
Concentration of sucrose (Brix)

1.2

0.8
y=(5.61+0.22)x103 x +

(3.4 + 2.5)x10%2
r2=0.994

0.4

0.0
150 200 250

0 50 100
Concentration of phosphate (mg P,0; L)

U7 27 ugRIRIE ALY MNTA kN TIHNIAITIUA LA M ITIaaN Tz BN T3

rﬁmmmzﬂamﬂ@

P> a & 1a g/ g/ v [ IS A
MN199N 13 Naﬂ'mmi’]z'ﬁﬂ‘smmmmaﬁmmmzwamvxlmiumaaslmmzuummumﬂa

A o J ad v a
NWRIIVWBLERSITDNNDY

Sucrose (Brix)

Phosphate (mg P2Os L)

Sample
Our method Refractometry? Our method  Spectrophotometry®
S1 144+0.8 14.0+0.3 311.7+143 3085+11.4
S2 149+0.8 15.2+0.7 321.2+149 317.7+ 6.4
S3 140+0.6 13.8+0.3 309.3+14.9 308.2 +£10.3
S4 13.3+0.1 13.8+0.6 359.7 £18.9 358.8 £ 14.6
S5 13.7+0.2 146+ 0.7 366.9 +£12.4 362.1 £11.9
S6 143+0.1 13.9+0.6 352.6 £ 14.3 347.8+12.4
S7 143+0.1 14.0+0.3 357.3+18.0 356.6 +£18.3
S8 141+0.2 13.7+£0.6 340.7 £10.9 3416 £16.1
S9 15.4+0.2 148+0.1 359.7£14.3 368.1+ 8.4

2 Refractometer 30PX/GS, Mettler Toledo, USA.

b Molybdenum-blue batchwise method [23]
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4.7 HAAN¥INII I IZUUTLAIWTARDLANT LA C4D NI INAUNRANNII laTzine

[l H [ H [ =y %) ‘g { ‘4
Lmuv[u‘l%lﬁmﬁanmmﬁmmﬂsmmmsnmﬁaﬁﬁmuqui%vl'm

4 @0 a v 4 a & ' o o o
Lﬁa"l@mswus'ﬁ'l,mul,%aaaumnmummmqﬂmnﬂmzmmmﬂu c4D 1Tuen93737a
A Qs ad o (% d? A d? a 6 v A .
Lwamweumaﬁmfnmmimqumumaimﬂmﬂaulumma@lvl,aumsj A8 sulphite
wannsfe shderwdoaduantwanviinfousadnal lnsanvind §ATeany sulphite
;:lI 1l 6 a | & (% >3 A g/ d!
mglu"l’m viardu SO, Gmizmslvl,@mﬂmmuzmaﬂnﬂau%muaza:mmaﬂummmsq
ayj”l,uﬁﬂm"nuzmaﬂﬁyﬁ'ﬂaaammuz AN TIZUUTLAIWT A D WLANTULNAAITN AT
uhgthaanllasraian c4b nuduisnisaatanuuluidnunulaulezsed TEAwe
ﬂ'msﬁ'ayﬁﬂslm:éi‘uvluimﬁmwhﬁfu LaIN1IAIa LaaslFr e diduadtulassinaiag
Tneatin Tl R rannIT TN ILNIN N ED ﬁwé’a%’uI@ﬂLﬁuﬁquiansamﬁu
n 1 nqu 1eaanaian c4D azldFygradiuin 2 gadionuandlainaden (UM 28)
ﬂng"’?ﬁ?’yL&%ﬂﬂﬂi&%’ﬁdﬂiﬂﬂﬂﬁ@igﬂﬂ@yi‘*ﬁl,mu y HUNATINYDIFTY YT RNIRDIAINETD
' . A £ = . , o o kg = & !
wud aw'lha (sensitivity) 1ANIUAINT 3 ez ldvhnanmsiidszgndniuhtawu i
lenaNaaanaditnNITIAaN98IuuUN ML uNILTY (RINNTDENWANLAN LA bUNAIY
DOI: 10.1039/c7ay018799g)

a. Zone sequence

SIA
- system

A csassuagsnaad TOEUBR. o ooooonn oo TG

‘

V£ Water Alr
1 Air A2 A Air

| carrier or (215pL+ carrier or | )'
85ul. S 215 pl;

100 (185 pL)(100 pl) ceh (100 uL) (215 pL) HO00) \ :

= To detector

________________________________________

b. Signal profile
5.0 1
4.0 1
3.0
2.0

C4D signal (V)

1.0 1
0.0

0 10 20 30 40 50
Time (s)

Adl o Qs 1 L3 1 . . = ) a
31]7] 28 (a) m@mlaamumaom‘smmmnlumw holding coil Va3 BLAIWLDLRAW

LaNT% WAz (b) ANHIAVBIF YN LA I win@ITURNWEN C4D
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4.8 ﬁnﬂﬂnﬁs‘l%tteiu1ufﬂs%ﬂLﬁamsmuquﬁﬁmamﬂ‘wawaamgmﬂ

Tuiuildpanuuunsnaaa AN AN NaWMUILEY microchip RIUYINANT AR
sIvasnahasaunaluies draaizUn 15 uazldimmaesasldineaiuguiiananig
Inavasaymanuiminugualsnislinszusvasesnarfudaunsasmudd lnasen

o a & v A A a o @ A o o A A A
WWunadeanu g3ldssdntnanildeuniaafendasoadedldlidvininisdanns
aunauzIuaasluzauna Juienlditninianayniaiianisiazinanzauni
atn9lsnduazuananitaslainunu microchip @9naNIN ERILMINARILNATANNTIA

Qs v a U LY o a 09/, Qs et Y s { té
wavlalafudroitrgeaissiruddiy lagldvinsfanidiasaialingdn 20 sudu
mslgwaialoudahuas shusinszdudadnss llduninuTamnazasraiauu microchip

Y v o = ) =] o o A % o > & ! o
i louishussdnidunibianmdadoinu wihdTuusangesnmaudniasllia
é a A s v aAaa v L &
TaUJATenilFUHATeN Sandell and Kolthoff u§riawgaalsaiauduad Ce (Ill) T3azuds
HiwauUTu el iodide Twaa0819 99 iodide ¥insiniiluaaisslud §iTen Sandell and
Kolthoff myiaszauvasmanivhuimdudausazildldannu’a nia sensitivity Ngs uas

o < A o A e v A a &4 = P
lumsdaassitldifa sensitivity daunisifianiauuungeanissiauddsaziianalings
a X a a [ Aq o A & o . A A
Beiulddn uazdniinsiauuunldnisganfuusizesansasdu (@rutnadyldlu
https://doi.org/10.2116/analsci.34.161).

(a) (b)

Spectrofluorometer .
- -
5 |

Fiber optic cables

- ——aen

/ Fiber optic cable \
/| & ) ™ X 3 \

/ élack box \

Syringe ;)Ilmp"

t:l Aa <& 6 1 . . [ . A =
;nJ‘n 29 (a) ﬂ’]i@l@]@ldqﬂﬂimLLNu microchip NU syringe pump NIRTILANURZNTT
Y @ o 6 ¥ o o< 1o ¥ . . a <
sl,wangaaﬂLimsnumLLﬂUIULLﬂMWLL&Mﬂ}JLL@lmml‘*ﬁnu microchip (b) N3IAAA
& ' . oA o X @ o | A L. .
qﬂmm (c) LRAILLWNY microchip waiwmuwsamzqmtmm MC 8z D @@ mixing coil

LLae detection area
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Unn d ﬂ?ﬂﬂﬂﬂ'\‘iﬂﬂaaﬂ

[
A v AA v

6 d'l 2 di o o
nwidphiiiaguizssdiiesanuuuuazainnaissasraiaaninnsin i
wuuad WA ldaneanua1sazans wia FLWSA (Capacitively coupled contactless
conductivity detector #38 C*D) #1IUNTHUINWIBLAZI WA TAALTARLAALADAFIATL
udayalunisifiedvlen tuwingianlanaassanudulyldlunisly c'p dwmiuns

04 a a v dll 4 1 1 1 4 s di 1
TaaumaradafiuaIeisiaied C°D atede wudl C*D MmanInianainfeunused
apmarud I lduazay g mnslnihees ¢'D Nalddssunuinuamavetaymea
@28 TuAaN Qﬁﬁ'ﬂﬁﬁﬂmsaammu c‘D LLmﬂ,miLﬁalﬁmm:auﬁm%‘umsfﬂagmﬂ

' ¢ < A a 4 A = a '

YUIALUATOW LTW LTARLAALRDN ANNLAREY C'D Naanuuulnih Aa J3zuzrng

L ' Y X . .
eI IWAL N9 16 Tuasaw CD NaanuUULAZFTII WL AN BRINITDIALAZTILLN
& ' ~ ' o o ' A
2110289140 polystyrene UU1AE1 9 NuzIuassaglugsazarndwinadldiduadned

Qs L @ Yo { Qo J Q =3
ﬂ@]vlll E’Jﬁ]EJVL(ﬂu’] CcD ﬁwwmmu"l,ﬂmaamumiazmwawﬁaﬁmmﬁa@um

Tuaudspdlanamwiszuy I Manuy “aseaduianstuazwi lada” wia T hate
. . . g I ﬂq: & a v 1 %
(Cross Injection Analysis #38 CIA) YutTuasiusn JInfalaineninn1sanediaiuides
A et v J § s e o e o 1 =3 § Qs
BULANTHUIN CIA F3TWNER IR A NTUNTINEIaRAATUIALANLNENNTATIITL
o s 1 | a 2 s &/ > o
wazdmiunnauasmMelurezmnaidnidanaliened ldgniawdulasandonannis
wuguonaialnaduansiesun lads wia towlote (Flow injection analysis W3a FIA)
\ = { o & t : L e . .
28141978 52U CIA AN@WLRTTBLANAN19NNLAZ T2UL Sequential injection analysis
A [ p‘f A (>3 1 = 6 A (23 1l I o [ ¥ @ ]
w3 SIA a9t fia 32U SIA AzgasImstvuazTialaudfiazaatadudauldidhanag
Turialasru selection valve waz syringe pump nIHaNvadasAeluviaausarinle
lasnigananvieusasssiinaanaulduinais g seu deufisznananinaaiing
A [ . A o ' a & o
10384077970 8819130 3TUD CIA 13dnatuaziialaudazgnaatngrialuai
voanulasld peristaltic pump wUUBA8Tad G4lUnI10U auauiiiaannisla
peristaltic pump TWATuWUU stopped-flow mode AzT8lRa1TABENILAZTL0LAUA bl lnanaw
AULAILAZNURITAINI JULU CIA @adn3I TN uduA peristaltic pump §INIUNNTQAETT
adnuLAIasdanttluszuuiaasninluszuy multicommutation 35n3insIvaLRa L1
CIA Lﬁﬁ;jviaﬁfml,mﬂ@i’mmﬂ’ﬁ SIA U8z multicommutation l3zUU CIA 8136288190A23L8
v 1 (% & [ (% % %
wudazgnaaid lunmaluuwiuny y luarudeanudadunandonunsnanasd
W lrauwILn® x ATMTHEIanTiuanwausih KIaN38nIN cross-flow Az¥ihlRasarading
LATILBLAUALNIEI W IRaNINY o luuw LN x kaztiansuannurinlva il luns
a 6 q' J & 1o [ (% % ] A d'l
Aanziinngidu Gelidndudasgananviousnsnais g seu indlouluszuy SIA 1la

a A o . . . . . vo o
LI UINYUNUIL VY multicommutation LLas multipumping technique 3UU CIA I GRER)
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reagents in flow analysis, Talanta, 110(2013)89-95.

