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Abstract

Project Code: RMU5380052
Project Title: Development of Flow Based On-line Sequential Extraction Systems for

Investigation of Leaching of Some Metals and Plant Nutrients from Soil and Sediment

Investigator: Associate Professor Dr. Jaroon Jakmunee

Department of Chemistry, Faculty of Science, Chiang Mai University

E-mail Address: jaroon.jakmunee@cmu.ac.th

Project Period: 3 years (20 July 2010 - 19 July 2013)

In this research, we developed flow based sequential extraction systems for
investigation the leaching of some metals (e.g. cadmium and lead) and phosphorus from
soil and sediment. The systems could determine different forms of metals and
phosphorus presented in solid samples, which could be applied to assessment of
mobility and bioavailability of these chemicals in the environment. On these
developments, we explored a new voltammetric method that could indicate free and
bound forms of the metals. The method that employing more environmentally friendly
bismuth film electrode to replace a highly toxic mercury electrode was also developed.
This new method could be applied for determination of metals in the extracted solution
from sequential extraction of soil and sediment. It was more convenient and cost less
than the conventional method. In addition, flow injection amperometric system was
developed for more selective determination of phosphorus and utilized in fractionation
of phosphorus in sediment, both by off-line batch extraction and on-line continuous flow
extraction. . It could be conveniently used to assess phosphorus in environment.
Moreover, we also developed several techniques for determination of plant nutrients,

e.g., phosphorus and nitrogen in soil for agriculture activity.

Keywords: Sequential extraction, fractionation, Flow based analysis, metals, plant

nutrient, soil and sediment, environment, agriculture
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audufivgannninlasdlenlusunesufifiaveondiadu +3 (CrIN) mn vielans
fioglusulesaudase (free form) azgnindeuiieuaziingdaidinldienilansi
AnansUseneudisdou visanzegivaunafieg (bound form) ann Tumaadl
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¥aldlunsm  bioaccessibility/bioavailability veslanefifllufegavaudaiie
venfsrnundudunevedlansiidmwansynusoddiiinuazasnden d9isnsardn
anunsavildvisluszuuuund (batch) uavszuunisinaednsreidies Jouspniould
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Jenpsnauntsnuladaduiufnuifineduinlu 10 YAruL

Sorbed compound
(rapidly reversible)
(Bioavailable or bioaccessible: Sorbed compound
Temporally constrained) (slowly/very slowly reversible)
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Temporally constrained)
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. 1 ™ Bioaccessible
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5U 1.1 laneigitesediveuniadu [3]

msafindfuiuiuadiazgnndnddumenvesmsuendiu (fractionation)
wsdunsadouendiusine  eenmewidy  Ieeldamsataidaruusegsty
pddu  viedmnuasnsalunsadnenansiiaulalugunesunduediueynia
vosudsegnaudanssntdesluinnmudiu asazaneiliatnazavaroionlansvie
aslusurlesuiduiusivesdussneumsssdiivemeuiegluvesudsoonin  1u
annsavsvendediuiidu drufivaniudeuld (exchangeable fraction) d@ufiazans
lunsa (acid soluble fraction) é‘i’mﬁlgﬂ%a’sﬂﬁ (reducible fraction) LLazﬁ’mﬁQﬂ
pondladld (oxidizable fraction) 1Wudfu (4] Feenaldusuenislonialunisiung
AfiTiouasriliAneuduiviuld Wadauuudwuduifadnslflumsdnwmis
AvndounagnsnTissudimaunsnszaneedavendn vionisweneruniisudle
uwidaidinsuudeuluud Fdlunmsatausndiulaneifiauitnmineg funaeds
Fanansfognaueislumse 1.1 Badenldfuegnaniawnsdoisues Tessier et
al. [6] 331 5 Supeuitldasarinineg fusuandunss 1.2
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A998 1.1 fpgNusionistiunsAneinisuendiulavzlufulag sequential

extraction procedures

Procedures Analytes Analytical technique

Community Bureau g Cd, Cu, Cr, Ni, Pb and Zn| FAAS, GF-AAS

reference (BCR)[5]

Tessier et al. [6] Cd, Co, Cu, Ni, Pb, Zn, H¢ FAAS, ET-AAS, ICP-OES
Fe and Mn HG-ICP-OES

Maiz et al. [7] Cd, Cr, Cu, Fe, Mn, Ni, Pt FAAS, ET-AAS
and Zn

Galan et al. [8] Pb, Zn, Cu and Cd ICP-OES

Geological  Society g Cd, Cr, Cu, Niand Zn ICP-OES

Canada (GCS) [9]

M99
[6]

Time

Temp

Quantity Tessier

F1

Bound to
Carbonates

F2

Bound to Iron
and Manganese

F3

Oxides

Exchangeable

1hr

S5hr

6hr

continuous agitation

continuous
agitation-leached at
rm temp.

or 96° + 3 occasional
agitation

SmL

SmL

8mL

20mL

20mL

lg

1 mol MgCl, pH
70 —

or 1 mol Na OAc
pH 8.2

I mol Na OAc pH
5.0 w/acetic acid

0.3 mol N2;S;04+
0.175 mol
Na-citrate +
0.025 mol
H-citrate

0.04 mol
NH,OH*HClin
25% (v/v) HOAC

Bound to

F4

Organic Matter

3hr

30 min

85" = 2 with
occasional agitation

85" = 2 with

3ImL

5mL

3mL

intermittent agitation ~

continuous agitation

5mL

0.02 mol HNO;
30% H,0; PH 2
with HNO,

30% H,0; ph 2
with HNO,

3.2 mol NH.OAC
in 20% (v/v)
HNO.-dilute to
20 mL

Residual

I mL
Unk

HEHCO, 5:1
HF-HCIO, 10:1
HCIO, 12N HCl

1.2 Ansadaunendlulanslunulpenisanaainuduniuisueas Tessier et al.

Extractants

«Salts
-Mg(l,

- NaOAc

- NH,OAc
- Na-citrate

Inorganic acids
-HNO,

- HF

- HCIO,

- HCl

*Organic acid
- HOAc
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mAfelaulamunszuvatauuusaidedagliiinsadavesdarina-dandin  [24]
Fadunfeld ladldasatn 3  vlafemsavarsuouludeunaolsddmivarda
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dnfuluandded wsdimswanieiesdie/gunsal uariimsfiAsatasiuns
Anngiilanevin Ao wandlonwazazi Tasendumaiaueludnaniutshaunui
03 ennvinneialisvedany  uazdsvandlduiuitnmsatauuudisuiuly
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1.1 wmailalnadulaaduasuads

wadaliaduaaduoruada vio ewlee (Dumedaiildgnitaniufoued
A.f. 1975 wadaidvdnnsddrenisdnasdnlUlunssuansinavesasazans
filvaseednnaed Tuszninsfiansazanefigndadnlinaludueiomsata azifn
nsunsngzane (Dispersion) AfigUuuuLLuouazmuAuls  vilfAnnsHaNves
asfigndnduansiilvasguasinUfftentu  svoznandusidnansauansivaluisgn
v inaediaaaiisailruRRs e fAstusduluviAunnassdia Feudslal
Tlusesseliiinsiinufiisenaudsgraunanse steady state willauiulunsdinis
Ansreiluszuy batch Wl Fehsaanailumsinsssiaddunn  uenand
Unaansiilifanasegnann esanmsinaiiauaalsvidesadu Laminar flow
wwdntulwievnadninnwii uwnufauwardnuurve iy nfivesufinldain
szuuenlole wanssiagy 1.2

injection valve detector

W

mixing coil

carrier

Response —

Time .

