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Small scale chemical analyzer based on flow based techniques for micro/ nanolevels
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Small scale chemical analyzer based on flow based techniques for micro/ nanolevels
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1. Executive summary

Igmsiaunszuutuduuy peristaltic pump Inenenenaldan/qunsal Fionlel
lignluvszmelng uliifauiuansagnauaufenesiiunes lnewmunszuy
hardware wa% software Juesauldguuuy (prototype)

FalfimmunszuunsIAIIEsiLuY Lab-on-chip (LOC) a8n%ine TneldSaniinle
Tignnuiy Taeld platform Mdunanaiin @crylic) ¥invinseadu channel Tdsyuunis
nailedouarsiogisuazfiotaudidnlulu channel leiindjAsetuazfinniy
nswasuulaslagendoinaiveanisiadeud (migration time) fionaialdlagldunfiniduad
LALQNITLAABUYBY reaction zone AIBM YA @rurTaaiIansTINAINAILEFNRYS
Y84 migration time LazAMUTNTUVDIA1TF9819 UrlUUszgnalunisniusuunse
woanesdn nsneydin uazman lnemslifiolaud Welaufize el fu anunsaldiy
fo819934lel

uATeddldwauin1semaTadisauautanidluiin Wy voltammetry)
Adrufuszuunsimseigenisinawuy sequential injection analysis (SIA) kg4l
LUU bismuth thin film 1ien1suUTunanaaflenuazaeda nieuderfuldussgnd
fusedrailumilowusdngd

IneuiTeildFunuu (prototype) 1n3eaiioRinsiziauindn 3 Tusu fe
AUWUU peristaltic pump simple, simple lab-on-chip wag lave1en15Use ﬂﬂmiumﬁm
Umahealufediaesvaiiiinag LUuUsuiasuu“Luamm‘wmammmaLLauamammﬁuma
wndunsnilasiinuiuiiefumaenyy uaruonivileannmsifanilunsasununni 3 Fos
Wi dildiaueandnsing 8n 2 51813
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Ay : isesiloTinngvivunaidn, wellanslua, sedulalas/unlu
2. Abstract

Development was made for frication of peristaltic pump by using easily
available materials in Thailand. The pump is controlled via lab-developed computer
software. A prototype was obtained.
Development was also made for a simple lab-on-chip (LOC) for chemical

analysis. The fabrication was made by using easily available materials. A platform was



made by drilling acrylic piece to wake channel for flow based system at which reagent
sample and reagent would produce chemical reaction along the flowing. Migration
time of the reaction zone from the starting point to a detection point could be
monitored by using a stop water and with waked eye. A calibration graph of a relation
of the migration time and concentration could be established. Applications of the
LOC were developed for the determination of ascorbic acid, acetic acid, and iron using
appropriate reagents. This could be used for real samples.

Sequential injection analysis (SIA) system with voltammetry (using bismuth
thin film) for simultaneous determination of cadmium and lead was also investigated
for the application in water of zinc urining, 3 prototypes: peristaltic pump and simple
LOC and were obtained, under collaboration with private sectors. Applications have
been extended to the assay of sugar contents which will be useful to Susgar and
pharmaceutical industries.

Apart from 3 publication in international a journal, 2 patent applications

being made.
Keywords : Small scale chemical analyzer, flow based techniques, micro/ nano levels
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4.1 §funuy (prototype) vasdutundeuaisazatesdunuy peristaltic pump lng
Waunszuunmsmuaunsiva (peristaltic pump) tnglddimuiszuuinasddnvsedngd
ileruauszuuawes Tasfiansanain gunsalagYagiimislisnlulszimelne Tu
duresitud (pump head) Temenenaiannues winuiUsyansnmdstesniy
Fdufifismneluiewmatn vaudsvaitaue iimusyuuiesdidnnseindves
u ileanunsafazgnanuasiieszuUAsLimes Falasuniswaunta hard-ware

ey soft-ware



Peristaltic pump finaNTuUsznaudae

1) dmlszneuidang : mssaasavansluvieliiadeud

- szuuwewes Wi DC motor (12V 8W) (glunmysznau)

- szuwihtiud (pump head) USSﬂ@Uﬁ’JEJQﬂﬂéJQ (12n) 7130 519 uazvioansens) Jadumyn
Ismatec (glunndsznau)

2)  duvszneulunmsmuauiudiifedesiusyuudidnnseindlifamunasiiieadostu
- 598l (power supply) ¥892993ANNTIUTBINBIMDT NslueIe fryuLAsY
fiavnald (Bu bidirection Taildnsnyulumiafen) nmsasvilidungaiienganisiva uaz
aunsavilviuemesihnuseiiieas Inaednls

- msfnsedomsiunenfiumes vilvannsafndedudds (software) fumsufiamosiile
fusrduisafunisiiauresdud Gruiusevvewomeitsasiinadednsnisinaves
asavany; fianansvyuvesielnes desiinadefiamaveanisivaluvie: deansliiluasgig
soillowdedenslilvauds ngaudiluasie Wud) axiinesndugadonsefuneuinmes
(Pagunn)

3)  3¥UU software

- Uasruunismuauiludineendeszuu micro-controller AVR Tnaidsulusunsindy
A1 C Julpaifiemuaunisinauvesiudly mode sna q fu (Fasinislnavesilud fie
yamsvavesansazangluenalunmsvieusesiud uasnaiidesnmslitiudvgeluadoud
sglviasie) lnglusunsunanaiiazilasalu micro-controller wagAnsonulUskNTUAIUANTEUY
Adouiulagld Visual Basic Feazidu user interface wazn15%1 program script Liiedsau
pdunouigldimunsniivis
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N1SNAHDUANTIAULNTIINUYasUNY
lanaaaunisvinauvesdudlngussyndldlussuy flow injection analysis (FIA) ke
nMmneinsakeaneiin lagldasarateaaiuiin (fagl) Felananismeaesnadeuansds

aussousnvastud (H9mns19)

Setup for ascorbic acld assay

SAMPLE

PUMP
[El UV-vis
MIXING COIL DETECTOR
CARRIER Q .{/ .
\ WASTE
44 250 mg/L
45 200 mg/L

L — -Sample volume 100 pL

g 3 100 mg/L B

i, oot -60 samples per hour

@ Blank ‘LA xl‘

2
AL e
1.5
0 500 1000 1500
Time (sec)
Table 1 Ascorbic acid contents in Vitamin C tablets

Sample Found
(mg/tab labeled) (mg/tab)xSD
S1 (1000) 10359
S2 (500) 466 * 6
S3 (500) 465 * 13
S4 (300) 283+ 6
S5 (250) 224+ 2
S6 (100) 89+ 1
S7 (50) 49 *1




4.2 l§mu1szuy Lab-on-Chip (LOC) @181 Lab-on-Chip a81sd1eioaniuy
warasrsiulnganaldung Wornduedosdiolnneivuadndmium sinnedlused
Tulas/unlu

& chip Fadu platform wiern1simsizet (M1 lab) idewanadin acrylic
Tndasin channel Tugduuusineg siadl n1stans @duiesrauariioaud ) Wnldly
channel 984 chip axedendnnisina eaisdiegne warTieaudnuiuly channel oz
AnUARTEN mstedeudl (migration) tedlsuiiinuiisentasgninny nanfifertoswesns
waoufiveslaudandnaingadudiu \asfiodrsuazIieraudiiududaiu) luauuwn
channel aufiaganilailéiiugadann (observation point) ailnrmdisiusfuaududues
@398 awesnInAdeudifing  (migration time) anansagninldlagligunsaiiteg
wu Munfindune Fddmdananisalindeudivesd

43 Weu1 Lab-on-Chip 31078 (2) Wiean1sniUsuimnsaueanason
(Ascorbic acid) lng

4.3.1 Warsazangarivfisduiielaud o1defiufAsen redox ML

Juiuansazareaaiuiin finn1y reaction zone Tu channel Mieadaafiunns

919lUv09d vpva15azarea1uiinduiiiosninnisiudeu permancanate

(Mn(VII) 18 manganese ion (Mn(Il)) mmma%’wmwﬂmmgmﬁLﬁ'm%aﬁu

AMNFUNUSYDY migration time U AT UIBINIALBEABSTNLA

4.3.2 l4a15azany ammonium vanadate 1Ju3ielaunlngendonis

\AAUFATEN redox 109 woaAo3dNAY vanadate Fan A udsuiilesann

U371l azanldlunisdane migration zone shla insmnasguiiieados

AUANFLINUGYDY migration time AumNTNTUYDINIALadADTTUNLA
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4.4 W Lab-on-Chip Lﬁamﬂ‘%mmmmz%ﬂiuﬁﬁmmaﬁg lgndnnas n1s
\nABuY8Y reaction zone FuLAnAINURATEINIALUE (NTMoLdRn waslafeulonson) viTld
Lﬁ@ﬂﬁiLUﬁauﬁmaaﬁ%mmmaq phenolphthalein (luansazateiug) n15im migration time il
A5139N3IMUINTFIUIEWING migration time AUANUTLTUIDINIADLBANLA