6.1.2 P. Saetear, K. Khamtau, N. Ratanawimarnwong, K. Sereenonchai,
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This work presents a new flow injection strategy, called ‘cross injection analysis’ or CIA, an alternative
cost-effective approach in flow analysis. The flow platform is made from a rectangular acrylic block,
approximately 5 x 3 x 1.5 cm (x x y x z), with crossing cylindrical channels drilled out along the x- and
y-axis of the block. The outlet from the single x-axis channel is connected to a detector flow cell. This
channel is filled with the carrier solution. The flow in the x-axis channel is driven by a computer
controlled single-channel peristaltic pump. The multiple y-axis channels, running perpendicular to the
x-channel, are connected to a multi-channel peristaltic pump. These channels contain the sample and
reagent solutions that flow across the intersection zones of the channels. To mix the sample and
reagent with subsequent detection of the reaction zone, flow is applied along the x-axis channel, while
flow in the y-axis channels is stopped. We successfully demonstrated the validity of the CIA technique
by the spectrometric determination of Fe(Il) using 1,10-phenanthroline and the speciation of Fe(Il) and
Fe(III). To place the CIA technique within the context of flow analysis, a brief overview of the evolution

of flow injection analysis and its later innovative development is included.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Following the first report of flow injection analysis (FIA or FI)
in 1975 by Ruzicka and Hansen [1], there have been a tremendous
number of research papers published on new developments in
this area [2-4]. FI can also be operated using the so-called
‘reversed-FI' (rFlI) [5,6], in which the reagent is injected into a
flowing stream of the sample to improve the sensitivity over
normal FI mode [7]. In 1990, Ruzicka and Marshall introduced
sequential injection analysis (SIA or SI), the second generation of
FI, that is fully controlled by the computer [8]. In SI technique,
metered amounts of sample and reagent(s) are sequentially
aspirated, through precise control of selection valve and the
syringe pump (plunger in filling mode), as stacked layers into a
holding coil. Finally, the reaction zone is propelled (plunger in
delivering mode) to the detector. Ruzicka also proposed the lab-

* Corresponding author at: Department of Chemistry and Center of Excellence
for Innovation in Chemistry, Faculty of Science, Mahidol University, Bangkok
10400, Thailand. Tel.: +66 2 2015122; fax: +66 2 2015127.

E-mail addresses: duangjai.nac@mahidol.ac.th,
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0039-9140/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.talanta.2013.02.012

on-valve (LOV) technique that extends the feature of sequential
injection to provide liquid handling in microliter and
sub-microliter levels of sample and reagent(s) with a microfluidic
platform made of acrylic or other polymeric material attached
atop the selection valve [9-11]. The microfluidic platform accom-
modates connecting ports, working channels and flow through
detection cell. The LOV technique is often called SI-LOV or
uSI-LOV [12]. In 2004, Grudpan proposed an alternative cost-
effective approach to SI called lab-at-valve (LAV) [13]. Liquid
handling in LAV utilizes a syringe pump similar to the SI concept.
However in LAV, there is no replacement of the stator plate of
selection valve by the precisely machined microfluidic-platform.
Instead devices such as in-house potentiometric flow cell [14] or
pipette tip, as SI liquid-liquid separator [15], are attached or
plugged directly onto the port(s) of the SI selection valve.

Cerda et al. proposed ‘multi-syringe’ (also written as ‘multi-
syringe’) flow analysis or MSFIA in 1999 [16]. The basic system of
MSFIA comprises four syringes that are connected in a block to
the same stepping motor. A three-way solenoid valve is fitted at
the head of each syringe for selecting the flow path (reservoir or
analytical flow path). These valves are commutation valves that
can be separately controlled without having to stop the
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movement of the syringe plungers. MSFIA is a versatile technique
and the basic system can be modified to add on other compo-
nents, such as solenoid valve(s) for sample introduction to
eliminate carryover of sample in the syringe barrel [17].

Reis et al. introduced ‘multicommutation’ flow analysis (MCFA)
[18]. MCFA is a continuous flow strategy that utilizes computerized
control of three-way solenoid valves and a peristaltic pump to
insert sample and reagent plugs into the liquid flow path. In the
arrangement of the MCFA system, the pump is placed at the end of
the flow line after the detection cell and only a single pumping
channel is used. Later in 2002, Santos and others from the same
laboratory presented another strategy called ‘multi-pumping’ (also
written as multipumping) flow system (MPFA) [19]. In MPFA, a set
of solenoid micropumps are individually controlled by a computer
to propel sample and reagent(s) by time-based or a pulse counting
approach. With suitable arrangement of micropumps, use of
solenoid valves and peristaltic pump is thereby eliminated.

Recently in 2010, a group in Japan [20] presented a hybrid system
of FI, SI and multicommutation called ‘simultaneous injection-
effective mixing analysis’ (SIEMA). A SIEMA system consists of a
syringe pump as the liquid delivery module. One part of the three-
way solenoid valve fitted to the syringe head is connected to the
analytical flow path by a four-way cross-connector. The system also
has separately controlled three-way solenoid valves for introducing
sample and reagents into the central flow line when the syringe
plunger is pulled down (reverse flow). The reaction solution is later
pushed into and out of the mixing coil for detection (forward flow).

In this work, we present a new flow analysis technique called
‘cross injection analysis’ or CIA. The CIA platform has one channel
as the analytical flow path (the x-axis channel) and four channels
(y-axis channels) perpendicular to this channel. These channels
are drilled out of an acrylic rectangular block. Both ends of the y-
axis channels are connected with tubings to the same set of
rollers of a peristaltic pump to form four flow lines. In CIA, the
sample and reagents are introduced into the analytical flow path
of the platform (x-axis channel) via individual pump tube con-
nected to the y-channels of the platform. Unlike the SI and the
multicommutation techniques, liquid introduction in CIA is
simultaneous. We employ the cross-flow mode to improve the
mixing to achieve desired sensitivity. Although CIA may be
similar to the SI and the multicommutation in the way that liquid
zones are inserted into analytical flow path of the system, the
pattern of liquid flow in CIA is different to these previous
techniques due to the platform design and the employed
cross-flow. We exploit the characteristic of the peristaltic pump
in which rollers are in ‘press’ mode when the pump is stopped.
Thus pressure is maintained during the stopped-flow period
holding the liquid inside the tubing or connected channels with-
out the need to use syringe pump or solenoid valve as in the SI or
the multicommutation techniques, respectively. In this design,
using a peristaltic pump, with eight pump tubes placed on the
rollers, is equivalent to operating a set of eight solenoid valves.

2. Experimental
2.1. Reagents and samples

All chemicals used in this work were AR grade. Deionized-
distilled water was used throughout all the experiments. Stan-
dard stock solution of Fe(Il) (1,000 mgL~') was prepared by
dissolving an accurate weight of 4.98 g iron (II) sulphate hepta-
hydrate (Fluka, Switzerland) in 1.00 L of 0.05molL~! sulfuric
acid. Standard stock solution of Fe(Ill) (1000 mg L~!) was pre-
pared by dissolving an accurate weight of 4.71 g iron(Ill) sulfate
heptahydrate (Sigma-Aldrich, USA) in 1.00L of 0.05molL~!

sulfuric acid. These stock solutions were calibrated against a
certified atomic absorption standard (1002+2mgL~! Fe) as
Fe(NO3); in 0.5mol L~! HNO; (Merck, Germany) for accurate
concentrations of iron. Working standard solutions of Fe(Il) and
Fe(lll) were freshly prepared daily from the stock solutions by
serial dilutions with 0.05 mol L~! sulfuric acid. Acetate buffer pH
5.3, used as the carrier in the CIA system, was prepared by mixing
81.50 mL of 2.00 mol L~ ! aqueous sodium acetate solution with
18.5 mL of 2.00 mol L~ acetic acid in a one liter volumetric flask
and making up to mark with water. The hydroxylamine solution
was prepared by dissolving 19.8 g of hydroxylamine hydrochlor-
ide (Merck, Germany) in 250 mL of water. This solution was used
to reduce iron (III) to iron (II) in the determination of total iron in
the speciation analysis. The reagent for Fe(Il) was 1,10-phenan-
throline (Merck, Germany) in acetate buffer.

Five commercial products of multivitamin tablets were used in
the validation study. Finely ground sample was weighed accu-
rately (0.1 to 0.5 g) and dissolved in 100.0 mL of 0.05 mol L~
sulfuric acid. After constant stirring for 30 min, the solution was
centrifuged for 15 min at 3000 rpm. The supernatant was then
filtered through a cellulose acetate membrane filter (0.45 pm).
The filtrate was directly aspirated into the CIA system.

2.2. (CIA platform

Fig. 1a is a photograph of a CIA platform, which is made from
Perspexm. Fig. 1b shows the dimensions of a regular platform
with cylindrical channels drilled out using computer controlled
drilling bit. The CIA platform has a main channel, designated as
the ‘x-channel’, for the carrier stream. The crossing channels
(labeled 1-4 in Fig. 1c) are drilled perpendicular to the x-channel.
These channels are designated as ‘y-channels’ and are used for the
sample and reagents solution. We can reduce or add y-channels
according to the number of reagents required. For determination
of iron, we used the CIA platform as shown in Fig. 1 with four
y-channels.

2.3. The manifold

Fig. 2 is a schematic diagram of the CIA flow-manifold employed
for the determination of iron (II) and total iron. An Ismatec
peristaltic pump (model ISM843, Switzerland), designated as P1
with capacity for accommodating eight pump tubes, was used for
simultaneously filling or withdrawing the sample/standard (S) and
the three reagents (R1, R2 and R3), in the y-channels (channels 1 to
4) of the CIA platform. P2 is a peristaltic pump used for driving the
carrier solution (C) through the x-channel (designated as channel
5 in Fig. 1c and in Fig. 2). For this work, we employed an Ismatec
pump (model IS7610, Switzerland). The system was also equipped
with an Upchurch valve, V (model V-101L, USA). When the valve is
set at the ‘open’ position (solid line), the flow line of the CIA
platform in the x-direction is connected to the detection cell of the
detector D, and then to waste (waste 2). When the valve V is set to
‘close’ position (dashed line), the carrier solution flows out of the
platform via the y-channels to waste 1. A Jenway spectrophotometer
(model 6450, UK) with 1-cm path length flow-through cell (Hellma,
USA) was employed for absorbance measurement at 510 nm.
Labview™ program, version 8.0, was used for data acquisition of
the signal from the detector. An in-house CIA electronic board was
built to control the peristaltic pumps P1, P2 and the valve V using
software written in Visual Basic 6.0.

2.4. Investigated operating procedures

In this work, there are two operating procedures that were
investigated as shown in Table 1. In procedure 1, flow in the
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Fig. 1. (a) Photograph, (b) schematic diagrams of CIA platform with external
dimension and (c) flow directions of liquids.

x- and y-channels was applied alternately. In step 1, pump P2
loaded the buffer carrier solution for 10 s into the x-channel of the
CIA platform, with pump P1 stopped and valve V in ‘open’
position. In step 2, standard iron solution and reagents were
simultaneously loaded into the CIA platform via channels 1 to
4 for 10 s, with switching valve, V, in ‘close’ position. Solutions in
the y-channels flowed to waste 1 (Fig. 2). Using the flow rate of
1mLmin~', ca. 167 pL of liquid is dispensed in each channel
during the 10 s loading time. In step 3, the switching valve V was
set to ‘open’ position and flow of the carrier solution restarted.
The plugs of sample and reagents at the four intersections of the
channels were driven along the x-channel. The zones were mixed
as they flowed to the detector. The flow was maintained for 50 s.

In procedure 2, we operated the system using simultaneous
flow in step 2. That is, in step 2, both pumps P1 and P2 were
operated. As described above valve V was closed, the carrier
solution in the x-channel thus flowed out along the y-channels to
waste 1. The sample and three reagents flowed along the
y-channels in cross-flow manner. Precise control of the pumps
ensured that this loading process was reproducible giving good
precision for analysis (see Section 3.5).

3. Results and discussion
3.1. Selection of operating procedure

3.1.1. Sensitivity

We tested two procedures as given in Table 1 to operate the
CIA system (Fig. 2) for monitoring the reaction of iron(Il) with
1,10-phenanthroline. In Fig. 2, solutions of 1 mol L~! hydroxyla-
mine hydrochloride, acetate buffer (pH 5.3) and 0.015 mol L'
1,10-phenanthroline were employed as the reagents R1, R2 and
R3, respectively. Standard Fe(ll) solution (5 to 20 mg L~ Fe(ll))
was placed in the S reservoir for construction of the calibration
curves for both procedures. The flows of reagents and standards
were driven by the peristaltic pump P1. The flow of acetate buffer,
carrier (C), was driven by peristaltic pump, P2.