U 1.2 unudsvessyuuliaduinadusrinigaedaiewasdyaanazduiintaain
nsana1sdnly 1 A



drulsznounugiuvasssuulann Jud Ma@eans  dumauas e
reactor gUnIalnTIVInlusELUNMIInataviATasdulindyaas  Feanunsaidentie
wanvany  sruuLAsealaNnanuiglunianisadsiantuseau 500,000 — 1,000,000
UM

1.2 mAlALIALNUIAS

wedahaunaesifunadansiessimdnined  Adnnslidngludag
Wasuudasldundalifh wdwhnismmatanssualwihiidatuainufaselifag
ftaliih  Sudewnanansiialadunundelididnaseudivalniiileds g
fgfﬂEj‘ﬁlLmﬂ%ﬁﬂmo’]L‘W’]SﬁUﬂﬁLﬁﬂUﬁﬁ?S’M@ﬂﬁﬁﬁ?ﬂ“] AmMIUNITIATISIIUTU
TavzinaglfinadausTufinaviudihaunuian’ deinrailidiaseht (sensitivity) g
wsedituneuivanududulagvinsdidninsladanizinlansdiaulal iidalnd
iy Tugtveserdafuuutavson  Mndulshmsaunudndlwihiolflangiaula
Lﬁmaaﬂ%Lﬂ%’ua3mEJﬂé’uaaﬂmﬂumiazawﬁﬁﬂsﬂvxlﬂwLawwﬁwaﬂam%ﬁmﬁuﬂ oK,
sU 1.3 wadadifsaunsndinneilanevanseiinldndouty

Anodic stripping voltammetry, ASY

I Preconcentration 2nd Rest 3" Stripping

i 1 i
|
— /- o = e T
M \
i l.Ic\m. — Mn+ Mn+ m.JM{o M+
U2 & U
Eduction (concentration) stép Pause Sep Sripoing sep

- [9]

(+) Potential (=)

Time

Deposition, [R]
M+ Hg + ne . M‘(Hg)
Amalgam
l Stripping, [O]
M™+ Hg + ne

5U 1.3 vannsveamallaualufnansyteliaunumes
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ansnthissananlldinngileaesaiignaineeninainiegisiulasiu
nznouls TnedSinatuideliuieuitadninsinlawed Wy Lifinnssunuand
uazeynnneaasesienaiioglusietng Igfauunssuunmsatauuudduduves
woamla3alaeldnedutinuusenler wievhnisusndiuneanesaiioglugumesusiie
Tupuuasiuazney  wdwhnsesedesiiedainmuiy - seazdeasily
menuIn a3 antuldiaunssuunsatakuuaiutuwewleanleSalneldreduil
wuvesulatl Jsanunsavhnisuenadruneanesaldesnwiaiies Fwhlnldlusivdves
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ANSENA A lTUS N Y N1aUAIans U N1 TTEaaNaSa0aNNNANGI0814

[~
VDL

PNNT  LANRIUNISAaLADS LA R8N NETINABNITASIVIAANULTUEN e
ANSONENINAIENADIVDINTANNLDDD waraunsavUsunuveanasaluaunle

Tusunsuitiauntulussuuueunsesd TeasBendanianuin 0.2 wagvhmsiam
szuulwaduandursufnlnuniildlumsiinseimusinalulasauiduysslon
siofiy fogluzy ofuvddlulnaiuluiu TeasBoadinenuin n.3 FeBTTmuTY
il lumAnneiaunmiuuinwans  densdansfuuaselunisii
nsinunsasiy il

mnitedisiul vennashlilfesdenulyafiannsofifuiluisans
Futhsgfuuunmiud anudiuguitlidsanmsaimunsesenlulfnuliais
Aosilouariimsinngidiiauntuldliusslomilumadounsaey  uasUszgnd
Tumsngiedstiureanuasns  dusdunmsiswueuasyilmAansiau
019858y



2. NNSNAABY NANITNAADY UazIAT

2.1 Mmsau3sAieszilanslugUlossudaszuaziiduiiuansdy Inewmaianns
nasrunuliaunuuns

Igimunszuuimudsaduatulauwnuued  wWevhlinismusunalans
win yleagain Usendnansiad LLazﬁmmﬁJué’mTuﬁaqﬁu Tnewauinfiuan
syuuTaeAneunneunini TnglddalniimenUsenuiududaliiivhauidesan
fanauiAia wu Tindalwihilmloganedstsannisuudewlunmsiinmed ua
UsevannsainesatuiulavefaulamUsunalsmzsdoiiuanudutulans i
Usinaeetuanleunn 3guuﬁﬁmuﬁﬁuLLamaﬁ&gU 1 leeldoanuuuliawnuuasn
WwaauuIaLan (small scale voltammetric cell) %uiml%ﬂmmﬁﬂﬁmaﬂﬂugﬂ 2 &
PanTnnsasazanedidedilunsinszsiadiulaun sruUfanamiaggn
muqméhEJIUimeamﬁaLm@%ﬁﬁ@umsﬁu Lﬁamu@mmi@ﬁ/mé’ﬂmiasa’mﬁ’mS]
muTuneuTifvue lnegimhegesaagansiagldseded (on-line UV digestion
unit) AanfusEUUE Wevhuthiw3eufegstounsiaszid lnsazvinistes
aanuansduvivioounaneaaeefiang  Tiuleseuvedlangly  viliEnsl
ansaldlunsiiaseyt al¥dvedlavglugy free ion way bound ion 1o lagede
nénnsimadelawueiazesaineniglanylesouiioglusy free ion winiu
Faihy vnnimsinsesisheglnensidagliniusyuugesaasazfunismusina
free metal ions wazdthfegsiusTUUMserdansaziinsiUasy  bound
metal ions Uiy free metal ions YilanunsansainsIzsisunalanysauis
aoanlasula 3’]8@3LgﬁlﬂLﬁlEJ’)fngL%@Qfﬁﬂiﬂ@iﬂﬂ’]ﬂmwm n.1
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Ag/AgCl

Top view l T IMEKCI

Side view

<+

UV chamber

PEEK tubing (Gray color:id. .....

1/8" PTFE fubing

HMDE flow cell

Voltammetric
Analyzer

5U 2.1 ssuuBimudeaduaadulauuiuniiivamniu (C = carrer (Mili-Q
water); SV = syringe valve; SP = syringe pump; HC = holding coil; SW = 3-way
switching valve; UVC = UV chamber; S = sample; SS = single standard; Hg W =
mercury waste; NaCl = 3 M sodium chloride; B = 3 M acetate buffer; W =

waste)
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Disposable pipet tip ~3 ml
Microcentrifuge tube 2.5 ml

‘ / Microcentrifuge tube 2.5 ml

ﬂ PEEK tubing (0.4 mm i.d.) -«
PEEK tubing (0.4 mmi.d.)
PTFE tubing (0.5 mm i.d.)