4.5 msmUsinaumaniuney

Iiiaun Lab-on-Chip (LOC) ilemsvuSanameanantluszylagliuiizen
489 Fe(lll) ffu KSCN @vazifnansidadoudung thunldansodana reaction zone 1§ 910013
JurIan migration time a@ansaasensmanasgulEUsInamantunzyle

4.6 la@Anw13zUUNIIRTIININHILUY voltammetry wiauszuunslvaluy
sequential injection analysis (SIA) 1iten1sM1USuNaLAnBNRAERZR NMIRAUISTUUNTS
ns19¥adlsaudetalufaunuy bismuth film §98 9194 szuuAITIAS LRIV T i d
ANAIsaLfinAuE Y (preconcentration) 1ime anunsadinsizimusnauandie
wazAandouiieaiu (simultaneous determination) Tushegnailuvewmilosdensd
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53.1 K Grudpan, S. Lapanantnoppakhun, S. Kradtap Hartwell, K. Watla-iad, W.
Wongwilai, W. Siriangkhawut, W. Jangbai, W. Kumutanat, P. Nantaboon, S.
Tontrong (2009) Simple lab on chip approach with time-based detection,
Talanta 79(4) 990-994

5.3.2 Watsaka Siriangkhawut, Somkid Pencharee, Kate Grudpan, Jaroon Jakmunee
(2009) Sequential injection monosegmented flow voltammetric determination
of cadmium and lead using a bismuth film working electrode. Talanta 79
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6.  manURINITTUEUY TR atadldun
6.1 naswiaualunisussyuivinisununeid

309 “Lab-on-chip for the assay of sugar contents in syrup” Kwanhathai
Ardnaree, Somchai Lapanantnopphakhun, Wasin Wongwilai, Kate Grudpan. 1um'§°dizsqu
AU1015UIUIYF 16" International Conference on Flow Injection Analysis Including
Related Techniques (16" ICFIA) Fatusyninatadl 25-30 wweu 2553, e SRR

6.2 nslasudegyluduinenns

- AAsng nganus Wasuiesflduineinsussenssudy wasiluusesiu
(Chair) Tu Oral presentation session Iumuﬂsssq:u%smmi Pure and Applied Chemistry
International Conference 2009 (PACCON 2009) 4nuluszwineudl 14 -16 unsau 2552 o
UINYIREULIAIS Jmdafivalan wazlunulseaudaings Aas.ing ngaius lasusiela
“Uniadiaau” Useant 2551 @1 uaiiiiasiei) aanauiauadl (aulsnussuseindlneg)

- 1 BuAnens Tlunisdausryudsufoinnsiies msdnovemmaluladnig
Aasgnmaaivudlnllituyaeansluaaudnuluniamie lasenis “nsugannisesd
ANNIAUAINeImanskazmalulad neTerieITevesantuidenas i inemansuay
weluladgyuvunamieifionsitsnuies” Tasansdesit 11 Jurnsi 6 quieu 2551 a7
8.00 - 16.30 u. vihevesUfuRnnilon s LaToslo gy i o1AsAnL I mans
40 I (SCB 2) Wosduuuntu 2 AsAnenenans univendoidedll

6.3 anudaulgnaivinsiutindvinisaus nalusazelszme

- fenudenlestuindwnisluuminerdedug Tulsene Wy uninende
WHIMa9, UNNINENEEULSADS, UNINIREIIVATeInl

- flanundenlesduindginaslusiauszmea wu lu University of
Washington (v15g8115n1), Okayama University (éﬁﬂu), Aichi Institute of Technology
(a‘jﬂu), Monash University (so@ls5ide), Karlsruhe Institute of Technology (wa5udl) Wudu

7. viwuldwuguassalunisaniusnuvseli fwunganssydndeslstne uazlaudlvagnals
Woane U yguamvewiminlasin1side (A.as.ing nganus) Iuinlvinis
Uszanuauaily usildnenessssaaulisngdulunmends

8. JofmiuLasdalauBLULIY 9 fa dna.
& @ Aa a & cav & o 9 6 aw aAaad v X
Judnuwarlasanisie auselewd ywidedaduayulvnisyiidediann i
ATNAY NANIABUBNINNABIINLNUITLITULAD ADININTUNDIAINIINLBNUNIALDNTUA Y



9. 13519 Output

Output

Aanssuludardualaseanis/
$%13891NN15USTULKY

WAL
<
59
(%)

lunsalandn (wad3aldda
100%) Wivinuszyamnuaz
asudlafvinuandiunig

1) ponuuutudy/ drulsznavvenaiadifouinidn
1.2 @un539 / Aneunsiiaunsen
(n) InAuENURLTILHS
() Tanuaudagln
1.3 szuumuaun s aulidudaluds
1.4 SpUUNSUTEHIURARAZS1EUHA

100

TAAILIUNNTATUNIULAANT
mgluunarieininlasanig
Alamieiuguan

2) Wdudsznoulude 1 Weuszneudu

21 wdedanzdvuadniieldlunisSeu-nsaeu
22 Aseripnzivunanlunsiiaszifiessas
Faozlluruvndunnden INYRSNITULAL/ M0
Tsanugramnssuuuaan wu raslss TUshu 1usu

100

3) AnwUfAzeTiiededlute 2

31 aseslansivuadndieldlunisiSou-nisaou
32 e3edlarsiuuIaEnlunsIesziiet1993e
FoozllurunNAunnden INYRINITULAL/A0
Tsanugramnssuauaan wu raslss TUshiu 1Wusu

100

4) ANW/NAADUANTIOULVDWATDIAULUY
5)

100

6) UAIRIRULUULA user lanaaeauld
USuugeaussauslagly Feed back 310 U8 4.

100




7 (.@ o~

N .
(AEN31N3E A3, 1R NIATTUS)
WnthlasansIdeRsuy

i 9 MBIN ¢nl 93170
SR AC)L. . IaU) g IHe

aund



N1ANUIN



AMANUIN 1

AN3UNIN1T0NUUUNEAS I
1.1 Avddnsnisesnuuundnduet 3o “gunsainsisgimaadvuiannmn”
lauiidwe 0902003304
12 avsdnsnmseenuuundniag Bes “gunsaliviafiannsauuamlddmsy
MsAATginaadituannn” lauiidue 0902003305



Wuan 1.1
anstnsnseanuuuniniuel Tngldsuiaviidiveain dnindnsdng naamingaumsdygn
awsUnsniseanuuunaniael (389 “gunsalmsimssimaaiivunawnmn”
\avfidnve 0902003304

; Awmituamiai

Arrefudnidnaaydniing i wiiswinlizma

|
O mnlssied uuusin ot -
MASERNLLLEE BT Ussuwedinfinuyg
O whiﬁa_ﬂ Ny A 1P, ] Julzmalawuy | L s
{]l—-‘i]l{.‘l. FU ity | |

i‘mﬁmmuiﬁﬁlﬁmﬂhﬁﬁﬁﬂs%ﬁmﬁi ] fusendnitnsayfiving R AvE Ry e AnETag
tafuiinitnneyBnitne ammserndofRawins wa 2522

wiladandaunssslngBavites (atufi2) wn 2535 _ fufiadad i
wes neErTIToyrRAYE RS (RO 3) wa 2542

2 AnegfuBvitnsnnseanuuusinfusidudesdwinwoeiaiuadadoaiuis s udved s

|ty énwe ftulusrodeniy
m unzTieg (SR owu Usrzina) [ 3.1 dnend
wmtndndodmi 22w 083-210731-2
weft 239 oundanuts snunguem dwnadies dwiaduelmiso200 | 3aTniss 053210733 '
[ usznning 3450 !
4 fndiummefudniias/eydvtiing
T fhuideenwuy M fuleu qu%ﬁ:qugu e |
s foumu(diodlyiteg) (aa¥ o Sawdn rinluredig g G (r.,“?_’f., 57 daunmuseii 1320 _J
WRENMIYEIT0 Fumarroi0s oA T2 medwd 083-210731-2 |
I whednmimRunayn wasiovenmelylsd, - " d 53tmsny 053210733 ‘
swnimedndnslui ax :-"".'V \% S asad panywan@gmai com o
239 e Frusgum duneiag im’}u‘ibﬁﬂﬂ s00 . | R

Amehuinitaseudvitrienanieiurioiudaed
frefudvitrseyivitag aelieiUTuineidntaseydvitnst Tuludvafudrveivivdte:
(ovit S i fuiviuaseudvitastunmAe e fuA e dumns

O Awedudnonlrsinfwnoetne O gndndudlessngeebifiind © sewlfoudasrumeesivd

m;mmmﬁm:muamﬂw 'Ld‘m'mﬂumnm:.m'.n*wuwv‘aw’ﬁwqmmgmﬁ-;mrhun:dmﬂmamun:mum W
Fnerdu




Wuan 1.2
anstnsnseanuuuniniuel Tngldsuiaviidiveain dnindnsdng naumingaumsdygn
anstnsniseanuuunAni el 1309
“gunsaidudaianunsauiugalddmunsiineimaaiivuiannmn”
\avfidnve 0902003305