The two procedures gave linear calibrations with comparable
correlation coefficients (r>~0.99). However, repetitive operations
showed that the sensitivity of procedure 2 was greater than
procedure 1 (see Table 1). The simultaneous flow in step 2 of
procedure 2 had flow-characteristics that resulted in better
sensitivity. Therefore, experiment was carried out to investigate
this effect.

3.1.2. Flow characterization at the crossing-zones for the alternate
and simultaneous flow mode

In order to investigate and compare the loading phenomena in
step 2 of the two operational procedures in Table 1, the rapid
formation of the pink color of 1,10-phenolphthalein with base
was employed. The CIA system with the configuration shown in
Fig. 2 was employed. The flow rate was set to 1.0 mL min~". In
this particular experiment, pure water was loaded into all the
reservoirs, C, S, R1, R2 and R3 (Fig. 2), and then pumped to fill all
the channels. Pumps P1 and P2 were then turned off. The carrier
reservoir (C) and sample reservoir (S) were then filled with
0.003 mol L~! phenolphthalein and 0.4 mol L~! potassium hydro-
xide, respectively.

When studying the alternate flow mode, the CIA system in
Fig. 2 was operated using a different procedure to that given in
Table 1. First, valve V was switched to the ‘open’ position (solid
line), and pump P2 turned on for 20 s to fill channel 5 (x-channel)
with the phenolphthalein solution. Valve V was then closed (dash
line). Flow to channels 1 to 4 was then applied using pump P1.
We began to see light pink color at the intersection of channel
4 and channel 5, indicating the arrival of the hydroxide solution
Fig. 3a. The color became more intense as the flow continued.
Fig. 3b is the photograph taken after 38 s.

The experiment with simultaneous flow was carried out by
again first filling all the channels with water. The carrier (C) and
sample (S) reservoir were filled with the phenolphthalein and
potassium hydroxide solutions, respectively. Valve V was
switched to ‘open’ position. Pump P2 was turned on for 20 s to
fill channel 5 (x-channel) with phenolphthalein. Valve V was then
set to ‘close’ position. Flows in the x- and y-channels were then
applied simultaneously by operating pumps P1 and P2. Similar to
the alternate flow mode, light pink color began to develop at the
intersection of channel 4 and channel 5 (see Fig. 3c) and became
more intense (Fig. 3d after 38 s). When compared with alternate
flow mode (Fig. 3b), the length of the colored zone resulting from
the simultaneous flow was significantly longer (Fig. 3d). Besides
flowing directly across the intersection of channels 4 and 5, the
KOH solution in this channel was also pushed by laminar flow
along the x-channel towards valve V.

Using this simultaneous flow procedure, there is a larger
volume of the crossing solutions injected into the carrier stream
(x-channel). This was confirmed by the greater sensitivity observed
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Fig. 2. Schematic diagram of the CIA flow manifold. P1 is the peristaltic pump with four flow lines for the sample S, and the reagents R1 to R3. P2 is the peristaltic pump
with single flow line for the carrier solution C. V is the switching valve: solid line ‘open’; dash line ‘close’. MC is the mixing coil, 45 cm in length. D is the
spectrophotometric detector. Insert shows a CIA signal profile for standard Fe(Il) solutions, 0-20 mg L~ 1.

Table 1

Operation procedures investigated for the CIA system in Fig. 1 and the resulting calibrations.

Step  Process (flow pattern in CIA platform)

Duration (s) P1 P2 \%

Procedure 1: Loading of sample and reagents using alternate flow

1 Carrier loading (flow: x-direction only) 10 Off On Open
2 Sample +reagents loading (flow: y-direction only) 10 On Off Close
3 Zone flushing to detector (flow: x-direction only) 50 Off On Open

Repeat step 2-3 for next sample

Calibration equation: As;o=(0.050 + 0.005) mg L~ Fe(Il)+(0.090 + 0.074): r*=0.991

Procedure 2: Loading of sample and reagent using simultaneous flow

1 Carrier loading (flow: x-direction only)

10 Off On Open

2 Carrier+sample and reagents loading (flow: x-direction and y- 10 On On Close
direction)
3 Zone flushing to detector (flow: x-direction only) 50 Off On Open

Repeat step 2-3 for next sample

Calibration equation: As;o=(0.073 + 0.003) mg L' Fe(Il)+(0.041 + 0.039) ): *=0.995

in the analysis of Fe(Il) when using procedure 2 (simultaneous-
flow mode).

Furthermore it could be observed (Fig. 3a and b) that the
pink color for the alternate flow in step 2, was less intense
than the color developed using the simultaneous-flow for
loading (Fig. 3c and d). The laminar flow in x-direction
dispersed and elongated the zones of liquid flow at the inter-
sections of channels 1 to 4, enhancing the pre-mixing between
iron(Il) and reagents in x-channel. Thus, we selected proce-
dure 2 in further experiments.

3.2. Zone sequence

In flow-based technique, the sequence of the sample/reagent
zones may affect sensitivity. We examined two sequences
as given in Table 2. In sequence a, the leading zone is
1,10-phenanthroline, followed by buffer, hydroxylamine (the
reducing agent) and finally the Fe(II) standard solution. The zones
are separated with zones of buffer carrier. In sequence b, the
leading zone is Fe(ll) standard solution, followed by hydroxyla-
mine, buffer and finally the 1,10-phenanthroline. It was found
that the slopes of the calibration lines obtained from the two
sequences were not significantly different. However, we decided

to use sequence ‘a’ since this sequence follows the sequence of
mixing in a batch procedure.

3.3. Effect of channel diameter and use of mixing coil

Platforms A, B and C were made with various sizes of the
channel, as shown in Table 3. The diameters of all channels for
platform A and platform C are equal; that is, 2 and 3 mm,
respectively. Platform B has the same size of the channels as
platform A but with channel 4, the sample line, being 3 mm.

A series of iron(Il) standard solutions were injected into the
CIA system to compare the performance of the three platforms.
The results in Table 3 clearly show increased sensitivity with
increasing diameter of the sample channel (channel 4). Increasing
the diameter of the channel increases the volume of solution
introduced into the CIA platform. Thus by increasing the diameter
of channel 4 from 2 to 3 mm in platform B, we increased the
volume of iron(Il). However increasing all the channels’ diameter
from 2 (platform A) to 3 mm (platform C) did not improve the
sensitivity because the volume ratio of the solutions remained the
same. In this work, we chose platform B in further experiments.

Using the CIA system in Fig. 2, the effect of employing a mixing
coil placed before the detector was studied. The length of mixing
coil was varied from 0 (no coil) to 90 cm. Injections of iron(II)
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Fig. 3. Characterization of flow pattern of the crossing-zone using phenolphthalein (@) and KOH solutions. Fig. 3(a) and (b) employ alternate flow mode with flow only of
H,0 and KOH for 22 and 38s, respectively. Fig. 3(c) and (d) employ flow of the phenolphthalein and the H,O/KOH channels (simultaneous flow) for 22 and 38s,

respectively.

Table 2

Zone sequence and linear calibration equations.

Zone sequence

Calibration; correlation coefficient

Phen

Buffer

C NH,OH

Fe(l1)

Fe(ll)

NH,OH

C |Buffer

Phen

As10=(0.033 +0.004) mgL~" Fe(Il)+(0.011 + 0.046); r>=0.994

As10=(0.034 +0.001) mgL~" Fe(ll)+(0.047 + 0.017); *=0.994

C, buffer: acetate buffer pH 5.3; NH,OH: hydroxylamine hydrochloride; phen: 1,10-phenanthroline; D: Spectrophotometer (510 nm).
Note: Diameter of all CIA channels was 2 mm.

Table 3

Effect of channel diameter on the sensitivity of the CIA system in Fig. 2.

CIA platform Channel diameter (mm) Calibration; correlation coefficient

CH 1 (R3) CH2 (R2) CH3 (R1) CH4 (S) CH5 (C)
A 2 2 2 2 2 As10=(0.033 + 0.004) mg L~" Fe(Il)+(0.011 + 0.046); r*=0.994
B 2 2 2 3 2 As10=(0.074 +0.001) mg L~ Fe(Il)+(0.040 + 0.002); r*=0.999
C 3 3 3 3 3 As10=(0.029 + 0.002) mg L~ Fe(ll)+(0.068 + 0.017); r*=0.997

CH: channel; C: carrier; S: iron standard/sample; R1, R2, R3: the reagents for iron(II).
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solution (5, 10, 15 and 20 mgL~' Fe(Il)) were carried out in
triplicate (n=3) for each coil length. It was found that sensitivity
was enhanced with use of a mixing coil. The sensitivity increased
with increasing coil length up to 45 cm. The highest sensitivity
was achieved for the 45-cm coil, and was employed in the final
flow manifold of the CIA system.

3.4. Concentrations of 1,10-phenanthroline and hydroxylamine
hydrochloride

The concentration of 1,10-phenanthroline (R3) was varied
from 5x 1073 to 1.5x 10 2mol L~ . Iron(ll) solution, at the
maximum concentration (3.5 x 10~4mol L~ 1), was injected into
the CIA system. The peak heights were constant for all concentra-
tion of the reagent, showing that 1,10-phenanthroline was in
excess. The 1.5 x 102 mol L' 1,10-phenanthroline was selected
to ensure sufficient excess of this reagent.

Hydroxylamine hydrochloride (R1) was used as the reducing
agent for Fe(Ill). A Fe(lll) standard solution, 20 mg L~! Fe(IIl),
was tested with various concentrations of the reducing agent
(0.5-1.5mol L"), and the peak height measured using the
manifold in Fig. 2. The signals were constant and independent
of the concentration of the reducing agent. The 1.1 molL™!
solution was selected to ensure complete and rapid reaction.

3.5. Analytical performance in the determination of iron(Il), iron(Ill)
and total iron

When the CIA system in Fig. 2 was operated under the optimal
condition discussed above for analysis of Fe(Il), calibration was linear
in the range 5-20 mgL~! Fe(ll) [As0=(0.0705 +0.002) mg L'
Fe(I)+(0.031 + 0.011): *=0.995]. The limit of quantitation of this
CIA technique for Fe(ll) was 0.2 mgL~' Fe(ll) (10 blank/slope),
which is comparable to a multicommutation-based flow system
[21] and a sequential injection method (SIA) using the same
1,10-phenanthroline reagent [22]. Since introduction of sample and
reagents into our system is discrete, the volume employed in our
method is therefore approximately three times less than in conven-
tional FIA method for analysis of iron [23]. The consumptions of
sample and reagents of the CIA system are 167 and 501 pL,
respectively. This method provides throughput of up to 60 samples
h~'. With use of the electronic control, we could achieve precision
with %RSD less than 2.6 (for 15 mg L~ Fe(Il), n=10).

The CIA system in Fig. 2 was also tested for its capability in
speciation of Fe(Il) and Fe(Ill). In order to determine only the
Fe(Il) species, the flow line for the hydroxylamine hydrochloride
(R1) was replaced with water. The concentration of Fe(Ill) can be
found by subtracting the concentration of Fe(Il) from the total
measured concentration of Fe. Table 4 shows that there is good
agreement with the spiked amount and the measured value of
Fe(II), Fe(Ill) and total Fe. The CIA system had good recoveries for
all the iron species, as shown in Table 4.

Multivitamins also contain essential elements including I, CI,
Ca, Mg, Fe, Mn, Zn and Cu. Using the sample preparation

Table 4

Results obtained from speciation studies of Fe(Il) and Fe(Ill) in four spiked solutions.

procedure, concentrations of salts of the elements in the final
solution are approximately 0.225 (KI), 36 (KCl), 162 (CaHPO,), 100
(MgS0y,), 2 (MnSOy), 20 (ZnSO,4) and 1 (CuSO4) mg L™, respec-
tively. We therefore investigated whether these salts may inter-
fere in the analysis of iron. These salts were separately added to a
standard solution of 5mgL~"! Fe(ll). There was no significant
difference in the signal observed when compared to the pure
Fe(Il) standard even up to 1500 mg L~ . Addition of mixture of
these compounds at the levels expected in the final solution also
gave no change. Therefore the CIA method for Fe(II) is not affected
by common salts found in multivitamins.