(b)
;J‘lJ 2.2 Small scale voltammetric cell; (a) microcentrifuge tube 2.5 mL with

cover; (b) disposable pipet tip 3 mL

2.2 mMsvSulgeszuunsiianuulaunuunsdmiunsmdsnalansnidnluans
afnliafnee vaansERALUUEIRUTY

laAnw1IsN1IRTIIATIzIvUsalane mematinezlufnaniutadiaun
wad  AdBiusondudalniivihen Tnefnvmavesudseineg  mafiuad
wazduUsvenadesle lnldannefivansandmsumswisina Zn, Pb, Cd
wag Cu wiauiu seagulunisa 2.1

2.2.1 ANWINAVBIENTENAYUARI9Y ABN15AATIZHIUSHIlanevin
Tussuumsatauuudiuduasiinisldasasaneideuusafistuiony 1u
msvzavanelavenineeninnasiidurends  Taelunuidedaulaldansazane
MINTTNTUINTFIUTVDIENN N LTU 414 0.05 M Ca(NO,), , 0.6 M CH,COOH, 0.1 M
NH,OH.HCl pH 3.6 , 0.1 M (NaPOy),+ KOH pH 11 uag 0.1 M (NH.),C,O.
audIiu FefesFnundenavetesduszney (matrix)  vesiegaTiuansntuse
AuwiuduazaugnaeslunsmUTnalane nulasanadulvgyliinasenis
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WU3uad Zn Cd Pb Cu saenatin SWASV wazdl 439uaans nuInsg iy aglugae 0
- 200 ppb saiua1Tain 0.1 M (NaPOs)+ KOH pH 11 agfaafin 2 mL 1 M
acetate buffer pH 4.6 adluthedieliliinnisanazneuviowvivasy vl
anunsainsziialagliidaym

A1579 2.1 aNME AL ENYDINIINTINIAT Tl ANy

AawUs Andliden
Voltammetric analysis mode square wave anodic
stripping

Initial purge time 180 s
Condition cycles

Start potential -1.20 V

End potential 0.15V
Pretreatment -1.20 V

Deposition potential a5 s

Deposition time 5s

Equilibration time

Sweep
Start potential -1.20V
End potential 0.15V
Voltage step 0.01V
Amplitude 0.04V
Frequency 50 Hz
Electrolyte
Acetate buffer pH 4.6 0.1 M

concentration

2.2.2 masanuuullasfunazmasaulsaninmuasgunsallunsanauuudiu
suieanalanzminanmy

I¥ponuuusTUUNSaRALUUaUTY  Tngldmaduidmdufneinisafauuy
hiutusthesaiiles Tunsatalanyuisiaindaogneiu Wy Zn Pb Cd Cu (Judu
Tneldonuuunesulruindnuasssuunsatnegemeidoswuueoulal Tneds
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A8e19AU 0.2000 nSU UsTYLElY micro column ¥i1M1s leaching Agansannvln
AN9Y MUAIRU MEeRIINIThra 0.5 mL/min ¥n5LAy Fraction asafansay 15
ml $1uu 5 ass ethlUAesgimuTinalaveaiaieg ignuzoonin wuiaed
mMsvzanseaniSen Iaeresq vesathy Fraction faq W usevlianunsove
ponunlémuaniely 5 fractions egndlsfnuaindnvarnssilduansinlangdu
gy (Wnndn 80%) azgnuzesnunnigly 3 fractions fagy 2.3

I¢Anwmavesnulsnagiinareusavsamlunisatn 1wy dimension a4
podanl $nsnslva dnwaznnsneeeduy wuiireduiTiduRAudnansenuaz
nslsmansinamayliiszavsnmlunisadngsnin  egslsfnumuinszuunns
afpuuuilinnsyingnlaldd  (RSD 223%, n=5) @smeinAnananuliiduie
Fenfuesiionsveaudaaynsduiegnamniies 0.2 nfuoraliiduiunuiifves
fhegneianun ioanAnugsendsdjatiunmstaniiinmeideulngldssuvarn
padBImsguTslFansineeng 1.00xx n3u

60 -

50 -

i C U

oo

-

S~

[+14]

2w

c

g 30 _ ——7n
o =fi—Cd
on 7

£ 20 - Ph
= :

[ %]

[y}

Q

-

10 -

Fraction

35U 2.3 YSunnuvedlanengnuzesnunlu fraction fiee) vesansaiaweuluiiuyeen
Y
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2.3 n1snaunIsnaludnansulelraunuiuasmdulinsnudawinasuunay

=

Wieanntaluihuseniianuduiivg aulaimuiziaseilaneeiy

wanauelufnansutelaunuwmes At i diduursestaaduta ninvineu

<

FUUUNHTAUAWINFDUUINATN Alenaasslgirlwdnnaadaisuauiiedaunie

)}

(3

Wanunsvesada wetelanunsaldeulalugdndglnihauilansiaula
Anuisenlwiued  snnsmeseadesiulussuunundnuinlivanisinsesiil
aviane esmndigymilunmshenuazerndalifh Selanueiennuayivinaiilsl
AT $99191ANINNTSANANS (carry over) wedEnsuLtn Tusuddeiizsaulawaun
ssuunslwaundesiindssavsnmaesialiiieded  Tneldeenuuuimaddmdu
nsasiadalussuunsina fuihlimsiessiuesnsyhauazetnaunsavingnle
A1 wesdauEzean samEanniugie Feansazanedilvasgsieiiosaztaeh
mEzonRmtvealiih  vilEinnsuuideusuarlinansieseinideg
gnrednazuliuggs lnglasanuuussuudsgy 2.4 LasMIIaNIE LNz AN
szuulddaiaglilumens 2.2 fefidunounsiauessruuiieTeidel
asazasaasIuvIeasaraneiessgnamedasnsluansd [SUEET
ansazanatled  Fdldifuansaranedidnivsladluszuunmsinseilagliaunu
3 wdsnuaniuly mixing coil udh asazarvazluaiing flow cell Gannsli
fndliiiiaedl  ievhnisinigiin  (deposit)  Tangliuutalwiihanunanditinun
MnIeims  scan  Andlalumeuuan iovilflanedineitaiin
pendiaduazateengdansazans (stripping) nioufuvhnisianszualniindsduius

lngassiuanudutuvedansudazyiialamegadbauniluunsudawandugd 2.50
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s M
Bi e
S
Pump
— _\ SV 2
Fan
/ F
—C
;

sU 2.4 szuumsivaniamduueludnassulahauwssidmsunisingzsim
ﬂ'%mml,mmﬁsmuazmﬁ"a; S = standard/sample, Bi = Bi(lll) plating solution, C=
cleaning solution (1 M HNOs), Pump = peristaltic pump, M = mixing coil,
SV 1-2 = solenoid valves, FC= electrochemical flow cell, V= voltammetric
analyzer, PC= personal computer, W = waste

AM519 2.2 AN1EVNNZANYR9SEUUNIS Ians i uLelufnansUUanuues i
19 duuraTasTad ut lwinvingu