- Wk RS W E W

=i
dwsuidamim

| =
[ Amafuiividesayivbing

Foyangolinuunninlssisfrouinnsane
O rmshed Wit
I T R PO T sz uwsinioast
L O oeyavides - da ¥ Fulrmalnwnn | RtrenAlsm
! TREIARTIE RTAEALE B E AR IS -
L B L | -
fmdnfasmudietoluivoiuvitanedridngt Jusandvivaseyinkns swrhdviraydnies
yafudvideraydnilng mameslRitnaing na 2522
- a ™ o - —a— ; Lmern
uilodindiulnevsz s dygiantdegs (luf 21 wa2s3s sruflefpdio®
| uae wizrminyeiRRvitieg (wiuf 3)m A 28a2

(2 Arsehulvimsmsenwusn o sed RuLuEA Rt aR L T as s et T
| wdmou A Fuluaridn i

e unsiar (aefl pus drane) —F.1 ford -
. 32 Tvsfnd 053-210731-2
| i 236 ot Frusgum snadios Sawindelni 50200 | 33 Trans 053210732

Cr—— e

| swiinedadoslw

vszwvelng :4 [
a4 fvzunneefufvionseydniung T
O duredsggesnuoy O QRulen U deefubnilacomty
5 fumydflimeg (e owu Sl nislnsid) 1 5 1 doumuaa?l 1320
WIANMOI50 Fumassugs ' 52 Insdwél - 522107312
wisdammindRunelyouarienesmaiulag ‘satnms 053- 210733 1
inTimedudedtu jk5‘4 A panuwanggmail com 1

239 ouuhiew’a Ausgom suadies Sawimdnalvn 50200 ’

| 7 Aefudvitmseydnidnsiuensimadeotesiud e
Rraiuvinmseyiniting veWBeinBfudmmbudvivarsyiviverd Wiuddudsefudvbin
@i i zFsehAviTay eyBvEtarensmiec e vivdra s

l 7 dwedafimassAufunneens T gninddissvindeebifivd  sewReuanmumanid l

- . P ’ P = o
yangug Wnidibiewenynose@usWerufn WmiGusanreadtoufnfibn e monaeiifdnassddefamronsdun - i,
Ay




AMANUIN 2
AuULUU (prototype)

21 dusuuiud (peristaltic pump)

22 dunuueiesdlolemesiawindn (Hu portable) Wueses simple lab-on-chip
Ferhdssaudlelunsinuarndululs Tumsidhgmsnaialng Ui mlssin agnw d1n

23 dunuueiediolinnssivuindndmiugnamnssuvunndn/ nans aduiedos
mUFinahma (madegfulsslonilugramnssuivunargnamnasue)



Wun 2.1
funuudnd (peristaltic pump)

;JU(?I"ULLUU (prototype) ¥@4 peristaltic pump Fiwmun Ty



WU 2.2
AuluuiAsesiiodnsgsuinan (Ju portable) WulA3os simple lab-on-chip &arinds
Sudfiolumsfinwmanudulild Tunsidignmseanalae vsen wnlssiu e 911n

sUAULUY (prototype) Lab on Chip agnsdefinaudy
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Visual detection

A simple lab-on-chip approach with time-based detection is proposed. A platform is made from a piece
of acrylic differently shaped channels for introducing sample and reagent(s) using flow manipulation.
Time-based changes involving migration of the reaction zone are monitored. The changes can be visually
monitored by using a stop-watch with naked eyes observation. Some applications for the determination
of ascorbic acid, acetic acid and iron in real samples with different chemistries were demonstrated.

Crown Copyright © 2009 Published by Elsevier B.V. All rights reserved.

1. Introduction

“Lab-on-chip” is the state of the art analysis approach in analyt-
ical chemistry. All necessary parts of the analysis process, including
sample introduction part (i.e. pump), reaction chamber and detec-
tion unit, are integrated into a small one-piece device. With
this integrated downscaled system, chemical/biochemical analysis
can be miniaturized performing. Advantages of the “lab-on-chip”
include the reduction of chemical/sample consumption, ease of
operation, rapidity of analysis and with possibility of portability
[12].

When the word “lab-on-chip” is mentioned, one may assume
that it is an invention that requires high technology and expen-
sive fabrication involving a lot of new developments in materials
science, electronics, physics and chemistry/biochemistry. However,
“lab-on-chip” may simply be made based on the objective of per-
forming an analytical process without bench space. The chip itself

* Corresponding author at: Department of Chemistry and Center of Excellence
for Innovation in Chemistry, Faculty of Science, Chiang Mai University, Chiang Mai
50200, Thailand.

E-mail address: kate@chiangmai.ac.th (K. Grudpan).

can be fabricated in a simple way with commonly found equipment.
With a suitable detection method, the whole analysis process can
be carried out on a chip without needing any extra-complicated
devices.

In this work, we proposed an economic “lab-on-chip”. A sim-
ple chip was made by drilling channels in a piece of acrylic plastic.
Uncomplicated manual operation can be handled. We have demon-
strated different uses of the chip with simple reactions, all involving
color detection. To eliminate the use of any extra device such as
a spectrophotometer, detection was done by bare eyes based on
migration time of the reaction zone using a simple stop-watch.

2. Experimental
2.1. Fabrication of the simple chip

A piece of acrylic was cut into rectangular shape of the
size 2.5cm x 5.0cm x 1.2cm (width x length x thickness). It was
secured on a drill press and channels were drilled through the side
of the acrylic piece using a 1 mm drill bit. The whole volume of the
channels was approximately 55 p.L. The format of the channels, i.e.
the crossing point of the vertical and horizontal channels, or the dis-
tance from the edges, can be varied according to the user’s designs

0039-9140/$ - see front matter. Crown Copyright © 2009 Published by Elsevier B.V. All rights reserved.

doi:10.1016/j.talanta.2009.02.025
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Fig. 1. (a) and (b) Two designs of the simple chip (V: three-way valve, E and F: the points where analyte and reagent having the first contact, i.e. start the reaction zone, DP:

mark for detection point) and (c) illustration for the chip tilted on a base.

and applications. Here two different designs, see Fig. 1(a) and (b),
were proposed to demonstrate the different migration patterns of
the reaction zone.

Alarger diameter was made at each channel opening and threads
were made to perfectly fit a normal nuts using in flow injection
assembles. Each three-way valve was connected to each FI nut with
a piece of 0.031in. i.d. PTFE tubing. These valves act as injection
and exit ports of the chip. One of the ports on the vertical chan-
nel and one of the ports on the horizontal channel were injection
ports where syringes were placed. The rest of the openings were
exit ports, connected to the waste container.

2.2. Determination of ascorbic acid in vitamin C

Determination of ascorbic acid in vitamin C tablet was demon-
strated through two different reactions, one with KMnO4 and
another with NH4VO3 [3,4]. In the experiments with KMnOy, stan-
dard ascorbic acid solutions were prepared at 2, 4, 6 and 8 mM in
0.2 MH3PO4.The KMnO, solution was also prepared in 0.2 M H3 PO,
at 1 x 10~% M. In the experiments with NH4VOs, standard ascorbic
acid solutions were prepared at 0.6, 0.8, 2, 4, 6 and 8 mM in water.

The NH4VO3 solution was prepared in 0.2 M H,SO4 medium at the
concentration of 6.84 x 10~2 M.

Three commercial vitamin C tablet samples with different addi-
tives were used in this study. Their compositions are as follows:
sample C1 contains 500 mg vitamin C; sample C2 contains 1000 mg
ascorbic acid with bioflavonoid complex lemon, acerola and rose
hip; sample C3 contains 400 mg ascorbic acid with 350 mg sodium
ascorbate, 400 mg calcium ascorbate, 50 mg bioflavonoids, 50 mg
rutin, 50 mg hesperidin, 250 mg rose hip, 50 mg acerola, 150 mg
tapioca starch, 30 mg magnesium stearate and 30 mg soy polysac-
charide.

The results were compared with the standard titration method
using blue 2,6-dichlorophenol indophenol (DCIP), prepared in
NaHCOs, as a titrant. End point was observed when the titrand
changed from colorless to pink.

2.3. Determination of acetic acid in vinegar
Acetic acid standard solutions were prepared at the concen-

tration of 0.04, 0.06, 0.08 and 0.1 M by dilution of concentrated
glacial acetic acid with DI water. Reagent used for this study was
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the mixture of 2 x 10~4 M NaOH and phenolphthalein. The vinegar
samples were diluted 10-fold with DI water. The performance of
the system was demonstrated using three commercial vinegar
samples with approval quality from the Thai Food and Drug
Administration. Amounts of acetic acid found were compared to
the reported values on the products’ labels.

2.4. Determination of iron in nail

This application was demonstrated with high iron content nail.
A 0.6436 g nail sample was digested with HNOs acid and heated for
30 min. The final volume of the digested nail solution was adjusted
to 250 mL with deionized water. The sample solution (0.3 mL) was
diluted to 10 mL prior to use.

A 179mM stock Fe3* solution was prepared from
NH4Fe(S04),-12H,0. Working solutions were diluted to the con-
centrations of 0.18, 0.54, 0.90, 1.25 and 1.61 mM. The complexing
agent was 1 M KSCN solution.