3.6. Application to multivitamins

The developed method was applied to the determination of
total iron in multivitamins (Fig. 4). Four different brands of
vitamins (A-D) were analyzed in triplicate by CIA. The iron
content found by our method is close to the label values except
for brand D. However the results of the CIA method are compar-
able with those using flame atomic absorption spectrometry
(FAAS). The paired t-test also confirm that the results of the CIA
method are in significant agreement with the results of FAAS at
95% confidence level (ts.=0.16, tit=2.20 ). The disagreement
between the analytical results and the label content of iron for
brand D may be due to the product itself.

The recovery of iron measurement in multivitamin tablets was
investigated. We found that the recoveries of our method were in the
range of 90.1-107%, indicating good accuracy for the CIA method.

3.7. Utilization of peristaltic pump

From the aforementioned literature, there is wider application
of syringe pumps in Fl-based/FI-related techniques due to its
robustness, with precise and accurate fluid control even at
microliter levels. Operation of a syringe pump can be completely
automated with good reproducibility. Other types of pumps have
been used in flow analysis to replace peristaltic pump: e.g.,
double plunger pump, employed in ‘stopped-in-loop flow analy-
sis’ (SIL-FA) [24] and in ‘all injection analysis’ (AIA) [25]; solenoid
pump [19]; piston pump [26]. In principle, these pumps provide
consistent flow rates; they are suitable for heavy duty tasks, such
as continuous monitoring in environmental or industrial process
analysis. Although peristaltic pump has some drawbacks, it is still
effective in the implementation of many flow-based techniques,
including sequential injection analysis [27-29], all injection
analysis [30], and stepwise injection analysis (SWIA) [31,32].
In this work, we employed the principle of peristaltic pump, by
which the flow of liquid inside the flexible pump tube results
from the alternate motion of ‘press’ and ‘release’ of rollers on the
pump tube. If this motion is stopped, the flow ceases. We utilized
this nature of the peristaltic pump in CIA both to flow and to
retain liquid instead of using syringe pump coupled with selec-
tion valve or solenoid valves.

Spiked solution Added (mg L~ Fe) Determined value (mg L~ ! Fe) %Recovery
Fe(II) Fe(III) Total Fe Fe(Il) Fe(III) Total Fe Fe(II) Fe(III) Total Fe
A 3.00 12.0 15.0 2.81 £0.06 12.8 +0.21 156 +£0.24 93.7 107 104
B 5.00 10.0 15.0 5.48 +0.11 9.05+0.19 14.5+0.22 110 90.5 96.9
C 7.00 8.00 15.0 7.32+0.15 8.70 +0.19 16.0 + 0.29 104 109 106
D 9.00 6.00 15.0 8.54 +0.17 6.65+0.13 15.2+0.21 94.9 111 101
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Fig. 4. Total iron content of four brands of multivitamin tablets (A-D) determined
in triplicate by using the CIA system and by FAAS.

4. Conclusions

Most of the later flow analysis techniques, including CIA,
exploit some of the concepts of FIA. However there is a major
difference between CIA and SIA. In SIA, the sample and reagent
zones are aspirated sequentially into the analytical flow path,
with the need for selection valve and high precision pump, such
as syringe pump. The mixing is usually enhanced by introducing
flow reversal a few times in the holding coil before delivering the
zones to detector. However, in CIA, we aspirate sample and
reagent at the same time into the platform through the x- and
y-channels using multi-channel peristaltic pump. We utilize the
constant pressure maintained during the stopped-flow mode of
peristaltic pump to retain the liquid inside the tubing, eliminating
interference into the carrier stream. CIA requires only a multi-
channel peristaltic pump for liquid delivery and for maintaining
the system pressure. Thus, the number of hardware components
in CIA is less than in the multicommutation technique.

The introduction of liquids into the analytical flow path of CIA
is also different to that of the SIA and the multicommutation.
When we simultaneously aspirate the sample and reagents
through the y-channels (no. 1 to 4), we also aspirate at the same
time the carrier flow through the x-channel (the analytical flow
path). Some of the sample and reagents are partially dispensed at
the y-outlets of the platform. This cross-flow results in prior
mixing inside the platform, leading to a significant improvement
in the sensitivity. Therefore flow-reversal as in SIA is not needed.
Moreover when comparing with the multicommutation and
multipumping techniques, we do not need to alternately aspirate
sample and reagent slugs to form a tandem zone. The software
command lines for CIA are therefore shorter and simpler. In CIA,
we can modify the flow path simply by changing the tubing and
the cross platform. In long-term use, CIA requires less mainte-
nance costs than SIA, multicommutation and multipumping since
the system consisted mainly of low-cost consumables such as
pump tubes, tubings and the acrylic platform. There is only one
switching valve that may needs the maintenance from time
to time.

The CIA platform, with the four crossing channels, employed
for determination of Fe(Il), can also be applied to other analysis
employing spectrophotometric measurements. The number of
cross channels can be reduced or increased to suit the number

of reagents. The CIA technique is a simple system that can be
employed by other researchers working in the field of flow
analysis.
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This work presents the simultaneous determination of sucrose and phosphate by using sequential
injection (SI) system with a low cost paired emitter-detector diode (PEDD) light sensor. The PEDD uses
two 890 nm LEDs. Measurement of sucrose in Brix unit was carried out based on the detection of light
refraction occurring at the liquid interface (the schlieren effect) between the sucrose solution and water.
Phosphate was measured from the formation of calcium phosphate with turbidimetric detection. With
careful design of the loading sequence and volume (sample-precipitating reagent-sample), simulta-
neous detection of sucrose and phosphate was accomplished with the single PEDD detector. At the
optimized condition, linear calibrations from 1 to 7 Brix sucrose and from 50 to 200 mg PO,>~ L™! were
obtained. Good precision at lower than 2% RSD (n=10) for both analytes with satisfactory throughput of
21 injections h™! was achieved. The method was successfully applied for the determination of sucrose
and phosphate in cola drinks. The proposed method is readily applicable for automation and is found to
be an alternative method to conventional procedures for on-line quality control process in cola drink

industry.

Crown Copyright © 2013 Published by Elsevier B.V. All rights reserved.

1. Introduction

Light emitting diodes (LEDs) are commonly used as a light
source for portable spectrometers due to the low power consump-
tion and brightness [1]. Their emission spectra are rather narrow
(about + 40 nm), allowing specific selection of wavelengths with-
out an expensive monochromator or filter. However, LEDs can also
be used as a light detector [2,3]. Paired emitter-detector diode
(PEDD) is an inexpensive optical sensor that consists of a pair of
LEDs where one LED is used as a light emitter (LED emitter) and
the other LED as a light detector (LED detector). Use of PEDD as
detector of light is attractive in terms of costs, size and broad range
of wavelengths from UV to near-infrared region (ca. 380-900 nm).
Unfortunately, LED as detector generates very small photocurrent.
Diamond's group [4-6] demonstrated the accurate and precise
measurement of the photocurrent using a threshold detector and

* Corresponding author at: Department of Chemistry and Center of Excellence for
Innovation in Chemistry, Faculty of Science, Mahidol University, Bangkok 10400,
Thailand. Tel./fax: +66 2 2015127.

E-mail addresses: duangjai.nac@mahidol.ac.th,
dnacapricha@gmail.com (D. Nacapricha).

timer circuit. The principle is based on measurement of the time
taken for the photon-induced current to discharge the reverse-
biased LED from an initial 5 V to 1.7 V. Later, another approach was
proposed by using direct measurement of the voltage generated at
the LED detector [7,8]. This method is very simple and convenient
employing a common pH-meter or a digital multimeter with high
input impedance.

The use of PEDD for absorbance measurement has been
reported as early as 2004 when Diamond et al. employed the
device as optical sensor for colorimetric analysis of dyes for pH
measurement [4]. Since then, application of PEDD detector has
been broaden to environmental field such as detection of heavy
metals [9] and phosphate [10] in water samples as well as to
bioanalytical field, such as detection of hemoglobin [11] and
alkaline phosphatase activity [12-14]. PEDD has also been adopted
as a detector in post column HPLC [15] and IC [16,17]. Recently,
PEDD compatible with optosensing films has been developed for
sequential injection (SI) system [18,19]. Prussian Blue film was
used as a model optical chemoreceptor to detect hydrogen
peroxide [18]. Determination of glucose in serum was demon-
strated for this application [19]. With different configurations, the
PEDD can also be used for fluorescence detection. The first report

0039-9140/$ - see front matter Crown Copyright © 2013 Published by Elsevier B.V. All rights reserved.
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of LED as fluorescence detector was in 2010 for the determination
of quinine in beverage drinks [20]. Another application of fluoro-
metric PEDD was the detection of calcium using complexation
reaction with calcein [21,22].

The phenomena of light refraction and light scattering are
alternative detection methods useful in analytical practice, especially
with colored sample. This is because they can employ wavelengths at
which that the colored solution does not absorb the light. Detection
of light refraction at the liquid interface (the schlieren effect) was
employed as detection in liquid chromatography using deflection of a
laser beam [23] and in capillary electrophoresis [24]. In addition, the
schlieren effect was also applied to flow analysis for quantitation of
sucrose [25,26], alcohol [27] and glycol [28]. Another approach for
analysis of colored sample is detection based on light scattering of
colloidal particles (turbidimetry) [29] has been widely used through
the formation of solid particles using suitable precipitating reagents.
With coupling to flow-based system, it provides automation for
several applications such as in environmental [30], biological [31]
and food [32] samples.

In this work, implementation of PEDD for detection of the
schlieren effect and the turbidity in liquid-flow system is pre-
sented. We selected sucrose and phosphate as model analytes to
demonstrate this application for possible quality control in cola
drink industry. The work used a sequential injection (SI) system
[33]. With optimized selection of the loading sequence, simulta-
neous detection of the two analyte is carried out with one PEDD
detector. The system is thus simple and compact.

2. Experimental

2.1. Chemicals and reagents

All solutions were prepared in deionized water (Barnstead
EASYpure II, USA). The sucrose standard used in this work was

commercial grade sugar (Mitr Phol, Thailand). A 50 Brix (Bx) stock
sucrose solution was prepared by dissolving exactly 50.00 g of
solid sucrose in 50.00 g of deionized water with stirring on a
magnetic stirrer until the solid has completely dissolved. The stock
solution was stored at 4 °C and used within one week.

A 5000 mg PO,>" L1 stock phosphate solution was prepared by
dissolving 0.7157 g of potassium dihydrogenphosphate (Fluka,
Switzerland), previously dried at 60 °C for 2h and kept in a
desiccator, in 100.00 mL with deionized water. Working standard
solutions used for calibration were mixed standards of sucrose and
phosphate, prepared in deionized water by appropriate dilution of
the stock solutions.

The precipitating reagent (R in Fig. 1) was a solution of
0.08 mol L™! CaCl, in 0.1% (w/v) polyvinyl alcohol (PVA). This
solution was prepared by weighing 0.888 g of calcium chloride
(Merck, USA) and 0.10g of PVA (Merck, USA), dissolving in
approximately 90 mL of 0.3 mol L™! ammonium buffer pH 10 and
heating on a hot plate with magnetic stirring until all solids
dissolved. After cooling to room temperature, ammonium buffer
was added to make 100.0 mL. The buffer was prepared by dissolving
0.1338 g of ammonium chloride (Ajax Finechem, New Zealand) and
0.9 mL of 30%(w/w) ammonia (density 0.892 g L™!, Panreac, Spain)
in deionized water to give 100 mL.