Parameter Optimum condition
Concentration of acetate buffer pH 0.10 M

4.5

Concentration of Bi(lll) plating 0.60 mgLf1

solution

Deposition potential -1.5 VvV

Deposition time 150 s

Flow rate 0.5 mL/min

16



80.0u
60.0u
<< 40,00

20.0u|

\ \ \ \ \
-1.00 -900m -800m -700m -600m  -500m
U (V)

(n)

7000 -

60.00 y = 1.6478x - 3.8459
50.00 R2=0.9977

4000 -

¢ Cd
A P

3000 -

y =1.2219x - 0.8651
2000

- R*=0.9995
10.00 -’./I/
- 1 I I I I 1

0 10 20 30 4c 50
Concentration of Cd{ll) and PR(Il) (pa/Li

Peak current (UA)

(¥)
s 2.5 ueludnansulshaumiluunsuiléanszuuiiiamniu (n) solution
containing Cd(Il) and Pb(ll) of increasing concentration, from 2-40 pg/L (%)
calibration graphs of Cd(ll) and Pb(ll)
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Fs91nArmigedin (peak curent) @nsadina NI MINAsgIUiElFluANS
menuduturedansniinluasazanesondld fau 250 ssuuiiiamuduld
iluneasddfnnsimusinadansuendlonaznefalusegnihandeiiiaes
wileauslinadinisne 2.3 Fdlinadenndasiuiternoufindfiatuanlnsussad
saedosflouaralddelunisiamganiann  ddiauemiadeilunsdsey
WINTILAVUUA washAfiasily  proceedings  ¥09NsUsEYLRAITIERL BN lY
AIANLIN ¥

M54 2.3 WaN1SUSUIULAALLEULALAZ A UAI9819UN

Concentration of metals (mg/L)

Sample cd Pb
ICP-OES VA-BIiFE ICP-OES VA-BIiFE

1 0.50 £ 0.03 0.62+0.00 206009 1.76+0.01
2 1.08 + 0.15 1.17£0.01 416 £0.10 3.70 £ 0.01
3 2.02 +0.15 210 £ 0.01 12.06 £ 0.26 10.17 + 0.03
a4 0.71 + 0.06 0.88 + 0.00 826 +0.12 6.18 + 0.00
5 1.52 + 0.09 159 +£0.01 1553+0.26 12.70 +0.00
6 1.82+0.10  2.03+0.00 536+0.10 4.19+0.04
7 1.24 + 0.09 1.66 £+ 0.00 235+0.11 147 +£0.01
8 2.51 +0.09 288 +0.01 1352 +0.22 10.86 + 0.03
9 0.20 = 0.01 0.32 £ 0.00 21.26 +0.12 14.84 + 0.07

2.4 n1snau1ISalufnansudelrawnuuasnldullnnnnuansuasuaun
ipaauseTasmdudalwnigvineu

deswntalwivewds Wy daunaadandveu Memadanisudeutuls

felunmsimszflangUsunates Janisldszuunmsivaaunsotendtaymsnan

A8 wieghslsfmumimszilaemedaliaunuued fhavfesinismusinaans

PreBnsifinansuInsgIu (standard  addition) 3sazliNanismuIadigndies

o nesAlsenauvetasazalefiegn (matrix) sindswasdedmyiunisngiain

asiiendla %aizwmﬂuaﬁﬁ@uuﬁuﬁiﬁmm5ﬁ’umsv‘fﬁ%mi@ma’ﬁmmgm way
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Tnsawzetheddusyuunsatnuuuadutuasinnsldansavanefuansnafunans
giln ety Seldaulafanndalniinfiuianiuansueuiedoudiedav (oismuth
coated screen printed carbon electrode, Bi-SPCE) mi‘i’ﬁ‘ﬁu%ﬂﬂﬂ’l%’;ﬁwm 6’?}&
%QIW‘W’]LLUUﬁﬂ’]&J’]ﬁﬂﬁ%’]ﬂlﬁx‘i’mLLazi’]ﬂ’]Qﬂﬂ’jW%’JLLﬂaﬂ%ﬂﬁU’au wnfinsuuideus
anunsoldudnidld
Tnedaandnaggninsaunuiidalniusonlussuuiadosdiolaunummiss
U 2.6 wagldth Ag/AgCl Wudhlning1eds RE) wavuwaiifu (Pt Hudaluiingae

(AE) anuund Iaglavnaneiimunzanlunisnsiadiasaanslumnise 2.4
i

win =

II"' i"__
_-___-__________.--

U 2.6 in3edhiaunuluns vl (757 VA computrace) wagdaliild

Tunsiedeuladnuutluin SPCE 1ale3s in-situ  1ndinNaUutuYe s
a LY 3 . a ¢ Al a 6
Jaim 1 mg/L Bi ' solution) Tuansazaredianinslad Aldlunsinsigside 0.1 M
acetate buffer solution pH 4.5 USuaslunisitasiei 10.00 mL wagldansavany
Y 2 2 )
UINTIIUNENAIULYUYUY 20, 40, 60, 80 wag 100 ppb Pb "uay cd” Tunisesiadne
dl ¥ o ¥ 1 174 a 2
Weassnsaunasgiwilinsuteududusswesmsmdiine Po way
24+ v
cd” o
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A519 2.4 AN1IENNTIATIZIAIUALAALAISIN LD LUANARSUTI L IawNULLAIN LY

fauds §017TN1INAA[DY
Pretreated electrode 1st E =1.6V, 120s
(luansazane 0.1M acetate buffer pH 2nd E = 1.8V, 60s
4.5)
Deposition potential (Edep) -1.25v
Deposition time (tdep) 180s
Equilibrium time (teq) 15s
Stripping potential (Estrip) -1.25 99 1.0V
Cleaning potential (Eclean) 1.0V
Cleaning time (tclean) 30s
Step potential (Estep) amV
Amplitude 25mV
Frequency 25Hz
Rotation speed 1400rpm

fowrnN1sinsziagsewiitalnil SPCE  egluaniizaunanieuiagyiy
n13n519inlagazawnuluaITaza1euINaniaziin1siAs1ennaudIuIy 3 A5
(N=3) AUANIIZANITIATIZALAITIALYINITATIVIATIENTS LnedITN1sVRany Aall

1.ttt SPCE Wi pretreated 42 SPCE Tuansazans 0.1M acetate buffer
oH 4.5 §3En118m1379 & 19 1 milli-Q wasulviuis

2. Winen milli-Q 9.00 mL AU 1.00 mL 10 ppm Bi”" solution Tu 1M acetate
buffer solution pH 4.5 adlu vessel W&WNSIATIEHRTIM519 & (n=3) Nt
1N154AL 20 pL 10 ppm mixed standard solution 97UU 5 adsdsluusiazasy
9£¥MTIATIEN 3 91 (n=3) (0, 20, 40, 60, 80 AL 100 ppb)

3. dhdyanisnaassiildaiiainsmanmsgiu (standard curve) Lilevgaanandy
Eunsawed Pb waz Cd° eannadiudu 0-100 ppb lasandndlulivesiialy
N1995293AU89 Cd* = -0.75V, Pb = -0.48V Wag B = -0.10V l@nan1snnansss
U 2.7 uagasinsmlunnsgulansgy 2.8
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Bi(in-situ)