The performance of this system was evaluated by comparing
the results with two standard methods; batch molecular spec-
trometry and atomic absorption spectrometry (AAS). For batch
spectrometry, standard Fe3* solutions were prepared at the con-
centrations of 3.58 x 1073, 7.16 x 1073, 1.07 x 10~2, 1.43 x 102 and
1.79 x 10-2 mM. The intensity of the red complex was monitored
using a spectronic 21. Since the working range is different from
the proposed lab-on-chip system, the nail sample solution was
prepared at lower concentration by diluting the digested sample
solution to obtain concentration in the working range of the stan-
dard calibration curve (3.58 x 1073 to 1.79 x 10~2 mM ). For AAS, the
procedure was followed the ASTM method [5].

3. Results and discussion
3.1. Important parameters

3.1.1. Planar/angle of elevation

Migration occurred from the difference in concentration of the
reagent and sample zones. Capillary action due to small channel
also helps accelerate the migration. In addition, gravimetric force
should also help to promote migration. This could be due to differ-
ences in the densities between the analyte and reagent solutions.
This effect was illustrated by the determination of ascorbic acid
using KMnOy, in which the de-colorization is due to redox reaction
[3], the effect of elevation was demonstrated using the chip A for-
mat. KMnO4 was introduced in the vertical channel and ascorbic
acid was introduced in the horizontal channel. The chip was tilted
at various angles (0°, 10°, 20° or 30°) with respect to the horizontal
plane, see Fig. 1(c).

It was found that with different tilting angles, reaction zone
migrated downward at different rates. Time-based calibration
graphs obtained from various angles are shown in Fig. 2. For this par-
ticular reaction, the 10° angle gave the best sensitivity but required
more detection time. The 20° angle offered better R? value with
more rapid detection time. Migration was faster with 30° arrange-
ment, but sensitivity and R? value were decreased. The selection
of the chip’s elevation angle should compromise sensitivity and
analysis time. Therefore, the 20° angle was chosen for further
experiments. However, other reactions or different matrices with
different densities and viscosities may yield different results. In
some cases, the degree of the angle may not be critical, but it may
slightly change sensitivity and working range of the analysis. The
selection of the chip’s angle should be consistent.

3.1.2. Detection point
The detection is time-based detection. It was done by record-
ing the time that the front of the reaction zone took to reach the
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=
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Fig. 2. Time-based calibration graphs of ascorbic acid with various elevation
degrees.

detection point. If the zone migrates vertically, the detection point
(see Fig. 1: DP) was set down from the intersection. The shorter the
distance between the intersection to the detection point, the bet-
ter sample throughput. However, the longer the distance offers the
better precision in timing. The detection point should be located
based on compromising between analysis time and precision.

3.2. Demonstration of the system with various reactions

3.2.1. Determination of ascorbic acid in vitamin C tablets

In this study, two reactions were carried out using two differ-
ent chip formats and both were placed at a 20° angle with respect
to the horizontal plane. Chip A was used for the reaction of ascor-
bic acid with KMnOy. First, valves V4 and Vg were opened while
valves V¢ and Vp were closed. KMnO4 was injected through valve
V4 to fill all the channels. Then, valves V and Vg were closed, and
valves V¢ and Vp were opened. Standard ascorbic or sample solu-
tion was injected into valve V¢ and it could flow out through valve
Vp, replacing the reagent in the horizontal channel. Both valves V¢
and Vp were immediately closed and timing was started. The pur-
ple color of KMnO4 began fading away from the intersection point F
in the vertically downward direction. The detection point was set at
2.0 cm from point F. The migration was faster with the higher con-
centration of ascorbic acid and therefore, a shorter time was used
to reach the detection point.

Chip B was used for the reaction of ascorbic acid with NH4VOs;.
The operation procedures were similar to that described above for
chip A. However, here the standard or sample solution was intro-
duced vertically from valve V4 to Vg. The reagent NH4VO3 was
injected horizontally from valve V¢ to Vp. After immediately clos-
ing all the valves and starting the timing, the change in color (from
pale yellow to blue) of the detection zone was observed starting
at the intersection E. The migration of the detection zone was on
both left and right horizontally. The detection time was recorded
when all the solution in the horizontal channel turned blue. The
migration direction of the observed detection zone was different
from the above system, even though the chip was also at 20° tilt.
This is likely due to the nature of the vanadium comproportionation
reaction which can be explained based on the standard reduction
potential values of ascorbic acid [6] and vanadium of various oxi-
dation states [7]. When V>* in the form of VO,* in the acidified
NH4VO3 came into contact with the reducing agent, ascorbic acid
at the intersection E, it was likely reduced to V3*, as the reducing
power of the ascorbic acid is not strong enough to change V°* to
V2* This V3* started the auto-redox of vanadium contained in the
horizontal channel, changing the rest of yellow colored V°* to blue
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Fig. 3. (a) The time-based calibration graphs for ascorbic acid using (a) KMnO4 as
and (b) NH4VOs as oxidizing agent.

colored V#* (in the form of VOZ2*), V3* +V>* — 2v4* [8]. The higher
the concentration of ascorbic acid, the more V3* was produced and
the faster the auto-redox reaction occurred. This reaction took place
at a faster rate as compared to the migration of V>* into the ascorbic
acid line. Therefore, the change in color intensity was observed in
the horizontal direction rather than in the vertical direction.

Fig. 3(a) and (b) shows the time-based calibration graphs of
the ascorbic acid standards, when using KMnO4 and NH4VO3 as
a reagent, respectively. Both have linear working range in the con-
centration ranges used in this study. Vitamin C tablet samples were
also analyzed with these two systems. It was found that the pro-
posed systems yielded results that agreed with the standard batch
titration method [9], as shown in Table 1.

The results from both systems indicated that this simple lab-
on-chip approach with time-based detection could be applied for
analysis of vitamin C tablets of various matrices without the need of
dilution or other sample pretreatments. This would help to reduce
the errors due to dilution.
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Fig. 4. Time-based calibration graph of acetic acid.

Table 2
Amount of acetic acid in vinegar samples.

Vinegar sample Labeled amount (%, w/v) Lab-on-chip (%, w/v)

Sample A1l 5 4.8
Sample A2 5 4.8
Sample A3 5 4.2

3.2.2. Determination of acetic acid in vinegar

Chip A was used in this study. It was placed at a 20° angle with
respect to the horizontal plane. The mixture of NaOH and phenolph-
thalein was injected vertically through valves V4 and Vg. The acetic
acid standard solution or vinegar sample was injected horizontally
through valves V¢ and Vp. The detection point was set at 0.5cm
down from point F. When acid migrated down into the reagent
line, the pink color faded away. The detection time was recorded
and plotted against log the concentration of acetic acid standard.
The time-based calibration graph of standard acetic acid is shown
in Fig. 4. Amounts of acetic acid in the vinegar samples were deter-
mined and the results agreed well with the value reported on the
labels, as shown in Table 2.

3.2.3. Determination of Fe in nail

Chip A was used by introducing standard or sample solution
through vertical valves V and Vg and injecting KSCN through hori-
zontal valves V¢ and V. The chip was placed flat (0°) to demonstrate
that for some reactions, tilting the chip may not be necessary. The
reaction occurred at the crossing point F, giving red color complex
that migrated down vertically. Time was recorded when the red
zone reached the detection point that was set at 2 cm down from
the crossing point F. Migration of the reaction zone from the cross-
ing point E toward valve V, was not observed, even though the chip
was placed flat. This is probably due to having more Fe3* present
in the lower section from F to Vg as compared to that in the upper
section E to Va.

The time-based calibration graph for Fe3* was obtained as
shown in Fig. 5. This calibration graph has positive slope, in contrast

Table 1
Comparison of the ascorbic acid contents in vitamin C tablet samples obtained from the proposed simple lab-on-chip and standard batch titration.
Vitamin C sample Labeled amount (mg/tablet) Standard titration method with DCIP (mg/tablet) Lab-on-chip
With KMnO,4 (mg/tablet) With NH4VO3 (mg/tablet)
Sample C1 500 478 481 513
Sample C2 1000 1084 1030 999
Sample C3 1000 957 1098 1063
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Fig. 5. Time-based calibration graph of Fe3*.

to the negative slopes of the other calibration graphs observed in
the previous examples. This difference can be explained by consid-
ering that in this system, sample solutions of various concentrations
were injected vertically while the fixed concentration reagent was
injected horizontally. Migration time, therefore, is in direct propor-
tion (positive slope) to the concentration of sample in the vertical
line. Linear working range was found over the chosen concentra-
tion range of 0.18-1.61 mM. The weight percent of Fe3* in the nail
sample was calculated to be 62%.

The same digested nail sample was also analyzed with
batch molecular spectrometry and flame AAS. A calibration
curve with linear working ranges 3.58 x 1073 to 1.79 x 10-2 mM
(y=8.2339x — 0.0004, R?=0.9988) was obtained with the batch
molecular spectrometry. The average weight percent of Fe3* in the
nail obtained using the batch molecular spectrometry and AAS

were 64 and 60%, respectively. They agreed well with the amount
obtained from the simple lab-on-chip system.