2.2. Sample preparation

Regular and sugar-free cola drink samples were purchased
from supermarkets in Bangkok, Thailand. All samples were
degassed in an ultrasonic bath for 15 min. Dilutions of samples
with water (1:1) were carried out prior to analysis. Five synthetic
samples were also analyzed. These samples were prepared by
dissolving analytical grade sucrose (UNIVAR, Australia) and potas-
sium dihydrogenphosphate (Fluka, Switzerland) in deionized
water (Table 2).

Baseline
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Fig. 1. Schematic diagram of the SI-PEDD system for simultaneous determination of sucrose and phosphate in cola drinks: S;, 1st aspirated sample zone; R, precipitating
reagent 0.08 mol L™ CaCl, with 0.1%(w/v) PVA in ammonium buffer pH 10; S,, 2nd aspirated sample zone; W, waste; SP, syringe pump; SV, selection valve; HC, 4.6-mL
holding coil (i.d. 1 mm, 588 cm long); MC, mixing coil (i.d. 1 mm, 144 cm long); inset (a), sequence of the detection zone in HC; inset (b), signal profile of a mixed standard of

sucrose and phosphate.
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Table 1

The steps in the SI-PEDD operation for simultaneous determination of sucrose and phosphate in cola drinks.

Step Mode of syringe pump Volume (mL) Flow rate (mL min™") Port no. Action Duration (s)
1 Aspirate 4.00 4.0 3 Aspiration of water carrier 60

2 Aspirate 0.50 40 7 Aspiration of 1st sample zone (S;) 7.5

3 Aspirate 0.10 4.0 4 Aspiration of precipitating reagent (R) 1.5

4 Aspirate 1.75 4.0 7 Aspiration of 2nd sample zone (S;) 26

5 Dispense 6.35 5.0 2 Dispense of all zones to detector and waste (W5) 76

Total analysis time is 171 s.

Table 2

Comparison of accuracy obtained from analysis of synthetic samples by using the developed and conventional methods. The numbers in parenthesis are %RSD for six

replicate injections.

Nominal values of synthetic sample Sugar (Brix)

Phosphate (mg PO, L)

Our method

Refractometric method®

Our method Spectrophotometric method”

5 Brix+200 mg PO,  L™!
7 Brix+200 mg PO, L™}
10 Brix+300 mg PO, L™!
10 Brix+300 mg PO,>" L™!
12 Brix+300 mg PO,>" L™!

516 +0.14 (2.7)
6.42 +0.12 (1.9)
9.79 + 0.14 (1.4)
1044+ 022 (2.1)
11.95 + 0.24 (2.0)

5.16 +0.05 (1.0)
6.47 +0.07 (11)
9.94 +0.10 (1.0)
10.27 +0.10 (1.0)
12.31+0.14 (1.1)

197.7 +3.0 (1.5)
200.0+25 (1.3)
300.7 + 2.5 (0.8)
299.9+3.9 (13)
300.7 +3.3 (1.1)

202.7 +2.1 (1.0)
199.0 +2.1 (1.1)
296.3 + 2.6 (0.9)
303.9+3.0 (1.0)
306.4+4.3 (14)

2 Refractometer 30PX/GS. Mettler Toledo, USA.
b See Ref. [35].

2.3. The SI-PEDD system and its operation

2.3.1. The SI-PEDD system

The SI system, shown in Fig. 1, consisted of a syringe pump (SP)
equipped with an eight-port selection valve (SV) (Kloehn Versa
Pump 6, USA). A 10-mL zero dead volume syringe (Kloehn, USA)
was fitted to the pump. PTFE tubings with 1.0 mm i.d. (Cole
Parmer, USA) were used as holding coil (HC) and mixing coil
(MC). The syringe pump and selection valve were computer
controlled by means of an in-house software written using Lab-
VIEW 8.0™. The simple paired emitter-detector diode (PEDD) was
made of two gallium-aluminium arsenide NIR-LEDs (890 nm,
Model OP291, OPTEK Technology Inc., USA). A dc power supply
(Model PS-1502DD, BEST, China) was used to supply the 5V to the
LED emitter. A 100 Q resistor was used as a current-limiting load
to the LED emitter. A 6-digit digital multimeter with 102 Q
impedance (Model 8845A, Fluke, USA) was used to measure
voltage signal from the LED detector. Data was recorded and
stored on a computer via RS-232 port with in-house software
written using LabVIEW 8.0™. A 10-mm path length, 18-uL volume,
quartz flow-through cell (PerkinElmer, USA) was placed in a
cuvette holder between the two LEDs.

2.3.2. System operation

A water carrier plug (4.0 mL) was introduced into the holding
coil (HC in Fig. 1) followed by plugs of sample and reagent (1st
aspirated sample zone (S;), reagent (R) and 2nd aspirated sample
zone (S,)). These detection zones are finally driven forward to the
PEDD detector to give a sequence of signal peaks. Details of the
operation steps are given in Table 1.

2.4. Data analysis

For a PEDD, the LED detector generates a voltage, which is
linearly proportional to the logarithm of the intensity of light
illuminating on the LED. When there is alteration in light intensity
due to light refraction or light scattering, such as in this work, the
monitored voltage is changed accordingly. Thus a plot between the

voltage measured versus time is obtained, as the sample zone
passes through the flow-through cell. Example of signal profile is
shown in Fig. 1b.

The baseline signal is obtained when water carrier flows
passing through the PEDD. The signal for sucrose is the difference
of the voltage between the apex of peak and baseline (‘A’ in
Fig. 1b). The signal for phosphate is the difference of the voltage
between the baseline and the minimum of the second peak (‘B’ in
Fig. 1b). Two calibration curves were constructed by plotting the
values of A and B against the analyte concentrations.

For validation of the method, the results were compared to
measurements obtained from refractometric method for sucrose
[34] and spectrophotometric method based on molybdenum blue
reaction [35] for phosphate, respectively.

3. Results and discussion
3.1. System design and its signal profile

A simple SI system, shown in Fig. 1, was employed to study the
use of the PEDD detector for simultaneous detection of the schlieren
and turbid effect within one cycle of operation. The system starts
by aspirating the detection zone, with the precipitating reagent
(Rin Fig. 1a) inserted in the middle of the mixed standard solution
containing sucrose and phosphate (S; and S, in Fig. 1a), into the
HC, followed by dispensing to the PEDD detector. As the laminar
flow is driven towards the PEDD detector, this right hand end of S,
(Fig. 1a) becomes the leading parabolic interface between sample
and water, which is responsible for the schlieren signal. Positive
signal profile in Fig. 1b demonstrates this phenomenon. After the
zone head has moved through the PEDD, the middle zone contain-
ing suspension of the calcium phosphate precipitate enters the
flow cell. These calcium phosphate particles scatter light, giving
rise to a decrease in the signal. If there is appreciable inhomo-
geneity within the zone, small negative signal is observed when
the zone tail travels through the light path. Normally this negative
signal is only observed at sucrose concentration greater than
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5 Brix. The complete signal profile obtained for one sample is
shown in Fig. 1b.

The observed schlieren effect has been explained in great
details [26]. To summarize, the interface of the carrier and sugar
solution forms a lens. In this case, where nsampie > Ncarrier
(n=refractive index), we may expect a significant population of
light rays to bend towards the LED light sensor. As a result,
the absorbance decreases. Thus, the signal voltage from the LED
light sensor increases with decreasing absorbance. So the signal
profile increases with the passage of the sugar zone (the signal
change ‘A’ in Fig. 1b), which is the inverse of the regular signal
profile using photodiode as light sensor with log amplifier (see Ref.
[26] for example). For the turbidity profile, suspending particle
causes light scattering away from the LED light sensor. Therefore
there is an increase in absorbance which for our LED light sensor
means a decrease in the signal profile (the signal change ‘B’ in
Fig. 1b).

3.1.1. Interference between sucrose and phosphate measurements

In this study, the concentrations of phosphate were varied up
to 200 mg PO,> L' whereas the concentration of sucrose was
fixed at 7 Brix. We found no effect of phosphate concentration on
the sucrose measurement. Thus the refractive index (RI) of
standard/sample depends mainly on the concentration of sucrose
with no contribution from the concentration of phosphate.

On the other hand, sucrose had a significant negative effect on
the phosphate measurement at aspirated volumes of S;:R:S, of
0.5:0.1:0.5 mL (see data in Fig. 2 for S,=0.5 mL). This might be
from inhomogenity in the calcium phosphate zone due to the
viscosity of sucrose (7 Brix). Normally, increasing the mixing coil
length of the SI system improves mixing. But for our system which
requires efficient mixing only in the mid-zone, but not at the
leading zone, this is not a suitable choice. Therefore, enhancement
of the mid-zone dispersion was investigated by increasing the
aspirated volume of the second sample segment, S,. In this way,
mixing of the reagent and sample zones is promoted by increasing
the longitudinal dispersion along the tube. The results are shown
in Fig. 2. The signal height for phosphate in pure water increased
with increasing volume of S, from 0.5 to 0.75 mL indicating more
precipitation had occurred. With larger volume dilution effect
dominated and signal decreased drastically. For phosphate dis-
solved with sucrose, the same trend was found but with smaller
signals for segment volume of S, between 0.5 and 1.5 mL.
However equal signals for solution using pure water and sucrose
solution were found for volume of 1.75 mL and larger. Therefore, in
order to eliminate the interference effect of sucrose, the volume of
segment S, of 1.75 mL was selected.

a Olnwater OIn7 Brixsucrose
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Fig. 2. Effect of volume of S, on signal height of 200 mg PO,>~ L™! in water (¢) and

in 7 Brix sucrose (O). Each point is the result from triplicate injections for volumes
of Sq:R fixed at 0.5:0.1 mL.

3.1.2. Light source and sensor for PEDD detector

Cola drink has a dark brown color and the wavelength of the
detector must be carefully chosen to ensure that only the schlieren
and turbidity effects are observed. The visible absorption spectrum
of these drinks were measured and found to have absorbance only
in the wavelength range of 350-700 nm. Therefore, NIR LED
emitter with wavelength of 890 nm was selected as the light
source. The same LED was employed as detector for maximum
response. A stable output voltage at 0.8 V was found for water.
Signal changes in the range of + 0.05 V were observed for samples
containing sucrose and phosphate.

Flow cell with small volume (18 uL) was used for our experi-
ment since it provided sharper schlieren signal than the normal
80 uL-flow cell. The larger i.d. of the 80 uL-flow cell produces
greater dispersion of the sample zone, which is not suitable for
measurement based on the schlieren effect.

3.2. Optimization

3.2.1. Flow rate

Flow rate is an important parameter which affects the sensi-
tivity and sample throughput. The flow rate in the final step for
driving all the liquid zones to the PEDD detector was varied from
1 to 10 mL min~". It was observed that at lower flow rate higher
sensitivity was achieved for both phosphate and sucrose measure-
ments. A flow rate at 5mlmin~' was chosen as compromise
between sensitivity and throughput.

3.2.2. Parameters for calcium phosphate precipitation process

The effect of various concentrations of CaCl, was studied using
concentration range from 0.04 to 0.12 mol L. Results are shown
in Fig. 3a. The signal B (Fig. 1b) increased with increasing
concentration of CaCl,, reaching a plateau value for concentrations
greater than 0.06 mol L™!. The concentration of 0.08 mol L™! CaCl,
was chosen to ensure excess Ca®* jon for production of the
Ca3(P0O,), precipitate.

Buffer concentrations ranging from 0.2 to 6.5mol L' were
investigated. The results in Fig. 3b showed that buffer concentra-
tion of 0.3 mol L™! gave the highest sensitivity. At buffer concen-
tration lower than 0.3 molL™!, the buffer capacity was not
sufficient to neutralize the acid in the sample. High concentration
of buffer has large ionic strength, resulting in less precipitation
[36]. In this work 0.3 mol L™ buffer was chosen. The pH of buffer
solution was also investigated (Fig. 3c). The sensitivity significantly
increased to pH 10 and then decreased. Therefore a pH 10 buffer
was selected for maximum sensitivity.