80.0u _
i Bi3+
] Cd2+
60.0u |
g i
= 40.0u]
20.0u |
07 I 7 — T L — L — I
-1.00 -0.50 0.00 0.50 1.00
U (V)

U 2.7 Taunuluunsuves 0, 20, 40, 60, 80 wag 100ppb Pb”" war Cd, 0.1M
acetate buffer pH 4.5 Uy electrolyte 1475 in-situ Tun1simdau Bi-SPCE (1 ppm
B’ dNMenTIATIZARIMISS 2.8

(n
20 4
ERRE y = 0.2645x + 0.73
10 R? = 0.9975
5
O T T T 1
0 20 40 60 30 100 120

[PL**1(ppb)
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60 -

()
A0
w0 y = 0.3783x + 18.683
0 | Rz = 0.9866
z
-
= 20
y = 0.6862x - 0.942
10 4 Rz = 0.9963
O T T T T T 1
BT 20 a0 60 30 100 120
[Cd?*)(ppb)

3U 2.8 N3MUINTZINT0N 0, 20, 40, 60, 80 uaz 100 ppb () Pb”" way () Cd
0.1 M acetate buffer pH 4.5 \Ju electrolyte

S8ALLRYALNYINUNT M TEUUNNAUNITUIUNNTIAT I AN AN I URI9E19UT kAR
AINTANUIN A.1

2.4.1 nsAne1denavasarsazanefildaiananisiasizilansdaedsualudn
dnsuelraunuuns

MniuFinsAnyinaresasainneg (extractant) fignldlunsatauuy
Sty vosfogeRunLisves Tessier e?'iamiava']aﬁm%’uaﬁmvaﬂﬁmﬂ%’lﬂu
fNag (medlum) vmmmm‘du supporting electrolyte Tumiamswmm‘dimm
Lanflunaznzi leantuneunsnsouiiogeneunsIATIEN

MnMsAnunavesansanafildlunfsafaRuLUUa R UTUSEIEves Tessier’s
orocedure ¥4 5 factions  (F1-F5) dranunsaldidu medium  lumsdnsizsim
Usunadlanenin Pb waz Cd daomada SWASV 1441 Bi-SPCE vinnsindeu
Jasn@1e98 in-situ leudeld 1fieandunounisinioudiedisvesansnouns
Jnsrisamaiansliiined Fwadueldmeadianig spectrometry lun1snsaa
"3Lﬂiwzﬁﬁ?iQﬁﬂaﬁmsjqmﬂmaqmﬁmeﬁmmﬂfiﬁLLazLﬂ%QﬁaﬁﬁmLL‘WQ NNA
nsAnwilauentdinananseldansadana 5 fractions 1y medium Tun1siasieyt
wiUSunalansuidn P waz Cd dewada SWASY ledsannzvesansazaeiild
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Aailuusag fraction wanewianise 2.5 laensidentdannigilelunsiinsen
Uuazidenanlviaulivesn1siinsen (sensitivity) Ngeuaga1 %RSD Av8IN"T
a ¢ a 2+ 2+

AT P wag Cd

A1519 2.5 @n1IzURIdIsaraenldiasizilulnay fraction  89NSANARWLUU

o gj 1% aq . a 6 2 2
APUTUAIBTTVBS Tessier LazauliveInIsilAsIEy Pb ' by Cd '

Fraction AN12V89 AU 1Iv89IN15IATIZIA,
ansazanefily sensitivity (WA/ppb)
AAs1en P’ cd”
F1 = 1M NaOAc pH 8.2 Wy 0.1M acetate 1.7975 1.3663

buffer solution pH

4.5
F2 = 1M NaOAc pH 5.0 (gnuu pH Mg L3itFist 0.1M 1.5081 1.497
HOAC) acetate buffer

solution pH 4.5

F3 = 0.04M NH,OH*HCl Tu 25%v/v WAy 0.1M acetate 1.6296 1.1488
acetic acid solution buffer solution pH

a5
F4 = 3.00 mL 0.02M HNO; solution, 8.0 aifia 0.1m 2.6437 2.1003

mL ‘51 milli-Q wag 5.00 mL 3.2M NH,OA| acetate buffer
Tu 20%v/v  HNO; solution 27nuuUs]  solution pH 4.5

USuasidu 20.00 mL eheti milli-Q

F5 = aqua regia (QﬂU%J‘U pH pawl N LN 0.1IM acetate 1.4187 | 0.5936
NaOAc solution, pH = 4.69) buffer solution pH
4.5

9910819 1annUlULNSUALAINAITASIVTA LI UAINA1IVBIAITAT AN e N LT Al A
waneRagy 2.9
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I (A)

I (A)

F1Biin MO

120u
g Bi(l)
1000
80.0u§ Pbh2+
1 Ccd2+ A
60.0u] /\
] f\
4000 /\\
20,00 A\
1 = 7NN\
o0 ko om0 020 | obo | oz
U (V)
F2 Biin MQ
] Pb2+ Bi3+
60.0u|
40.0u|
20.0u

-0.80 -0.60 -0.40 -0.20 0.00 0.20
U (V)
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g‘tJ 2.9 Square wave voltammogram 983 0, 5, 10, 20, 30 Wag 40ppb Pb2+ LAY
cd” 1u medium w83 F1 waz F2 1435 in-situ Tunswadeu Bi-SPCE (1 ppm Bi )
amazmﬁmwﬁﬁqmiw 2.4

2.4.2 AIINAFIUAMNYNABIVIITINWHUITUTUNITAATILHET8EA8INNTT
AfinaAUTUVRIABE1RUNINTgIULAUSTENAldUAUAzNDY

1 14 Y
6 a @ = <

v ac a ¢ a 2 2
leuszendisnimudulldlunisimszimdsm Po was Cd Tu
#1382A19INNITANAAURUUAIIUTUMEIT Tessier  Y09A70E19AUNINTFIU (soil

certified reference material) CRM033 Lﬁam'aﬁlaaummgﬂé’fawaﬁ%mﬁme

1 HANITNARDILAAIRINITI 2.6 waz3U 2.10

M99 2.6 Usinanadeveslaveniin Pb wag Cd flaseildluusiay fraction fe
watla SWASV 1593l Bi-SPCE TuRudiagneaunsgiu CRM033

Fractions USunaunads (me/Ke)
cd” Pb”"

F1 33.7+0.3 1.7+0.0

F2 11.7+0.0 6.2+0.1

F3 1.3+0.0 4.5+0.1

Fa 79.7+0.2 45.9+0.9

F5 3.6+0.1 52.6+0.2
Total 130.0+0.6 110.9+1.3
Certified value 126.7+£1.3 107.5+£0.3
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Pb

Cd

] 10 20 30 40 50 60 70 80 90 100

Relative abundance (%)

B Exchangeable ®Boundto carbonates ®Boundto Fe/Mn oxides ®MBoundto organic matter 8 Residual