4. Conclusion

A simple and economic lab-on-chip with time-based approach
has been proposed and demonstrated with various reactions. The
detection was based on migration of the colored reaction zone.
Visual detection by naked eyes with a stop-watch can be incorpo-
rated. The techniques may be useful for on-site analysis by applying
some coloration/decoloration reactions to the proposed simple
systems. Further development by incorporating cartridge type pre-
treatment techniques to the proposed simple chip will be explored.
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A cost-effective sequential injection monosegmented flow analysis (SI-MSFA) with anodic stripping
voltammetric (ASV) detection has been developed for determination of Cd(Il) and Pb(II). The bismuth
film working electrode (BiFE) was employed for accumulative preconcentration of the metals by apply-
ing a fixed potential of —1.10 V versus Ag/AgCl electrode for 90 s. The SI-MSFA provides a convenient means
for preparation of a homogeneous solution zone containing sample in an acetate buffer electrolyte solu-
Anodic stripping voltammetry tion and Bi(III) solution for in situ plating of BiFE, ready for ASV measurement at a flow through thin layer
Cadmium electrochemical cell. Under the optimum conditions, linear calibration graphs in range of 10-100 pgL~!
Lead of both Cd(II) and Pb(II) were obtained with detection limits of 1.4 and 6.9 wgL~" of Cd(Il) and Pb(II),
respectively. Relative standard deviations were 2.7 and 3.1%, for 11 replicate analyses of 25 wgL-! Cd(Il)
and 25 gL' Pb(1l), respectively. A sample throughput of 12h~! was achieved with low consumption
of reagent and sample solutions. The system was successfully applied for analysis of water samples col-
lected from a draining pond of zinc mining, validating by inductively coupled plasma-optical emission

Keywords:
Sequential injection
Monosegmented flow

Bismuth film

spectroscopy (ICP-OES) method.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Heavy metals such as cadmium and lead are toxic, persistent pol-
lutants and they can be bioaccumulated/concentrated through the
food chain. Their contamination to the environment comes from
different sources, e.g., soil erosion, mining and industrial activities.
Therefore, the development of sufficiently sensitive, selective and
reproducible analytical methods for precise and accurate determi-
nation of these metals at trace levels is essential. There are several
techniques recently utilized including spectrometric, chromato-
graphic and electroanalytical techniques. Spectrometric techniques
such as atomic absorption spectrometry (AAS), inductively cou-
pled plasma-optical emission spectroscopy (ICP-OES), inductively
coupled plasma-mass spectrometry (ICP-MS) and atomic fluo-
rescence spectrometry (AFS) although provide good sensitivity
and selectivity, they usually involve expensive and large equip-
ment.

Electroanalytical techniques such as stripping voltammetry on
the other hand usually concern small instrument, which is rela-
tively low cost, low power consumption and portable. The most
widely used stripping voltammetric mode for determination of
Cd(II) and Pb(II) is an anodic stripping voltammetry (ASV), which

* Corresponding author. Tel.: +66 5394 1909; fax: +66 5394 1910.
E-mail address: scijjkmn@chiangmai.ac.th (J. Jakmunee).

0039-9140/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.talanta.2009.03.032

is conventionally performed on mercury electrode, e.g., hanging
mercury drop electrode (HMDE) and mercury film electrode (MFE)
[1]. Mercury electrode provides a wide cathodic potential limit
for reduction of several metals and allows the formation of amal-
gams for accumulative preconcentration of the metals leading to
very high sensitivity and reproducibility for ASV determination.
However, due to toxicity of the mercury, recently mercury-free
electrodes such as bismuth film electrode (BiFE) are extensively
researched [2-32]. BiFE is environmentally friendly since the toxi-
city of bismuth and its salts is negligible. It can form “fused alloys”
with heavy metals, analogously to the amalgams that mercury
forms [4,11] leading to high sensitivity and reproducibility of the
stripping signal and good resolution of the adjacent stripping peaks.
Other attractive properties include its low background characteris-
tics, wide alkaline pH working range and being partially insensitive
to dissolved oxygen, which allows the analysis without the time-
consuming de-oxygenation step [2,4-6,10,11]. Similar to the MFE,
BiFE could be conveniently prepared by plating a thin bismuth film
on a suitable substrate material, which can be done before (ex situ
plating) [14] or at the same time (in situ plating) [8,9] with the
deposition of the analyte metals. Various substrate materials could
be used such as glassy carbon [2,5,6,20,25], carbon fiber [2,14],
carbon paste [7,15,18], screen printed electrode [3,9,12,24,30], pen-
cil lead [8], carbon nanotube [27], edged plane graphite [19], gold
[16] and copper [17]. Other techniques for preparation of BiFE have
been introduced such as sputtering of Bi film on silicon substrate to
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Fig. 1. The developed sequential injection anodic stripping voltammetric system. (a) Schematic diagram of the system, C: carrier (deionized water), SP: syringe pump, SV:
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W: waste. (b) A thin layer electrochemical flow-cell and the flow channel, AE: auxiliary electrode, WE: working electrode and RE: reference electrode.

produce BiFE microelectrode [22,23] and bismuth-carbon compos-
ite electrode using Bi nanoparticles [32]. BiFE is more mechanical
durable than MFE which is suitable for application in flow sys-
tems [1,11]. Flow based analysis such as flow injection (FI) and
sequential injection (SI) offers several advantages over batch anal-
ysis such as fast and higher degrees of automation, improvement
of accuracy and precision, less risk of contamination and low con-
sumption. Recently, several sequential injection systems have been
developed for automation of ASV analysis [29-31,33-38]. How-
ever, most of them employing mercury electrodes, either HMDE
[37,38] or MFE [34-36]. There is still lack of application of BiFE in
flow system [11]. SI-ASV on Nafion® coated BiFE was developed for
determination of Cd(II), Pb(II) and Zn(II) [29]. The hybrid FI/SI sys-
tem using BiFE was also reported for ASV determination of Cd(II)
and Pb(II), and AdSV determination of Co(II) and Ni(II) [30]. SI-ASV
was proposed for determination of Cd(II), Pb(II) and Zn(II) employ-
ing an in situ plated bismuth film screen printed carbon electrode
[31].

The SI with monosegmented flow analysis (MSFA) approach was
introduced to promote good mixing of the solution zones sand-
wiched between two air segments, resulting from a turbulent flow
in the monosegment [37,39,40]. This approach should improve effi-
ciency in electrodeposition of metal ions on the working electrode,
leading to high sensitivity and reproducibility of the analytical
results. With MSFA sample dilution, single stock standard cali-
bration and standard addition could be made in-line [37,40]. The

SI-MSFA with voltammetric determination of atrazine on a HMDE
was developed [37].

In this work, we developed a cost-effective SI system to perform
MSFA aiming to gain benefit in convenient handling in solution
preparation for in-line ASV determination of Cd(II) and Pb(II)
employing an environmentally friendly BiFE as a working electrode.
The BiFE was in situ plated on glassy carbon electrode and the same
electrode could be repeatedly used for several times due to effi-
cient cleaning in the flow system. The system provided sensitive
and reproducible determinations of Cd(II) and Pb(II), with semi-
automatic analysis and low chemical consumption. The developed
system with new software offered opportunity to do complicated
tasks in SIA, despite a simple script program has been used.

2. Experimental
2.1. Chemicals

All chemicals used were of analytical reagent grade. Deion-
ized water (obtained from a system of Milli-Q, Millipore, Sweden)
was used throughout. An acetate buffer solution (0.2 M, pH 4.6),
which served as a supporting electrolyte was prepared by dissolv-
ing sodium acetate 3-hydrate (Ajax Finechem, Australia) (13.61g)
in water before adding of acetic acid (Carlo Erba, Italy) (5.7 mL) and
making up to final volume of 500 mL with water. Working standard
solutions of Pb(II) and Cd(Il) were daily prepared by appropriate
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diluting the stock standard solutions (1000 mgL~! atomic absorp-
tion standard solutions, Merck, Germany) with the acetate buffer
solution. A stock solution of Bi(Ill) (1000 mgL~1) was prepared by
dissolving 0.23 g of bismuth (III) nitrate 5-hydrate (Carlo Erba, Italy)
in 0.5M HNO3 solution. A Bi(Ill) plating solution (40 mgL-1) was
daily prepared by diluting the stock solution with 3 M acetate buffer
solution.

2.2. Instrumentation and apparatus

An in-house assembled sequential injection-voltammetric sys-
tem is depicted in Fig. 1(a). It consisted of a syringe pump (Cavro
Model XL-3000, USA), a 10-port selection valve (Valco Instrument,
USA), a voltammograph (VA 757, Metrohm, Switzerland). Tygon®
tubing (1.25 mm i.d., 4.5 m long) was used for assembling a hold-
ing coil. Other flow lines were made of a PTFE tubing of 0.5 mm
i.d. A thin layer cross-flow cell (Metrohm, Switzerland) as shown
in Fig. 1(b) was employed for voltammetric measurement. It con-
sisted of a glassy carbon disc working electrode (WE), a carbon disc
auxiliary electrode (AE) and a Ag/AgCl (3 M KCl) reference electrode
(RE). An in situ plated bismuth film electrode on the WE was used
in anodic stripping voltammetric analysis. The system was com-
puterized controlled by using a home-made program written in
Visual Basic 6 (Microsoft, USA). Employing this controller program,
different solution sequences as shown in Fig. 2 were created for
investigation of monosegmented flow for efficient mixing of various
solutions.