Generally, turbidity measurement requires addition of a stabi-
lizer to control uniformity of the particle size for reproducibility.
In this work, PVA was used and the effect of PVA concentration in
the range of 0.02-0.30%(w/v) was studied. The results in Fig. 3d
showed that 0.10%(w/v) PVA provided the highest sensitivity
which decreased significantly when concentration of PVA was
more than 0.1%(w/v) because increasing concentration of PVA can
cause decreased number of nucleation sites of Caz(PO4),, and
hence lower number of scattering particles [37]. Hence the
concentration of PVA of 0.1%(w/v) was selected as optimum
condition.

The volume of the calcium chloride solution (R) was also
investigated in the range of 50-200 pL. It was found that sensitiv-
ity increased, with increasing volume, to maximum value at
100 pL. Therefore, the volume of 100 pL was selected because it
offered highest sensitivity with least reagent.
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Fig. 4. Example of signal profiles obtained from mixed standards of sucrose and
phosphate at (i) 1 Brix+50 mg PO,> L' (ii) 3 Brix+100 mg PO,>" L™! (iii) 5 Brix
+150 mg PO,>~ L™! (iv) 7 Brix+200 mg PO,>" L™!, using the developed system, and
calibration plots for sucrose and phosphate. Each point in the calibrations was from
triplicate injections.

3.3. Analytical features and application to cola drink samples

Using the optimum condition, representative SI-signal profiles
and calibration plots are shown in Fig. 4. Calibration curve is linear
in the range of 1-7 Brix sucrose ((signal height, mVy.)=
(3.14 + 0.03)[Brix]+(0.14 + 0.13), r?=0.999) and of 50-200 mg
PO, L' ((signal height, mV4.)=((1.85 + 0.04) x 10")[mg PO,>" L™']-
(1.96 + 0.51), r2=0.999). Detection limits (3S/N) at 0.5 Brix sucrose
and 20 mg PO,>” L™! were obtained. Ten replicate injections of the
mixed standard of 5 Brix sucrose and 150 mg PO,>"L™! were
carried out to provide system precision of 0.9% and 1.7% (RSD),
respectively. Reasonable throughput of 21 injectionsh™' was
achieved.

Five synthetic samples were prepared and analyzed by our
method and reference methods (Table 2). Analysis of sucrose and
phosphate was compared with refractometric method and the

conventional molybdenum blue method, respectively. The results
show that the precision of our methods are comparable with the
reference methods. The developed SI-PEDD system was subse-
quently applied to regular and sugar-free cola drinks (Table 3).
According to the paired t-test, the results in Table 3 show
significant agreement between the proposed method and the
conventional methods for all the samples (sugar: typservea=1.285,
teritical=2.306 at P=0.05; phosphate: topservea=0.005, tcitical=
2.178 at P=0.05) [38].

4. Conclusions

In this work, the PEDD sensor was employed as a single flow-
based detector for measuring the schlieren effect and turbidity of
sample in a SI system for automation of liquid handling. It was
shown that the SI-PEDD flow system had sufficient sensitivity to
detect light refraction at interface of sucrose and water or so-
called the schlieren effect, as well as the light scattering of the
colloidal particles of calcium phosphate, when the output of the
LED detector was monitored by a high-impedance digital
multimeter.

Simultaneous analysis of sucrose and phosphate in cola drinks
was selected to demonstrate this application. With two fold
sample dilution, the measurements were carried out using NIR-
PEDD (890 nm) sensor without sample pretreatment to remove
the color. At the optimum condition, the observed signal com-
prised one positive peak for sucrose and a second negative peak
for phosphate. These two signals are well separated. Thus the
contents of sucrose and phosphate were successfully determined
with no interference. The developed SI-PEDD flow system has
advantages in terms of simplicity, robustness and costs. Moreover,
the system is environmentally friendly since only small amounts
of non-toxic CaCl, in ammonium buffer solution were used. The SI-
PEDD system was successfully applied to the measurement of
sucrose and phosphate in commercial cola drinks and is also
suitable for on-line quality control processing plants.
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Table 3
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Analysis of cola drinks by SI-PEDD system as compared with conventional methods. The numbers in parenthesis are %RSD for six replicate injections.

Sample Sugar (Brix) Phosphate (mg PO, L)
Our method Refractometric method? Our method Spectrophotometric method”

Cola 1 9.55+0.11 (1.2) 9.75 £ 0.05 (0.5) 3415+ 6.1 (1.8) 342.4+3.6(1.1)
Cola 2 9.09 +0.09 (1.0) 9.14 + 0.06 (0.7) 338.2+1.7 (0.5) 347.6 +5.6 (1.6)
Cola 3 9.96 +0.13 (1.3) 9.82 +0.10 (1.0) 340.5+7.0 (21) 330.0+3.1 (0.9)
Cola 4 9.73 £0.14 (14) 9.84 +0.10 (1.0) 377.7 £1.8 (0.5) 375.8+4.4(12)
Sugar-free cola 1 nd nd 348.0 +5.3 (1.5) 351.7+ 14 (04)
Sugar-free cola 2 nd nd 3433 +9.3 (2.7) 332.7+5.3(1.6)
Sugar-free cola 3 nd nd 356.0 £ 6.1 (1.7) 3474+6.0 (1.7)
Sugar-free cola 4 nd nd 3425+73 (2.1) 351.3+3.6 (1.0)

nd: not detected.

@ Refractometer 30PX/GS. Mettler Toledo, USA.
b See Ref. [35].
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A green analytical flow method was developed for the determination of total sulfite in white wine. The
method employs the membraneless vaporization (MBL-VP) technique for gas—sample separation
allowing direct analysis of wine. Sulfite in an aliquot of sample was converted to SO, gas via acidification.
Dissolution of the gas into the water acceptor led to a change in the conductivity of the acceptor which
was monitored using a ‘capacitively coupled contactless conductivity detector’ (C4D) flow cell. Only
a minute amount of common acid (100 pL of 1.5 mol L™' H,SO,) is used. The MBL-VP unit was
incorporated into the flow system to separate the SO, gas from the wine sample using the headspace
above the donor and acceptor compartments as a virtual membrane. The method provides a linear
working range (10-200 mg L™t sulfite) which is suitable for most wines with calibration equation y =
(0.056 + 0.002)x + (1.10 & 0.22) and r* = 0.998. Sample throughput is 26 samples h™. The lower limit

of quantitation (LLOQ = 3SD of blank per slope) is 0.3 mg L™! sulfite for 20 s diffusion time with good
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Accepted 22nd September 2017 precision (%RSD = 0.8 for 100 mg L™ sulfite, n = 10). We also present a simple modification of the MBL-

VP unit by the addition of a third cone-shaped reservoir to provide two acceptor zones leading to
improvement in sensitivity of more than three-fold without use of heating to enhance the rate of
diffusion of SO,.
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Thus, the level of sulfite in food and beverages must be strictly
controlled to the levels determined by the legislation of each

1. Introduction

Sulfite is a common preservative used in wine production to
stabilize the product by preventing oxidation and bacterial
growth."” Apart from its use in wine production, sulfite is also
used in other food industries to preserve food appearance, color
and aroma. Although sulfite is considered not toxic to human
health when employed as recommended, it has been found that
there are some adverse effects for some individuals ingesting
sulfite at certain levels. These effects include sudden allergic
reactions with symptoms such as dermatitis, urticaria, flushing,
hypotension, abdominal pain and diarrhea. Sulfite consump-
tion by asthmatic patients can trigger bronchoconstriction.*"
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country® or as set by the World Health Organization (WHO).”
According to the WHO, the acceptable daily intake of sulfite
(expressed as SO, equivalent) is 0.7 mg kg™ body weight.

There have been various methods available for the determi-
nation of sulfite in food and beverages. The most common is the
AOAC method which employs an optimized Monier-Williams
method.? The method is laborious requiring an initial distilla-
tion process. After mixing the sample with hydrochloric acid,
the sample mixture is refluxed to convert sulfite into SO, gas.
Nitrogen gas is used to purge the generated SO, into a hydrogen
peroxide solution for converting the SO, gas to sulfuric acid
which is later titrated with a standardized sodium hydroxide
solution. Apart from the AOAC titrimetric method with the
distillation process, there are other methods that have been
developed based on different principles including spectro-
metric methods,”'® chemiluminescent methods'** and elec-
trochemical methods.****

Automated methods for direct analysis of sulfite based on
flow injection analysis (FIA) and FIA-related methods, with the
use of an on-line gas-diffusion (GD) unit to separate SO, gas

Anal. Methods, 2017, 9, 6107-6116 | 6107
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from the sample matrix, have been developed by several
groups.*™'>*>18 The SO, gas generated from the sample
diffuses from the donor stream through the porous hydro-
phobic membrane of the GD unit to dissolve into an acceptor
stream flowing on the other side of the membrane. Detection of
the dissolved SO, can be carried out in various ways including
absorption spectrometry,***'® chemiluminescent spectrom-
etry,"*'> potentiometry,"”” and amperometry.”® Although gas
diffusion through a porous membrane has made quantitative
analysis of sulfite simpler and more friendly to operate than the
conventional AOAC method, it is known that use of the
membrane-based gas-liquid separation has drawbacks such as
contamination and clogging of the membrane surface, leading
to the limited lifespan and subsequent replacement of the
membrane. To overcome this problem we employed the so-
called ‘membraneless vaporization’ (MBL-VP) technique to
provide a more effective method for direct determination of
total sulfite in wine.

The membraneless vaporization technique was first pre-
sented in 2006 (ref. 19) as an on-line technique for gas-sample
separation in flow analysis. A MBL-VP unit comprises two
separate reservoirs for the donor and acceptor liquids. The two
regions are connected via an air headspace, which acts as
a pseudo-membrane, allowing only volatile analytes to diffuse
from the liquid donor phase to the acceptor phase. Donor and
acceptor reservoirs have been designed and constructed in
various configurations to fit the types of samples, such as
liquid*** or solid samples.**** Most MBL-VP devices have been
employed in continuous flow methods, such as FIA'>"?52¢ or
multisyringe flow injection analysis (MS-FIA).>* For discontin-
uous flow or zone-fluidics (ZF) mode of operation,*” Ratanawi-
marnwong et al.*? in 2013 presented a new design of a MBL-VP
unit for sequential injection analysis (SIA). The device consisted
of two cone-shape reservoirs for holding donor and acceptor
aliquots under a common headspace. Aeration at the donor
reservoir was employed to accelerate the gas diffusion process.
Unlike the first design in 2006 of the membraneless extraction
module,*® MBL-VP units were designed for complete automa-
tion and are therefore suitable as on-line gas-separation devices
for flow analysis systems. Donor and acceptor liquids are
transported to and out from MBL-VP units via flow control.

In this work, we utilized the MBL-VP technique using the
cone-shaped design for quantitative analysis of total sulfite in
wine. The wine sample was acidified in-line. A 200 pL aliquot of
the acidified sample was delivered into a cone reservoir (donor
cone). Diffusion of SO, gas from the donor cone into the MBL-
VP headspace and subsequent dissolution of the gas into the
pure water acceptor resting in two other reservoirs (acceptor
cones) led to a change in the pH of the water. This was moni-
tored as a change in the conductivity of the acceptor liquids
using a ‘capacitively coupled contactless conductivity’ detector
(C4D detector).>**> To the best of our knowledge, this is the first
time that sulfite has been determined using the concept of
online MBL-VP for gas-liquid separation. C4D is also new for
detection of sulfite in wine. Our method is considered as ‘Green
Analytical Chemistry’ (GAC)* since the liquid acceptor is
chemical reagent-free. Pure water was shown to be a suitable
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liquid acceptor. The only required chemical is for converting
sulfite to SO, gas. Dilute sulfuric acid is used in only a small
volume. This method generates no waste from employment of
membranes. We also investigated an added feature of the cone-
shaped reservoirs of the MBL-VP unit. A second cone-shaped
acceptor reservoir was added to the original two-cone device,*
thereby increasing the surface area of the acceptor zone with
subsequent improvement in sensitivity and precision.