3U 2.10 The relative distributions of Cd and Pb among the various soil

fractions extracted by the Tessier’s procedure

waUTnadnnginladialndlAsstusmnnsgundedeld fadudiannse
pousuld uandlifiuiinsadaintussanysal fduanuisavszandldnaia
malwdlnadl (SWASY) Tunisinsgiivsina Po way Cd Tudeguiatauuy
gududne Tessier's procedure Idagnsgnios Tauansivisiwannduausaldly
nMsiesziviinalangluasarareainnisadagiiuiuvesinedisfuld dvoa
inluldlunsussiunansenuredlansiivudevlumudonusyneuls fnss 2.7

a3y 2.11 wansdnwilagasllanssianiapan A.2

A1519 2.7 USunaundgvaalansuin Pb way Cd Nimsienlelunsas fraction aae

wada SWASV Taa7lndn Bi-SPCE Tusagnsfunznau

Fractions U3nauade (me/Kg)
cd”’ Pb”*

F1 0.3+0.0 3.8+0.0
F2 1.4+0.0 16.9+0.1
F3 1.1+£0.0 68.6+0.1
F4 3.8+0.1 344.4+0.4
F5 8.7+0.2 183.6+0.2

Total 15.3+0.3 617.3+0.8
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0 10 20 30 40 50 60 70 80 90 100

Relative abundance (%)

®Exchangeable ™ Boundto carbonates ™ Boundto Fe/Mn oxides ™Boundto organic matter ™ Residual

3U 2.11 The relative distributions of Cd and Pb among the various sediment

fractions extracted by the Tessier’s procedure
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2.5 ssuulnaduandusanudlswniduiunisinssivineanada
zuulnadutandunouwUlsusidmsunisieszsineanssa onfuufisen

IAnadlun1siAnsanduansidstou 12-ludvlaneaatduansiedouluduntuua
LARAIAIAUNITUI9EN9

<3

Phosphate + Acidic molybdate —» 12-molybdophosphate complex

12-molybdophosphate complex + e- — Molybdenum blue
(Mo(V1)) (Mo(V))

asdedou 12-uduTnreamlnazgnimdrivaluivinnuuaglinssualwihg
Wudnaulaensatuanududuvesnoams

nsiAnsandunislniedivesasidedou 12-luaulaneamnladneinieiaina
lymdnlaunuunuanssiagy 2.12 wufineandindunasfinisinduaziinfidns i
Uszaned 0.19 wag 0.24 ladiieuiudanes/Aanesnaslsa amuainu laen1sin
ﬂﬂ&JlWﬂﬂmww 0.20 Iaammwﬂum%aL'Jai/ﬁziaL’Jaiﬂaalsmﬂwmmlﬂums
AnswTinuasil baseline mefl wenanidua awesdainm (1000 fadnsuredng)

U

LareTiun (5 fadnfusiedns) axliusngiidndldihdana

10 ~

=)
=.
S
[a—
z
=-10 - ,’, i () Acidic molybdate (reagent)
5 ‘l::’ 7 (V) P-reagent (5 mg/L.)

-15 f  T(M) As(V)-reagent (5 mg/L)

"""" (3) S1(IV)-reagent (1000 mg/L)
-20 T T I T 1
0 0.1 0.2 0.3 0.4 0.5

Potential, E (V)
U 2.12 Teadnhawnluunsuiieldunadasueudutalniviha: (n) asavans
Tuautanluaniiense Guoaun), (1) Weaws-Swowaus (5 Jaansusedns), (A) 8135
Fiun-3eaun (5 Hadndusedns) way (1) Jane-3elaus (1000 Sadnsusedns) 9
9R31N158LAY 100 dadliasnedunil
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91nnsAnEIAdudurewen T douluduannuin Weanududune
woulindouluduianifiniunainllun1siinsnsiavifindy Auiduduves
wouluiflonluduinnannnin 0.5%u9a/U3u1ms 9svil9 baseline @ouiy 1iasain
Em]Lﬁmmiaﬂ%’umiL%Q%’auiuﬁuaﬁmugﬁﬁmﬁwm%ﬂw%Lma%mi‘uau Faudeld
aruduturewenTuionTudunni 0.5%u1a/U3u10s Yenanilsyuuinaunty
Tanududuresnsadaiinin 2.5%U5uns/U5m0s mszlimullunsingii
7n11 waz baseline Asii minaNuTutuoInTATaTla3nuInn11 2.5%U3u105/
UTuns %"Lﬁmm?ﬂumﬁmiwﬁﬁ'gmfi’] s baseline aglideyQIausunIUY

Tusudded 1afnsususnsnislnavesssuuiwauiiuain 1.0 (Ju 3.2
fadansdewiitiieiunnudlunsieseisegsdmiunmsussgndldluszuuns
afddutunloane SauuueouladdieszuulnadswanduneunulsiupIdwiunis
wondruneanesalusnegsiunell annefivnzauvesssuulnaduandulouny
TSUASE RS UIATIE N DEN D SALEAIAINITI 2.8

A519 2.8 dnemunzauvesszuulnadulanduneunUlsiunIdnsuies1ei
oanesd

RERITBH anziily

R5IN5 A 3.2 Jaaansseui
USUImSans 75 lulasans
ANULUNTUYB LN HEUlIAUAN  0.5%178/USUIRS
AN TUYBINTALATITN 2.5%US105USUINS
AT UTRnunaTauaanlsa 0.1 luans
ANNYIVIDYANE 50 LYURLUAT
Falwilvhany WNATANSUBY LUKUAUENaNa 3 Haduns
L LALARGR Faes/Faesnaalsa
loisiae AuAuLaEERa
Fndlntiaed 0.20 Las
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2.5.1 ANHUZRNIZNIBATIATIZRVDITLUU

2.5.1.1 n3manasgukasiniialunsinsisi

MelAaNI ML auYeITTUUAINIGIE 2.8 A8la FIAgram wasnsmuInsgIu
Ha3U 2.13 hay 2.14 muaieu n3maasgIuiitenduidunss 2 ¥a9fe 0.1-1.0

U

9
fiadnSusiodns (y = 0.5240x + 0.0053, r’ = 0.9991) waz 1.0-10.0 Fadn3uredns

(y = 0.3739x + 0.2250, " = 0.9978) Tasfialun1s3n (LOD) windu 0.03 fiadnsuy
ADANT LATININALUNITHATIEFUILI (LOQ) Windu 0.11 UadnSusioans

100mgL™

S5oA 80mgL?

2.5 ~ 50mgL?
2

30mgL?
1.5 +

1.0mgL™?