2.3. Procedure

The operational sequences for the determination of Pb(Il) and
Cd(II) by the SI-voltammetric system with monosegmented flow
strategy are given in Table 1. This corresponds to the solution
sequence F in Fig. 2. Before running the operational sequence, the
“Start-up” program sequences was firstly executed, in order to fill
the HC, the electrochemical cell and the tubing connecting to the
port 6 of the selection valve with 0.2 M acetate buffer solution and
to fill tubings connected to other ports of selection valve with their
respective solutions. Then operational sequences were started as
describing as follows (sequence F, Fig. 2). First, the acetate buffer

solution (800 L) was aspirated and then delivered through port
6 to the flow cell. Then, air (100 wL) was aspirated to separate
buffer solution from the following solutions. After that, Bi(Ill) plat-
ing solution (Bi +B) and mixed standard/sample solution (M) were
alternately aspirated to form stacked zones as shown in Fig. 2(F).
Then selection valve was switched to port 1 to perform flow reversal
to promote mixing of the stacked zones together [39], by aspirat-
ing air (300 L) and pushing air and 25 p.L of the solution to waste
(port 2). The mixing zone was then propelled through a cross-flow
cell for electrodeposition of the metals by applying a potential of
—1.10V versus Ag/AgCl to the WE for a specified deposition time.
The air segment at the back was taken out to waste before buffer
solution was sent to the flow cell. Then, the stripping step was
performed in a medium of acetate buffer electrolyte under stop
flow condition. A voltammogram was recorded using the follow-
ing condition: sweep mode, square wave; sweep potential, —1.10
to 0.20V; sweep rate, 0.50V/s. Finally, the flow cell and the elec-
trodes were cleaned by flowing cleaning solution (0.1 M HNO3)
through the flow cell while applying a potential of 0.20V to the
WE.

3. Results and discussion
3.1. Development of SI system and software for SI operation

An SI system was assembled from commercially available OEM
components in order to make the system to be cost-effective. Con-
trol of the pump and selection valve was accomplished by sending
an ASCII code to the respective component via computer serial
ports (COM port). An in-house developed software for control of the
SI system was designed and written in Visual Basic 6.0. The control
panel of the software is depicted in Fig. 3. As can be seen from the
figure, the component could be controlled manually by clicking on
the button on the screen or automatically by creating a program
sequences or a script program. The way of writing a script program
was convenient, i.e., by typing a value in a parameter box of each
component and then click “Add” button to insert a script line in the
Program Control box. The program script could be easily edited by
highlighting on the line to be deleted or inserted and then clicking
“Remove” or “Add” button, accordingly. Instruction for delay and

H M+Bi+B
800

- H. M+B .
750 25

M+B

25
i
25 375 25 375
H. M+B . M+B l M+B . M+B I
?IIJr 190 ?IT; 185 ‘1_0— 185 ";6 190 ‘1_07
- HI M+B I M+B I M+B I M+B I
: PSP St PE D>
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Fig. 2. Sequence of solutions in the monosegmented zone before mixing; A: air, M: mixed solution of Cd(II), Pb(II) and Zn(II) standards (0.1 mg L' each), Bi: 40 mg L~ Bi (III)
in nitric acid (pH 1.7), B: 0.2 M acetate buffer, Bi+B: 40 mgL~" Bi (Ill) in 3 M acetate buffer. Volume of solution indicated under each zone is in microliter.
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Table 1
Operational sequences of the SI-MSFA-ASV method for determination of Cd(II) and Pb(II).
Step Description Pump valve position Selection valve position Volume (pL) Flow rate (uLs™!) WE potential (V)

1 Load buffer solution Out 3 800 50

2 Deliver carrier solution to flow cell Out 6 400 10

3 Load air Out 1 100 50

4 Load bismuth plating solution Out 4 10 10

5 Load standard/sample Out 9 190 10

6 Load bismuth plating solution Out 4 10 10

7 Load standard/sample Out 9 185 10

8 Load bismuth plating solution Out 4 10 10

9 Load standard/sample Out 9 185 10
10 Load bismuth plating solution Out 4 10 10
11 Load standard/sample Out 9 190 10
12 Load bismuth plating solution Out 4 10 10
13 Load air Out 1 300 50
14 Taken air out Out 10 325 50
15 Deley time 5 s for clicking on start button

of the voltammograph
16 Deliver the sample zone through flow cell Out 6 750 10 -1.10
for deposition step

17 Taken air out Out 10 150 100
18 Push buffer to flow cell Out 6 200 10
19 Stripping and recording of voltammogram Out —1.10 to 0.20
20 Load cleaning solution Out 7 700 50
21 Load carrier In 100 50
22 Deliver zone of cleaning solution to strip Out 6 975 50 0.20

bismuth film

loop control could be inserted similarly. Additionally, the software
was prepared for control of components which will be used in
other applications or further development of the system to higher
automation, e.g., peristaltic pump, recorder and auto-sampler.
Using the developed system, sequential injection monoseg-
mented flow voltammetric analysis could be semi-automatically

E’v‘ FBA Lab E.{[C:'\E@cum—cnls and Settings\Fire\Desktop\Fai\BiFE_new 27.11.08.txt)

performed according to the operational sequences as described in
Table 1. The script program was started to run by clicking on “Start
Program” button and it can be stopped at any time by clicking “Stop
Program” button. The complicated procedure could be done with
higher degrees of automation employing the developed system as
described in Section 2.3.

hved
 Out Aspirale, Flow, 10,V olume, 10
E'T,MIILValve.S
28,Syiing_Pump,0ut Dispense, Flow, 10,V olume,1000
gjs"mw‘vé'm.o
muquw.lnAzwdaflwm .V olume,500

Fig. 3. The control-panel page of an in-house SI controller software (for details see text).
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3.2. Optimization of experimental conditions

Conditions of the square wave anodic stripping voltammetric
analysis for determination of cadmium and lead (as described in
Section 2.3) was selected from the previous study [35], except
bismuth film electrode (BiFE) was used instead of mercury film
electrode in order to avoid the use of toxic mercury. Preparation
of BiFE could be done either by ex situ plating (preplating) or in
situ plating. In situ plating could be more convenient to perform by
off-line spiking of the standard/sample solution with Bi(III) solu-
tion and formation of bismuth film simultaneously occurred with
the analyte metals accumulation during the deposition step. In this
work, a monosegmented flow analysis (MSFA) [37,39,40] approach
was applied in SI systems in order to provide good mixing of Bi(III),
standard/sample and acetate buffer electrolyte solutions together
in a monosegmented zone. This could be carried out by using air
plugs to sandwich the solution zones, which prevent dispersion
of solution into a carrier stream and the turbulent flow occurring
in the air segmented zone would promote mixing of the sand-
wiched solution zones to form a homogenized monosegmented
zone. The homogeneous solution would provide good performance
and reproducibility in the deposition and stripping steps of ASV
analysis because the concentration gradient of the sample zone
entering the electrochemical flow cell would less occur while the
potential was applied to the working electrode [37]. Other seg-
mented flow could also be used to promote mixing but complicated
instrumentation and procedure may be needed, e.g., air segmentor
and bubble remover devices are required. A 0.2 M acetate buffer pH
4.6 was selected as a supporting electrolyte for voltammetric anal-
ysis because this medium provided wider potential window of BiFE
than the more acidic medium [5].

Preliminary investigation on the effect of Bi(Ill) concentration
used for formation of BiFE on sensitivity of metals determination
was carried out by the off-line premixing of solutions of metal
ions, Bi(Ill) and acetate buffer. The final solution contained 0.01 and
0.1 mgL-1! each of Cd(II), Pb(Il) and Zn(II), 0.2 M acetate buffer and
different concentrations of Bi(Ill). The premixed solution (800 L)
was aspirated to sandwich in between air plugs and 0.2 M acetate
buffer as shown in Fig. 2(A). After flow reversal, the air plug was
removed and the solution zone was then pushed to the flow cell. A
fixed potential of —1.10V versus Ag/AgCl electrode was applied to
the WE while the solution zone was propelled at 10 wLs~! through
the cell. The stripping was performed in a medium of 0.2 M acetate
buffer by scanning potential from —1.10 to 0.20V. Effect of Bi(III)
concentration on peak currents of the analyte metals is illustrated
in Fig. 4. It was found that peak current sharply increased with the

8.0 —+—Zn0.01 mg/L
——Zn0.10 mg/L

—#—Cd0.01 mg/L

—4—Pb0.01 mg/L
——Cd 0.10 mg/L

——Pb 0.10 mg/L

Peak current (pA)

-
0.0 A e

4 5 6 7 8 9 10 1"
Bi(lll) concentration (mg/L)

Fig.4. Effectof concentration of Bi(Ill) plating solution on peak current of the analyte
metals (for details see text).
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Fig. 5. Effect of deposition time on peak current of the analyte metals (for details
see text).

increase of Bi(Ill) concentration and reached the maximum at about
2.5mg L1 Bi(Ill). This is the same trend with the peak current of Bi
itself. Bi(Ill) concentration would dictate the thickness of the Bi film
for deposition of the analyte metals. At high Bi(Ill) concentration the
metals may difficultly stripped out from a thick Bi film leading to
lower peak current and broader peak. The Bi(Ill) concentration of
2.5mgL-! was selected for further experiment. The in situ plated
BiFE on GCE should provide advantages in term of simplicity, low
cost and convenient operation since the same electrode could be
repeatedly used after proper cleaning.