2. Experimental
2.1 Chemicals and reagents

All chemicals and reagents were analytical reagent grade and
solutions were prepared in deionized Milli-Q® water (resistivity
18.2 MQ cm ). Stock standard sulfite solution was prepared by
dissolving Na,SO; (Merck Millipore, Germany) in 100.0 mL of
0.1% (w/v) Na,EDTA (Fisher Scientific, UK) to give ca.
10 000 mg L' sulfite stock solution. The accurate concentra-
tion of this stock solution was determined by titration with
standardized iodine solution.

The working sulfite standards were freshly prepared from
the 10 000 mg L' sulfite stock solution by aliquoting appro-
priate volumes to give a series of sulfite standards (10 to
200 mg LY. To each aliquot, 1.00 mL of 5% (w/v) Na,EDTA
(Fisher Scientific, UK), 5.00 mL of 4 mol L' NaOH (Merck
Millipore, Germany), and 7.50 mL of 99.5% (v/v) ethanol (Merck
Millipore, Germany) were added. Deionized water was added to
each standard mixture to make a final volume of 50.0 mL.

2.2 Preparation of wine samples

Six wine samples were purchased from local supermarkets in
Bangkok. A 100.0 mL sample of each wine sample was diluted
with 150.0 mL of water. An aliquot of 38.75 mL of the diluted
sample was accurately transferred into a glass bottle. To this
sample 1.00 mL of 5% (w/v) Na,EDTA (Fisher Scientific, UK),
5.00 mL of 4 mol L' NaOH (Merck Millipore, Germany),
5.00 mL of 99.5% (v/v) ethanol (Merck Millipore, Germany) and
0.25 mL of water were added. The sample mixture was mixed
thoroughly before analysis for sulfite content using the devel-
oped method and a comparison method
a membrane gas-diffusion system.*

For the recovery study, a sample was prepared according to
the above procedure with addition of 0.25 mL of 5000 mg L™*
sulfite standard instead of 0.25 mL of water.

employing

2.3 Membraneless vaporization unit with 3 cone-shaped
reservoirs

The MBL-VP unit with the 3 cone-shaped reservoirs is shown in
Fig. 1a. The unit is made of transparent acrylic polymer
(Perspex®) and comprises a base section and an adjustable
screw-top upper section. The current unit has 3 reservoirs
instead of 2 reservoirs as in the original design (Fig. 1b).>
Reservoir D is used for holding a plug of the donor (standard or
sample). Reservoirs A1 and A2 are used for holding two separate
plugs of the acceptor (deionized water). The volume of each
cone reservoir is 260 pL. Therefore the maximum volume

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Schematic diagrams (2-dimension and 3-dimension) of the new membraneless vaporization unit (a) with 3 cone-shaped reservoirs for
improving the sensitivity as compared with the original unit (b) with 2 cone-shaped reservoirs. D: donor reservoir. Al, A2: acceptor reservoirs.

delivered into the cone reservoir is 200 pL to avoid overflow
and subsequent cross-contamination. The volume of the
headspace above the reservoirs can be varied from 2.82 to
10.60 mL by adjusting the number of turns of the screw-top
lid. Similar to the previous design, a vent tubing (0.25 mm
i.d., 30 cm long) was also fitted to the new unit (Fig. 1a and b)
to prevent excessive build-up of pressure within the
headspace.

2.4 The flow system and its operation

The schematic diagram of the entire MBL-VP flow system is
shown in Fig. 2. The system is divided into two sections: the ‘FIA
section’ (left frame, Fig. 2) and the ‘SIA section’ (right frame,
Fig. 2). The MBL-VP unit connects the two sections. PTFE tubing
(1.0 mm i.d., VICI, Switzerland) is employed in all the flow lines.
The FIA section is used for the preparation of the donor solution
and its transportation into and out of reservoir D of the MBL-VP
unit. The SIA section is used to control the flow of the plugs of
the two acceptor zones into and out of the reservoirs A1 and A2.

In the FIA section, peristaltic pump PP1 (Ismatec/ISM827,
Switzerland) is used to acidify the standard/sample stream by
merging with a flow of sulfuric acid (1.5 mol L") to convert
sulfite ion into SO, gas. In one analysis cycle, the system is
operated using the steps shown in Table 1S.7 In step 8 (Table

This journal is © The Royal Society of Chemistry 2017

1St), the acidified sample flowing through the 200 pL sample
loop installed at the 6-port injection valve IV (Upchurch Scien-
tific, USA) is delivered, via the selection valve SV (Upchurch
Scientific, USA), into the donor reservoir D by the air carrier line
of the peristaltic pump PP1.

In the SIA section, a commercial SIA system (FIAlab 3500,
USA) with one syringe pump SP and a selection valve SLV1 was
employed for the control of zone fluidics. The SIA section is
used to meter and transport two water zones (100 uL each) into
the acceptor reservoirs A1 and A2 in step 4 and step 8 (Table 1S¥)
for trapping the SO, gas diffusing from the donor reservoir.

The detection system of the acceptor plugs is a C4D unit.>*~**
The C4D flow cell is a PEEK tubing (1 mm i.d., 1.6 mm o.d.) with
a total length of about 15 cm. Silver conductive ink (SPI
Supplies, USA) was painted on the exterior of the tube to form
two separate conducting bands. The two cylindrical silver bands
(electrodes) are 0.2 + 0.05 mm apart.>* An AC potential (20 V,,
20 kHz) is fed into one electrode from a function generator (GW
Instek, SFG-2104, Taiwan). The AC current flowing between the
two electrodes is monitored at the second electrode. The current
is amplified and rectified by a custom built electronics unit
(Bangkok High Lab Co., Ltd, Thailand). The final output DC
voltage, proportional to the AC current, is recorded by a signal
recorder (e-corder 210, eDAQ, Australia).
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Fig. 2 The flow system with the new MBL-VP unit (3 cone-shaped reservoirs) for determination of sulfite in wine. PP1, PP2: peristaltic pumps,
IV: injection valve, SV: switching valve, D: donor reservoir, Al, A2: acceptor reservoirs, SP: syringe pump, SLV1, SLV2: selection valves, W1, W2, W3:
wastes, HC: holding coil (200 cm, 1 mm i.d.), MC1, MC2: mixing coils (100 cm, 1 mm i.d., 50 cm 1 mm i.d.), C4D: capacitively coupled contactless

conductivity detector.

3. Results and discussion

3.1 Design of liquid handling and zone stack, signal profile
and calibration

The design of the flow system is shown in Fig. 2. The flow
system consists of both FIA and SIA sections. The FIA section is
used for the handling of sample, generation of SO, gas and the
delivery of the donor plug into the MBL-VP unit. The SIA section
is employed to control the flow of the acceptor plugs (Fig. 2) into
and out of the MBL-VP unit with liquid segments sequentially
moved via use of the selection valve SLV1 and syringe pump SP.
After holding the acceptor plug (water) in cone A1 for 10 s, this
acceptor zone is first withdrawn from the MBL-VP unit to rest in
the holding coil HC (step 10 in Table 1St), while the acceptor
plug (water) in cone A2 is still in the reservoir of the MBL-VP
unit for further trapping of the SO, gas. The A2 aliquot is held
inside the MBL-VP unit for a total of 20 s before withdrawing to
rest inside the holding coil together with the zone from reser-
voir Al (step 11 in Table 1St). Fig. 3a shows the stack of zones of
acceptors A1 and A2 with the three air plugs as they reside in the
SIA holding coil HC. On pushing the zone stack from the
holding coil into the PEEK tubing of the C4D detector,
a sequence of two signals (with sulfite as the donor solution)
from the acceptor plug A2 and the acceptor plug A1 is observed,
as seen in Fig. 3b. Similar profiles for varying concentrations of
sulfite standards are shown in Fig. 1S (in the ESIt). The sum of
the peak heights (Ha; + Hy, in Fig. 3b) was used for constructing
the calibration graph. It was found that the calibration was
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Fig. 3 (a) Zone sequence in holding coil HC of the SIA section and (b)
example of a signal profile obtained from one cycle corresponding to
the zone sequence, with signals of A1 and A2 and signal heights Ha; +
Ha2, respectively.
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satisfactorily linear over the range 10 to 200 mg L™ of sulfite
[e.g.,y = (0.056 + 0.002)x + (1.10 & 0.22): * = 0.998].

3.2 Effect of the surface area and volume of the acceptor on
sensitivity

Increasing the surface area of the acceptor for the same volume
should enhance the sensitivity of analysis. In this work this is
accomplished by employing two acceptor cones as depicted in
Fig. 1a. The flow system in Fig. 2 was used to compare the
performance between the new unit (Fig. 1a) and the previous
design (Fig. 1b). The volume of the donor was 200 pL, the same
as for the single-acceptor cone of the previous design®
(Fig. 4(i)). The acceptor volume was 200 pL in the single-
acceptor unit (Fig. 4(i)). However for the two-acceptor cones of
the current design, the acceptor volume was divided into two
100 uL portions (Fig. 4(ii)). The operation steps for analysis are
as shown in Table 1S,T but with modified operation of the SIA
section suitable for the single-acceptor cone (data not shown).
The total diffusion times employed for the units in Fig. 4(i) and
(ii) were the same at 20 s, respectively.

When using the acceptor volume of 200 pL, the available
surface area of this acceptor was 0.656 cm? (Fig. 4(i)). As shown
in Fig. 4(ii), the surface area for the same volume of acceptor
was increased to 0.828 cm?, when this volume is divided into
two portions in cone Al and A2 for the current MBL-VP unit
(Fig. 1a). By increasing this surface area, it was found that the
sensitivity (slope in Fig. 4a) was significantly improved by
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3.8 times when using the two-acceptor cone design (Fig. 4(ii)), as
compared to the single-acceptor cone design (Fig. 4(i)). With
this increase in the sensitivity, the precision was also improved.
For example, we observed that the precision (%RSD) for
50 mg L' sulfite was improved from 4.78% to 0.57%. We
therefore selected to use the modified unit with two-acceptor
cones (as shown in Fig. 1a) for further development. Even
though the single-acceptor cone design can be modified to have
a shallower reservoir with a larger surface area of acceptor, its
construction is not easy. Use of such a trough design will lead to
difficulties in loading and draining of the acceptor liquid at
microliter volumes.

Increasing the surface area of the acceptor liquid in the cone
by increasing the volume of the liquid may appear to increase
the sensitivity of analysis. However this enhancement can be
offset by the dilution factor. As shown in Table 1, we observed
that when the surface area of the acceptor was increased from
0.828 cm” to 1.312 cm® (condition 1 vs. condition 3) by
increasing the volume of the acceptor liquid in each acceptor
cone from 100 pL to 200 pL (see Table 1), the sensitivity
decreased by a factor of 1.9. Thus, ‘condition 1’ in Table 1 (inset,
Fig. 4(ii)) giving the best sensitivity was therefore employed in
this work.

3.3 Effect of the surface area of the donor on sensitivity

It is expected that the surface area of the donor will also have an
effect on the sensitivity of the analysis. Two donor volumes, 100
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Fig. 4 (a) Effect of the surface area of the liquid acceptor on sensitivity and (b) effect of the surface area and volume of the liquid donor on
sensitivity. SF: surface area. Note: the calibrations (i) and (iv) were obtained using the same conditions but on two different days.
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Table 1 Decrease of the sensitivity enhancement with increased surface area by dilution factor

Coefficient of

Condition Variation in the surface area and volume of the acceptor Calibration equation determination,
D
1 y = (0.056 & 0.002)x + (1.10 + 0.22) 0.998
200 nL
2
SF=0.414cm x2
=0.828 cm’
D
2 y = (0.041 £ 0.001)x + (0.89 =+ 0.14) 0.999
200 pL §
SF =0.504 cm x 2
2
=1.008 cm
Al
D A2
3 = (0.028 £ 0.001)x + (0.57 £+ 0.13 0.997
200 uL ) 200 ”L" 200 pL =t et )

SF = 0.656 cm_ x 2
=1312cem’

uL and 200 uL, were selected with surface areas of 0.414 cm?
and 0.656 cm?, respectively (Fig. 4b). The volume of the acceptor
phase was fixed at 100 pL for each acceptor cone (see Fig. 4(iii)
and (iv)). The data in Fig. 4b show that the larger the donor
surface area, together with the concomitant increase in volume,
the higher is the sensitivity. For all work, the volume of the
donor liquid in reservoir D (260 pL capacity) is set at 200 pL.