0.8mgL™*
05mgL™

():0 0.1mgLt U\ L

Signal (nA)

=
=
|

0 500 1000 1500 2000 2500 3000
Time (s)

5U 2.13 FlAgram vesansazangunsgulaanmeszuulnaduanduleuuyls
#13
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< < <
+ o D
1 I ]

Pealk height (nA)
= >
(B 8]

0.1 - y = 0.5240x + 0.0053
R*=0.9991
0.0 T T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Concentration of P-PO, (mg L")
(n)
45 -
4.0 1
3.5 A
o
3 504
e
£ 2.5
20
£ 2.0 4
—
g 1.5 1
a
1.0 A
05 4 v =10.3739x +0.2250
‘ R2=0.9978
OO T T T T T 1
0.0 2.0 4.0 6.0 8.0 10.0 12.0
Concentration of P-PO, (mg L)

(¥)
U 214 nsmunsgiuvensinsgimveaaduianududunse (n) 0.1-1.0
wag () 1.0-10.0 Hadniusiedng

2.5.1.2 AL U IVDITE U

AElAANIEANUIZANVBITTUUMINITN 2.8 LHlaAN¥IAIULLIUEIUDITEUY
wannegy 2.15 wudi Seuazn1sidsauunnsgIuduing (%RSDs)  vesansazay

WnsgIureaEwaAtuLdNty 0.1, 0.5, 1.0, 5.0 uar 10.0 JadnTudedns (11 A39)
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Wi 2.1, 2.6, 1.5, 1.2 way 1.0 AUaI8U hansliiuinszuuilnnuuwugia
YannUsuuNnauIdulgatsiingie 75 lulasans, wwnaldeunaslse 16
Taansy, wauluvbeuludulen 11 9aansy warnsaganisn 0.05 Jaaanssanis
AAIILY @AU150ATIEREAUTEUN 90 ARt FeusEudnasiadinay
< 1 ad a I3 = d‘q [YRY] 1

$IL5INITBMTIATIEIaUN s lawnSwuuneRdesldiuegunn

45 7 100mgL*?
4.0 -

9%}
N
1

=
]
I

50mgL?

W
1

o
=
|

Signal (pA)

[a—
n
1

=
@

<
wh

AL

0 1000 2000 3000 4000 5000

Time (sec)

<
<

U 2.15 FlAgram vesansavangunsgiuvleaalunisfnymainuudug1vesssuy

2.5.1.3 A3QNABIUBITLUY

1INN1TANYIAMUYNABIVDITEUURAAINARAINITIY 2.9 WUIT Fo8aENITLA
nduAuveIfeg R uTiunnasiuluasadaueludounaslss 1.0 Tuardivindu
69.2-95.1, luansanaleneulansanlon 0.1 Tuaswindu 72.3-95.3 waglugisann
nsnlalnsmassn 0.5 Tuarswiiu 92.3-99.0 Tnsdesazmslinduiuiifiatosona
dosnaneududureandnl)  Faszuuiiiauntumswaniasieteiitaing
LuTuvonnAN(N) g9 ysnaniienafinauiainlessuvasnaslsaluaisaia
wosludounaslssuaznsalslasrasiniionainudstusuneamalossulunisduiv
lopauvealuduen
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A1519 2.9  398arNSleNSUALYDIAIDEN9RU

f19819  @15ann Uunafidin  Usunasfiny fowaznsla
(un./a.) (un./a.) NauAU
1 1.0 M NH,CL 0.0 0.547 + 0.005 -
0.3 0.805 £ 0.02 95.1
2 0.0 0.000 = 0.000 -
0.5 0.352 & 0.007 70.5
3 0.0 0.000 £ 0.000 -
0.5 0.346 % 0.008 69.2
1 0.1 M NaOH 0.0 1.850 £ 0.07 -
1.0 2.717 £ 0.02 95.3
2 0.0 0.091 £ 0.005 -
0.5 0.427 % 0.006 72.3
3 0.0 0.646 £ 0.02 -
0.2 0.755 & 0.01 89.3
1 05MHC 0.0 4.673 £ 0.07 -
1.0 5.617 £ 0.02 99.0
2 0.0 0.497 £ 0.004 -
0.3 0.736 £ 0.01 92.3
3 0.0 0.902 £ 0.02 -
0.2 1.083 £ 0.01 98.2

*31n./8. A9 LaaN5UADANT

2.5.2 NMSANEAITUNIUY
seuulvadulanduleunulsiunIaunsanuselooaues@ainm, ANSUDLUR,
lunsn, raelse, luney, wradou, wunili@en wazweuluilon diulossuvesens
Fuunuazlesauuindus awinasuniudessuy Fatuegefithuniinsesigae
syuUiazdesiimsminloosusnsuniusinanaeasiall (masking reagent) waLs
FuuaniUaeuleosy wantIIrINUYeIENIFATUNILRINIS 2.10 lessuredans
drlugfinssuniunisau tufe Minlimusunameamaldiiniianuduss 3

33



1 d‘ 2 Y] a d‘ v 1 [y
119A819990 UM ARa1sUsENaUNAnNeznaulassrnIaeaaiulasauvadlans
Wiail

A1519 2.10  99ANUNUADAITAITUNIUY

GRE Y29AUNY (UadnTusading)
915 unlovsu 0.25, +
Fanmlooou 1000, *
ASUBLUA BB 500, -
lumsnlossu 1000, *
Aanlsnlonou 40000, *
loneulonau 26000, *
wraLReulaaay 1000, *
wunfideulossu 500, -
o) lesau 10, -
Fangd(l) lovau 10, -
neml) loseu 10, -
waatdan(l) looou 10, +
wusnflad) lesau 5, -
wian(ll) lesou 10, +
wian(lll) lopau 0.1, -
avalilleuleoau 0.05, -
wanlueulonou 1000, *

+ = MITUNIUNWUIN, - = MITUNIUNNAY, * = ANUtutugaailivnagaey

yonanilessuwdan(l) Wussuniuninasneszuuuin TagiAuUTUUD
Tomauwan(ll) 0.1-0.05 Sadnsusedns azlinanisau @ruauTuTuNnLINnINg

(> 5 NaansuFAeans) AL IANAN1UIN LWEAAINARIAISIe 2.11
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A1519 2.11  waveadlesauwdndl) daszuulnaduandutaunulsiums

anududulosauman(l)  ANGAN Sewaznnslanauu
(@adnsunedng) (lulaswauwus)

0.00 0.3956 1 0.001 -
0.10 0.3948 % 0.006 99.8
0.20 0.3746 % 0.004 94.7
0.30 0.3752 £ 0.002 94.8
0.40 0.3703 £ 0.001 93.6
0.50 0.3652 £ 0.002 92.3
1.00 0.1520 £ 0.004 38.4
5.00 0.4711 £ 0.01 119.1
10.00 1.2571 £ 0.02 317.8

(%)

2.5.2.1 maﬁﬁmiaaaumé‘a(lll) %mﬁuﬁaiumué’amﬁu&é‘ﬂ% 100

9NM5ANBIITNS masking  Mensanisni3anuinlivnsaufiesinluldly
svuuTnaduandunenudlsuns dusudenldisdutanasulessulunisida
Toosuwman(l) Ine@ds 100 1Wusdufaniidenldiulesoulans Usznausiela
‘Waama%ﬁlm?uimhﬁawu%ﬁﬁ'%dmaﬂLﬂﬁﬂuLﬂuéﬁIulmaz%mw sdudiazdu
lesaulanyldfiifiovas uazavidoudughuaniudgylesgyauiilofiafiteve
LLammiLﬂ?isjul,maaimaa%fwéﬁgﬂ 2.16

CH,COOH  CH,COOH CH,COO- CH,COO-

+ + +
@-CHy-NH*  @-CH,NH @-CH,-NH @-CHo,-

s
N\

CH,COOH CH,COO0- CH,COO0- CH,COO-

pH 2.21 ==p pH3.99 ———————p pH 7.41 =—————————p pH 12.30

35U 2.16 nsdsunladlassaineuaasBudiand 100 WeAmieviugy



PANANITNAABI WU mmz;jqﬁﬂsummiazmsw\laaLWmﬁﬁLLazhiﬁlaaau
gouuan(ll) 1o usdumand 100 axliuadilndifoaiy wananasagy 2.17 (n)-(9),
() ag (qy) uananiansazanglesoumdn(l) Werusiureduazannsaiin
loAau 100% wanaxansgy 3.7 (2)-(2) FaulsBuAEnd 100 awnsardnlosay
wadn (1) 1ot