The reproducibility of peak current may depend on the cleanli-
ness of the working electrode. The cleaning step was applied after
the voltammogram was recorded by flowing a cleaning solution
(0.1 M HNO3 ) while the potential of WE was held at +0.20V for 15s.
It was found that the relative standard deviations for seven consec-
utive determinations of 50 wg L~1 Cd(II) and Pb(II) were improved
from 5.9 and 6.9 to 1.8 and 1.3%, respectively, for Os and 15s
cleaning time. Flow system helped cleaning the working electrode
better than in batch method because the fresh solution was flowed
through the electrode during cleaning. This would lead to repeat-
edly use of BiFE on GCE with better reproducibility than in batch
method.

Deposition time and volume of the sample zone passing though
the flow cell during deposition step were investigated by aspirating
different volumes (200, 500, 800, 1100 and 1700 p.L of the premixed
solution), which corresponded to deposition time of 30, 60, 90, 120
and 180, respectively. Effect of deposition time on peak currents
0f 0.01 and 0.10 mg L~ of each metal is depicted in Fig. 5. Roughly,
peak currents linearly increased with deposition time up to 120s.
Deposition time 0of 90 s was chosen in order to compromise between
sample throughput and sensitivity.

Effect of sequence of different solutions (standard/sample,
buffer and Bi(Ill)) on the homogenization of the mixture zone in
a monosegment was investigated by creating a monosegment of
800 L total volume by using different sequences of solutions as
depicted in Fig. 2. Once the sequence was created, the stacked zones
were moved forward and backward to cause turbulent mixing of the
stacked zones in the monosegment. A sequence of off-line mixed
(premixed) solution as shown in Fig. 2(A) was also carried out for
comparison. A plating solution (40 mg L~ Bi(IIl)) used in sequences
A-D was prepared in water, while those of sequences E and F was
prepared in 3M acetate buffer. The peak currents obtained for
0.10mgL-! each of Cd(II), Pb(Il) and Zn(Il) and for Bi(Ill) when
using different sequences are shown in Fig. 6. It was found that
all sequences gave comparable peak currents for all the metals.
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Fig. 6. Peak currents of metals obtained from different sequences A-F as shown in
Fig. 5 (for details see text).

However, sequence E, which should provide better mixing and
thus resulted in highest peak currents. Sequence E was modified to
be sequence F by employing standard/sample solution without off-
line adding of buffer, in order to simplify the sample preparation
procedure. This modification resulted in a little bit lower peak cur-
rents of the metals, but with better reproducibility. The sequence F
was selected for sample analysis. Thanks to the automation of the
developed SIA system, this complicated procedure could be easily
performed with using a simple script program.

3.3. Analytical features of the proposed system

Using SI-monosegmented flow of sequence F together with the
conditions as described in Section 2.3, calibration graphs of Cd(1II),
Pb(Il) and Zn(ll) in range of 10-100 wgL~! of each metal were
constructed by plotting peak current (LA) versus concentration of
metalions (g L~1).Fig. 7 shows a series of voltammograms. It could
be seen that for Zn(Il) a good linear calibration could not be obtained
yet. Further studies should be needed for the determination of
zinc. Under the selected conditions, linear calibration graphs could
be obtained for Cd (II) and Pb(II) with the calibration equations,
y=0.0551x — 0.1142; R? = 0.9999 for Cd(Il) and y = 0.0506x — 0.5435;
R2 =0.9966 for Pb(II). The detection limits (the concentration cor-
responding to three times of standard deviation of blank) were
obtained at 1.4 wg L1 for Cd(II) and 6.9 wgL~! for Pb(II) for depo-
sition time of 90 s. The relative standard deviations for 11 replicate
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Fig. 7. Voltammograms of standard solutions containing Zn(II), Cd(II), Pb(II)

obtained from SI-MSFA-ASV on BiFE; concentrations of each metal from bottom
to top: 0.0, 10.0, 20.0, 40.0, 60.0, 80.0 and 100.0 pg L.

Table 2
Concentrations of Cd(Il) and Pb(II) in water samples found by SI-monosegmented
flow-ASV and ICP-OES methods.

Sample Concentration of metals found (mgL-") by
SI-ASV ICP-OES
cd Pb cd Pb
1 0.56 + 0.02 3.20 £ 0.02 0.51 + 0.02 3.02 £ 0.06
2 0.78 £ 0.02 2.10 + 0.04 0.73 £ 0.04 2.01 £ 0.03
3 0.56 + 0.01 2.69 + 0.02 0.52 + 0.02 2.52 £ 0.04
4 0.23 £ 0.01 3.62 + 0.00 0.21 + 0.02 3.54 + 0.05
5 0.36 £+ 0.00 3.85 + 0.00 0.34 £+ 0.03 4.02 £+ 0.06
6 0.44 + 0.00 2.55 + 0.00 0.43 £+ 0.03 2.53 £ 0.04
7 0.84 + 0.02 1.30 + 0.02 0.82 + 0.04 1.22 + 0.02
8 0.57 £ 0.01 2.11 £ 0.02 0.51 + 0.02 2.03 £ 0.05
9 0.76 + 0.01 140 + 0.03 0.82 £+ 0.03 1.52 + 0.04
10 0.34 + 0.07 3.32 + 0.06 0.31 + 0.02 3.52 + 0.05

analyses of 25 wg L~1 Cd(Il) and 25 pgL~! Pb(Il) were 2.7 and 3.1%,
respectively. The analysis time for one sample is 5min (sample
throughput of 12 h—1). Each analysis cycle consumed 750 p.L of sam-
ple, 50 wL of 40 mgL~! Bi(lll) plating solution and 800 L of 0.2 M
acetate buffer solution.

Monosegmented flow provides completed mixing of the solu-
tion zones, thus it would open possibility to perform in-line single
standard calibration and in-line standard addition procedures. Pre-
liminary experiment was carried out for in-line single standard
calibration by varying the volume of the mixed metals standard
to be aspirated into the monosegmented zone. Linear calibration
graphs were obtained: y=0.0110x — 0.0525; R%=0.9996 for Cd(II)
and y=0.0701x —0.6285; RZ=0.9994 for Pb(Il). However, more
investigations and refinement for the optimum condition should
be made further.

3.4. Analysis of real samples

The proposed system was employed for determination of Cd(II)
and Pb(II) in surface water samples collected from a draining pond
of zinc mining in northern Thailand. Such a sample was collected
in a clean polyethylene bottle (1L) with adding of HCI to acidify
sample to about pH 1. No sample pretreatment was made except
filtering of the sample just before the analysis and dilution of sam-
ple with water (10-fold dilution for Cd(Il) and 40-fold dilution for
Pb(Il) determinations). Samples were also analyzed by ICP-OES at
the Office of Primary Industry and Mine Region 3, Chiang Mai for
comparison. The obtained results are presented in Table 2. Accord-
ing to t-test at 95% confident limit, the results obtained from both
the methods were in good agreement (tcritical = 2-26, tealculate = 0-26
and 0.05 for Cd(Il) and Pb(II), respectively). The results were corre-
lated each other well (SI=0.9463 ICP+0.0522, R? = 0.9761 for Cd(II)
and SI=0.9512 ICP+0.1472, R? =0.9784 for Pb(II)). The system was
also tried for analysis of bottled mineral drinking water. Concen-
tration of Cd(II) and Pb(II) in those samples were below detection
limit of the method. By spiking 25 and 50 pg L~! of both metal ions
into a sample, recoveries were found in range of 95-108% for Cd(II)
and 100-115% for Pb(II). Application of the developed system to
determination lower concentration of metal ions in water samples
nearby the mining area will be further investigated.