3.4 Optimization

3.4.1 Diffusion time and aeration. For our membraneless
systems, diffusion time is one of the parameters that affect the

sensitivity.'*** The results in Table 2 show that as the total
diffusion time is increased from 20 to 80 s, sensitivity improved
from (0.056 =+ 0.001) to (0.078 & 0.002) V L mg~ " respectively.
However, increase in the diffusion time would lead to decrease
in the sample throughput. As shown in Table 2, the sample
throughput was reduced from 26 to 18 samples h™'. As
a compromise between sample throughput and sensitivity,
condition 1 with the shortest total diffusion time of 20 s was
selected.

In our previous work employing the MBL-VP unit, with 2
cone-shaped reservoirs (Fig. 1b) for the analysis of ethanol,

Table 2 Effect of diffusion time on the sensitivity and sample throughput®

Diffusion time (s)

LOD Throughput
Condition Al A2 Total Linear equation IS (3SD of blank per slope) (h™
1 10 20 20 y = (0.056 % 0.001)x + (0.90 + 0.10) 0.998 0.30 26
2 30 40 40 y = (0.064 % 0.002)x + (0.96 + 0.13) 0.999 0.28 22
3 70 80 80 y = (0.078 £ 0.002)x + (1.01 + 0.12) 0.999 0.24 18

“ The experiments were carried out using a series of sulfite standards (10-100 mg L") prepared in 10% (v/v) ethanol.
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aeration of the donor plug improved the sensitivity up to 13 +
4%.”* In this study, experiments were carried out to determine
the effect and necessity of aeration for the new unit with 3 cone
reservoirs. This MBL-VP unit has two acceptor reservoirs. When
the two acceptor reservoirs contain the same liquid volume,
there is twice the surface area to trap the gas. Thus it was
anticipated that aeration may not be necessary. This hypothesis
was tested for repetitive injections of a sulfite standard at
100 mg L™ " using the flow system in Fig. 2 equipped with either
the current MBL-VP design or the original design (Fig. 1). For
the aeration, a flow rate of 1 mL min~" air was used for 20 s.

The data in Fig. 5 show that aeration of the donor plug
improved the sensitivity for both designs of the MBL-VP unit.
The percentage improvement is almost the same: 35% increase
for the 2 cones unit and 37% increase for the modified 3 cones
unit. However it is observed that aeration leads to poorer
precision of measurements. For the 3-cones unit with aeration,
%RSD increased from 0.83% to 2.2%. Taking both factors into
consideration, it was decided not to employ aeration, since the
increase in efficiency of the new unit was already sufficient.

3.4.2 Acid concentration. Sulfur dioxide gas is produced
from sulfite by acidifying the wine sample. This process is
carried out by the FIA section of the flow system (left frame of
Fig. 2). Sulfuric acid was selected as it has a lower vapor pres-
sure than hydrochloric acid® in order to reduce the baseline
signal due to diffusion of the acid from the donor cone to the
acceptor cones. Sufficient acid is required to convert all the
sulfite to sulfur dioxide (maximum concentration of sulfite in
this work is 200 mg L") and also to neutralize the sodium
hydroxide added to the sample (0.4 mol L™"). Fig. 6a shows the
plot of the C4D signal for a 200 mg L™ " standard sulfite sample
for various concentrations of sulfuric acid in the acid flow line
(Fig. 2). The presence of a sufficient amount of acid is indicated
by constant signal peak heights. This is observed for acid
concentration >0.10 mol L™". In order to ensure that there is
sufficient acid, sulfuric acid at 1.5 mol L™* was selected as the
suitable concentration for sulfur dioxide production.
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3.4.3 Effect of ethanol content. Ethanol is the major vola-
tile component in wine and can vary from 8 to 15% (v/v).
Ethanol can be taken up by the water acceptor phase, which
may affect the sensitivity of the sulfur dioxide analysis. Cali-
bration curves were constructed for standard sulfite solutions
containing ethanol from 0 to 30% (v/v). The results are shown in
Fig. 6b. It is observed that the sensitivity of analysis increases
with ethanol concentration, but remains constant for ethanol
concentration >10% (v/v). It is also interesting to note that the
coefficient of determination (r*) of the calibration is closer to 1
with increase in ethanol content. Without aeration the presence
of co-existing volatile compounds such as ethanol could help to
improve volatilization (via a non-ideal effect) of the generated
SO, from the donor to the acceptor. This leads to improvement
in terms of precision (data not shown) and sensitivity. With
improvement in the precision, the coefficient of determination
1* also improved as we increased the concentration of ethanol in
the donor. In this work the standard sulfite solutions were
prepared with 15% (v/v) ethanol content.

3.4.4 Headspace volume. The volume of the headspace can
be adjusted by varying the height of the screw-top lid of the
MBL-VP unit (Fig. 1a). The volume of headspace will affect the
concentration of SO, gas during the diffusion process. To
determine the optimal volume of the headspace, analysis of
a standard solution of sulfite (100 mg L™ ") was carried out for
headspace volumes of 2.82 to 10.60 mL, respectively. Diffusion
times for the acceptor plugs A1 and A2 were fixed at 10 s and
20 s, respectively (see Table 1St). The flow rate for venting of the
headspace was 20 mL min " for 90 s. The results are shown in
Fig. 6c.

Fig. 6¢ shows that the C4D signal decreases with increasing
volume of the headspace due to the dilution effect arising from
the increased volume. The imprecision of measurements (n = 3)
also varied with the volume of the headspace. The buildup of
the pressure within the headspace due to the vaporization of
sulfur dioxide and ethanol is highest for 2.82 mL volume,
leading to possible venting fluctuation through the vent line (%
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Fig. 5 Effect of aeration on signal size and precision investigated using previous®? and current designs of the MBL-VP unit.
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Fig. 6 Optimization using a sulfite standard at 200 mg L™ for (a) and at 100 mg L~ for (c) and (d). Note: (i) the sulfite standard employedin (a, c,
and d) was prepared in 10% (v/v) ethanol. (i) Values under the data points in (b) are the coefficients of determination (r%) of the calibration for

sulfite standards from 10 to 200 mg L™,

RSD = 2.10). The precision improved for headspace volumes of
4.24, 6.36 and 8.48 mL, respectively (%RSD 0.95, 0.85 and 1.5).
However when the headspace volume was set to the maximum
volume of 10.60 mL, %RSD increased to 4.7%. Although the
headspace was flushed with up to 30 mL of air (20 mL min~" for
1.5 min), it was found that there was still some SO, residue. In
this work, a headspace volume of 6.36 mL was selected as
a compromise between signal size and precision.

3.4.5 Flow rate for venting of the headspace. In the flow
system shown in Fig. 2, peristaltic pump PP2 is used to remove
any residual volatile gas from the headspace. Air and residual
volatile gases are flushed out to wastes W1 and W2 (Fig. 2, FIA
section). The venting flow rate is the sum of the flow of the two
pumping tubes. In this work three venting flow rates, 15, 18 and
20 mL min~ ", were tested using the final selected headspace
volume of 6.36 mL (see Section 3.4.4). The venting time was
fixed at 1.5 min for all flow rates. The results in Fig. 6d for
analysis of a standard solution of sulfite (100 mg L") clearly
show that the C4D signals are not significantly different for the
three flow rates, indicating that there is no carryover of SO, gas.
It may also be noticed in Fig. 6d that the precision improved
when increasing the venting flow rate to 20 mL min ™. This flow
rate was therefore selected as the optimal condition.

3.5 Analytical features

Using the optimized parameters (Table 2ST), the MBL-VP flow
system in Fig. 2 provides a linear working range of 10-
200 mg L' sulfite. A typical calibration line is y = (0.056 =+

6114 | Anal Methods, 2017, 9, 6107-6116

0.002)x + (1.10 # 0.22), with r* = 0.998, where y is the C4D signal
in volts. This working range is suitable for sulfite analysis of
most wines and also for regulatory purposes (e.g. labeling is
required for sulfite content >10 mg L™ " (ref. 35)). Our working
range is comparable with another membrane-based GD-FIA
method'® and with a GD-SIA method,® both employing formal-
dehyde and pararosaniline as reagents for spectrometric
detection. Our throughput is 26 samples h™" which is also
similar to the throughput of the GD-FIA method employed as
our comparison method.*® Our throughput is 1.6 times faster
than that of the GD-SIA method.® The lower limit of quantita-
tion (LLOQ = (3SD of blank)/slope) is 0.3 mg L' sulfite. Our
method is very precise with %RSD as low as 0.8 (for 100 mg L™,
n = 10). The C4D detection is reagent-free with use of only pure
water as the acceptor. Generation of sulfur dioxide gas in the
donor zone uses only 100 uL of 1.5 mol L~ sulfuric acid.

3.6 Application to wine samples

The MBL-VP flow system (Fig. 2) was applied to analyze six wine
samples and the results compared with a GD-FIA method (Table
3). Applying the statistical paired #test for the white wine, the
calculated ¢-value (0.086) was lower than the critical t-value
(2.57) for P = 0.05, indicating that there was absence of
systematic differences between the results of the two methods.
Measured recoveries for the white wines were between 84 and
97% (n = 18). All 6 white wines did not contain sulfite exceeding
the permitted levels of 300 mg L ™" sulfite as set by the Thai
Industrial Institute.** However all samples were found to

This journal is © The Royal Society of Chemistry 2017
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Table 3 Sulfite content in white wine and red wine determined by
MBL-VP and GD-FIA methods

Sulfite content (mg L")

Sample MBL-VP (this work) GD-FIA'®

White wine #1 118.0 4 0.2 116.0 + 1.2
White wine #2 110.0 + 1.1 111.0 + 1.2
White wine #3 722+ 1.3 741+ 1.2
White wine #4 69.6 + 1.8 67.9 + 0.6
White wine #5 121.0 + 2.0 123.0 £+ 1.6
White wine #6 85.5 £ 0.4 83.4 + 1.2
Red wine #1 116.0 + 1.9 86.7 + 0.7
Red wine #2 116.0 £ 0.9 89.3 + 0.5
Red wine #3 51.1 + 0.1 24,5+ 0.5
Red wine #4 34.8+ 1.6 19.3 + 0.2

contain sulfite higher than 10 mg L', and were properly
labeled as containing sulfite in accordance with the
regulation.®®

We also analyzed the sulfite content of four red wines.
However the results were statistically different from the results
using the comparison method which employed a membrane. The
data from our membraneless vaporization method were always
significantly higher than those using the membrane-based gas
diffusion method. Red color stains were observed on the
membrane surface which may have led to clogging of membrane
pores and hence underestimation of the sulfite content.

4. Conclusion

We have successfully developed a new flow-based method for
determination of total sulfite suitable for quality control of
white wine. Since its first report in 2006, this is the first appli-
cation of the membraneless vaporization technique for the
determination of sulfite. Dissolution of the evolved volatile SO,
gas into the water acceptor leads to change in the conductivity
of the acceptor which was measured using a C4D flow cell. Our
method offers direct analysis of samples. This method fulfills
all the four priorities of ‘Green Analytical Chemistry’. The
method significantly reduces use of reagents. Only pure water is
used as the acceptor solvent. Only a small amount of common
acid is used for on-line acidification of the sample. Membrane is
no longer used and therefore there is no non-degradable waste.
Our method is automated, reducing labor consumption.

It has also been demonstrated that improvement of the
sensitivity of the MBL-VP flow system can be achieved by
increasing the surface area of the acceptor solution but without
increasing its volume. This was conveniently accomplished by
introducing a second acceptor cone in the vaporization unit. In
the new unit one reservoir is used for the donor plug and two
reservoirs for holding two separate plugs of acceptor solution.
The two acceptor plugs are measured sequentially and the sum
of the two signals employed for analysis. By doing so, we could
effectively improve the sensitivity of the MBL-VP flow system 3.8
fold without heating or additional aeration. The precisions (%
RSD) were also significantly improved.

This journal is © The Royal Society of Chemistry 2017
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