4. Conclusion

A cost-effective sequential injection system was assembled and
applied for monosegmented flow anodic stripping voltammetric
determination of Cd(Il) and Pb(Il) employing BiFE in situ plating on
a glassy carbon working electrode. The system offered non-toxic,
convenient, high degrees of automation and low consumption in
the analysis, with precise and accurate results for the determination



1124 W. Siriangkhawut et al. / Talanta 79 (2009) 1118-1124

of Cd(II) and Pb(II) in contaminated water samples. The monoseg-
mented flow help in in-line preparation of homogeneous solution
mixture of sample, Bi(Ill) plating solution and acetate buffer sup-
porting electrolyte solution. The system has high potential to be
developed further to be automated. Further investigations for in-
line dilution, in-line single standard calibration and in-line standard
addition procedures employing monosegmented flow approach are
in progress.
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Abstract

A simple lab on chip (LOC) for quantitation of sugar contents was proposed. It is based on migration of sucrose solution along a
channel filled with water. The migration time, which is the time period that the sample travels, starting from at the injection moment
to the point of detection, is related to the sugar content. By taking the benefits due to the Schlieren effect, the migration time can be
monitored by using a fiber optic spectrophotometer. In another simple LOC system, addition of a bromothymol blue indicator in the
water channel, the migration time was be able to be monitored via naked eyes and with a stop watch. Calibration equations were : y =
0.430 x +9.500, R2 = 0.957 (for 800nm), and y = 1.12 x + 43.33, R2 = 0.993 for the LOC with fiber optic spectrophotometer and for
the LOC with naked eyes detection, respectively. The results obtained by the proposed methods for determination of sugar contents in
concentrates of syrup samples and samples of pharmaceutical preparations for cough syrup, agree with that using a refractometer

which is normally used. This is an approach for green analytical chemistry.

Keywords lab on chip, quantitation, sugar, green analytical chemistry

1. Introduction

Table sugar or sucrose is a sweetener involved extensively in
food and drink industries. The sugar content in water is
usually expressed as degree Brix (oBx). For example, a solution
of 5 Brix refers to a solution containing 5 g sugar and 95 g water.
Quantitation of sugar or sucrose is of importance. Various
analytical techniques have been reported for sugar/sucrose
determination, including, polarimetry [1], refractometry [2],
chromatography [3], enzymatic reaction via amperometry [4],
batch injection analysis [5] and spectrophotometry [6]. Flow
analysis techniques have been applied for the determination of
sugar. This includes a continuous flow autoanalyzer for
sequential determination of total sugar contents in soft drinks
[7], and sequential injection (SI) analysis for monitoring of
sugar, color and dissolved CO2 contents also in soft drinks [8].
Flow injection (FI) analysis has been applied for the
determination of sugar contents in syrup [9] and in injectable
drugs [10]. Some of the flow analysis methodologies are based
on the Schlieren effect [11]. It involves the change due to
refractive index of the media. Reagentless chemical analysis may
be able to be performed [12]. Simple instrumentation could be
employed for such analysis. The methodologies would be
considered to be green analytical chemistry. Lab on chip (LOC)
was proposed as a means for down scaling chemical analysis
[13], by reducing the amounts/volumes of samples and reagents.
LOCs with simple instrumentation have been investigated. The
LOC can be fabricated using a simple piece of Acrylic with some
drilling for channels. Detection systems may be with fiber optics
hooking up with a mini-spectrophometer for conventional and
reflection absorbance monitoring [14], or a web camera [15], or
even naked eyes [13]. Various analyses have been demonstrated,
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including the determinations of acids/bases via a titration
reaction [16], redox analyses (e.g., ascorbic acid using
permanganate reagent) [13], and viscosity measurement [17].

In this work, we propose procedures for quantifying sugar
contents in syrup samples using simple lab on chip systems, one
with a fiber optic spectrophotometer and another with naked
eyes detection.

2. Materials and methods
2.1 Chemicals and samples

A stock sucrose standard solution was prepared by dissolving
100 g sucrose in 50 ml deionization (DI) water, (100 g of sucrose
in total weight of 150 g of solution having
66.7 degree Brix, °Bx). The stock solution was diluted with
water to give the appropriate concentrations of working standard
solutions (10.0-50.0 °Bx). The solution concentrations were
confirmed by using a refractometer. Syrup samples were the
concentrates of syrup and pharmaceutical preparations for cough
syrup available in local markets and drug stores.

2.2 The LOC set-ups

The basic LOC platform was an Acrylic piece (20 x 30 x 12
mm) with some drillings, as previously described [13-15], to
create channels (1.0 mm) with a total volume of approximately
50 pl. The arrangement of the LOC with fiber optic UV-VIS
diode array detector USB 2000 (Ocean Optics Inc., Dunedin,
USA) is illustrated in Figure 1(a). Two ends of two fiber probes
were put, one underneath and another upper attached to the LOC
at 1.0 cm from the crossing of channels of the chip. A volume of
DI water was introduced via the peristaltic pump to fill the
vertical channel. After that, the sample/standard solution was
injected into the horizontal channel. Changes in absorbance,
spectra and time could be monitored via the FIAlab program for
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Windows 5.0 (FIAlab, USA). Migration time (the time period
that the sample travels starting from at the injecting moment to
the point of detection) could be observed. Triplicate injections
were made for each solution (standard/sample). Figure 1(b)
represents the LOC set up for detection with naked eyes. The
LOC set up was aimed for a cost effective approach. A solution
(standard/sample) was injected into the vertical channel. After
that, bromothymol blue (1.00% w/v in borate buffer) was
injected into the horizontal channel. The time period of
migration, that is, from starting injection of the dye until the dye
moved in the channel and reached a mark on the chip, was made
via naked eyes and using a stopwatch.

Fiber optic

| spectrophotometer

USB-2000

Standard

orsample Recorder

(DI water)

(@)

Standard
or sample

1.00 mm bit drill

Figure 1. Simple LOC with (a) USB 2000 and (b) naked eyes.
3. Results and discussion
3.1 Simple LOC with fiber optic spectrophotometer

Using the LOC with fiber optic detector (fixed at 1.0 cm from
the crossing of the channels), connecting to USB 2000 (see
Figure 1(a)), a series of solutions (10.0-50.0 oBx) was injected
into the horizontal channel, after filling the vertical channel with
DI water using a peristaltic pump. Figure 2 illustrates the
obtained signals due to 10.0 oBx. The turning point in the graph
would refer to the time that the solution, after injecting,
travels/migrates to the detection point. This is due to the
Schlieren effect. Table 1 summarizes the turning points, or the
migration times due to the standard solutions, and using different
wavelengths. The greater the concentration, the longer migration
time that was observed. This could be due to the viscosity.

Plotting a graph of the migration time vs. o0Bx would become a
linear calibration graph. Calibration equations obtained were: y
= 0.450 x + 8.500, R2 = 0.983 (for 470 and 500 nm) and y =
0.430 x +9.500, R2 = 0.957 (for 800nm), with y being migration
time, and x being the concentration (oBx). The condition
operated at 800 nm should be used, as this would minimize
the interferences that could be caused by color of the sample.

0.0800

0.0600

0.0400

0.0200

0.0000

-0.0200

absorbance

-0.0400

-0.0600

-0.0800

-0.1000

time, second

Figure 2. Example signals (due to 10 oBx solution) obtained
using LOC with fiber optic detector (fixed at 1.0 cm from the
crossing), connecting to USB 2000 spectrometer (at 500 nm).

Table 1. Turning points of standard sucrose solutions detected at

four different wavelengths
Turning point, sec

[S“f];‘:e]’ 470 | 500 | 600 | 800

nm nm nm nm

10 13 13 13 13

20 18 18 20 20

30 22 22 18 22

40 25 25 - 25

50 32 32 - 32

3.2 Simple LOC with naked eyes detection

In order to reach a cost effective approach, the LOC with
detection via naked eyes and a stop watch (Figure 1(b)) was
introduced. The difference from the above procedure for the
LOC with fiber optic spectrophotometer, is that here, a solution
(standard/sample) was injected to fill the channel via the vertical
channel, then, bromothymol blue (1.00% w/v in borate buffer)
was injected into the horizontal channel. The color moving due
to bromothymol blue indicator could be visualized and it could
be observed when the head of the zone reached the detection
point. Migration time could be observed with naked eyes and a
stopwatch. Detection points located at distances of 1.0, 1.5, 2.0,
2.5, and 3.0 cm were investigated by using 10-30 oBx of sucrose
standard solutions. A detection at a longer distance results in
longer analysis time. It was found that the detection point at 1.5
cm should be chosen. A calibration equation was y = 1.12 x +
43.33, R2 = 0.993, with y being migration time (second) and x
being concentration (0Bx).

3.3 Application to real samples

Employing both LOC systems (one with fiber optic
spectrophotometer, and another with naked eyes and a
stopwatch), real samples of concentrate syrup and

pharmaceutical preparations for cough syrup, taken from local
markets and drug stores, were analyzed, with results as shown in
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Table 2. The results of the proposed methods agree well with that
obtained by a refractometer, which is normally employed.

Table 2. Analysis of samples by the proposed methods, s1-s4
being syrup samples; s5-s8 being pharmaceutical preparations
for cough syrups. (the samples with appropriate dilutions before
introducing into the LOC)

[Sucrose], °Bx
LOC
Samples | ySB2000 | naked | Refracto-
(800nm) eyes meter
sl 78 69 75
s2 73 61 68
s3 82 65 75
s4 65 59 67
s5 50 44 54
s6 55 67 64
s7 70 65 67
s8 38 48 42

4. Conclusions

Simple LOC systems with fiber optic spectrophotometer and
with naked eyes and a stop watch have been successfully
developed for quantitation of sugar contents in syrup samples.
They were applied to concentrate syrup samples and samples of
pharmaceutical preparations for cough syrups.

The developed systems are cost effective down scaling in
analysis. The LOC with fiber optic spectrophotometer involves
reagentless procedure. This leads to green analytical chemistry.
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