0.8
0.7 | (m)
0.6 -
205 -
=3
S’
= 0.4 - @
E
Y (M)
= 0.3 -
0.2
0.1 4
0.0 T I I T T I 1
0 500 1000 1500 2000 2500 3000 3500
Time (sec)
5U 2.17 FlAgram  ve3a15azale (n) wan(il) 5 Tadnsusedns + wealne 0.5
fadnsusedns, () wan(ll) 5 Tadnsusedns + Waawln 0.5 TaanSurans (HuLs
Fu), (A) wan(ll) 10 Tadnsusedns + Weawn 0.5 Jadnsuraans, (1) wan(ll) 10
aansuredns + Weawa 0.5 NaanSuradans (HuLsTu), (3) wandll 5 Nadnsuse

ans, (@) wandl) 5 Tadnsuredns (1uLsTw), (¥) Wwandl) 10 Jadnsudedns, ()

wian(l) 10 fadnsuredns (W1uLsTw), (a) Weaa 0.5 fadnsuredns uag ()
Noam 0.5 Taansumpans (W1ULSTY) MIuszuUnaduanTuLauwUlsiuns

2.6 msUszgndldszuuiiiaundudwiunisimsizinaaneiafignuzandiegng
AunznaufleIsn1svzuuUaanlalrauil
Fiwuntuldihuussandldlunsiinsginoarefafignuzandogieiu
azneumsisnsvsuuvoonlatreduy Tneldasazanedmsunmsataniusisuseil
1.0 M NHCL (R1), 0.1 M NaOH (R2) uaz 0.5 M HCl (R3) Fswiietoeiu
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wgaWB%’alugﬂ exchangeable, organic bound lag carbonate bound #UARU
InelfuansazarudmsunsanaasluneduiiayUasslvlvaatnaiouslduniy - A
wandlusy 218 lussuuiifudieglfnaumuduiuiiansatnegvaiunodinias
WMLARAEINTIINNIVRaRWiasnaeradunsey fuld wazldaunsalegnedne
uazsingn  vivasnsaldiusegnsdnuanald asavaneiardinldisleld
asavanedmiuaiaing fu uansiesy 2.19 JsdvesansazatgavidinnvinliAn
mssunmulunsieseilaemedianisesaiaduaditeuldiu pg19lsAnuly
ssuulrladuandusenudlswndiiamnnaul  azldfimssumuanawazansadaii
ANUHTUEY NansUTInulamnluduvesansainmne wanaian1sng 2.12

U 2.18 szuvanauwuudmsutuluszuveenladildaadu
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5U 2.19 AuavesPedutnazasazanenanaladleldansasanedmsuaninsineg fiu
@1nvnlUg1e NH,CL, NaOH, HCl wag Total digestion of residue)

Jsansazanemogsuiardinazgnaniingszuulnaduanduussuilsiuesuay
wiTanueanedadldannsmuinigiu udtmadliusufsuduiuuune
Uinuoaviesanuuasoavieagunlasusineg Aldaniaesisuansiemisg 2.12
wazgu 2.20 %aﬂ‘%mmﬂaaﬂa%’aswiﬁmﬂwaifgmaw‘%mmWaaWa%’awiangWa%m
USuuneanasasinaziiAsening 307-831 dadnsuseilansy (38n15vziuy
pavladnadui) uaz 315-856 fadnsusaflansy (Buuung) lneUsuumeanasa
Tudgiuves NH,CL-P agdlAntagfe 13 Jadnsumenlansy (38n1s5vsuuueenlay
Aedu]) uaz 11 fadnsusodlaniu (3uuung) Jsagnuianiziegnad 5 Ui
Woanedaludiures HCL-P, NaOH-P uay Residue-P 3zilAtagludig 26-128, 57-
434 uaz 179-500 fadnsusionlaniuniuaisiu (35n1svziuusanlatnoaui) was
18-103, 47-409 waz 106-465 fadnsusenlansuniuaisu Giuuuny) ile
Wisuidisutiinalearesasuvesinessiungneuusiazandldaniiaesiznuin
fialiuansnaniulunisads
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M58 2.12  UsnaueavleSasiuuavneanesagunesusineg Aleanignisveuuveeilataeduiuagisuuung

A19819 5 Usinamlaaweda (GladnTusionlandu) (Anade + Andsauuuinsgw)
NH,CL-P NaOH-P HCL-P Residue-P Total-P
1 ADALIL N.D. 128 + 20 434 + 202 269 + 188 831 + 199
hUUnNe N.D. 103 £ 8 320 + 116 314 + 179 736 + 144
2 PO N.D. 49 £ 13 577 201 £ 65 307 £ 67
bUUNE N.D. 37 £ 11 98 £ 13 180 + 26 315 + 28
3 ADALIL N.D. 26£5 60 + 11 227 £ 23 314 + 17
UUnNe N.D. 18 +2 ar £ 6 347 + 12 412 + 12
4 ADALIU N.D. 32+4 178 + 60 500 + 53 709 = 97
LUUNY N.D. 39+ 12 352 + 31 465 + 163 856 + 185
5 ADALIL 13+3 91 + 17 326 + 48 228 + 91 658 + 122
LUUNg 11+2 33+ 13 409 + 40 239 + 40 692 + 58
6 PO N.D. 54+ 9 208 + 25 179 £ 28 441 + 37
bUUNE N.D. 53+ 12 216 + 38 106 + 5 376 + 42

*N.D. = Not detected (llauansiainla)
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Usunameaneagusosusieg lusiegrafuudazaauanadesy 2.20 Lilo
Fosddudnamoanefasauagld Residue-P > HCLP > NaOH-P > NH,C-PL (3a7
2,3 Uag 4) uag HCLP > Residue-P > NaOH-P > NH,CL (30l 1, 5 ua 6) Lile
Susddulsinaueduridreanesavesiidasdtayles HCLP > NaOH-P > NH,CL-P

B NH4Cl-P NaOH-P mHCI-P OResidue-P

900 -
800

[ |
o o o
o O O

W = n
o O
o O

P content (mg kg!)

3]
o)
<

Sampling sites

5U 2.20 Ysuuneanedasunesusieg ludiegrsiunsnouldasynnigisnisve
wuveenlladreduiuayisuuuny

91034 2.20 nuiUTinasleaeasiuuazweanesauresusiieg Aldain
Wnsvgiuveetlatreduiuasiduuunsiinnudenndesiud (Total P; y =
0.8962x + 37.394, r’ = 0.8346, NaOH-P; y = 1.0604x + 13.085, r’ = 0.6441, HCl-
P; v = 0.8006x + 18.173, 1" = 0.6130 waz Residue-P; y = 0.9213x + 28.831, " =
0.7213) WawSouiieuiansiide paired t-test fisziuanudeiu 95% wuinis
a0935 A T lAT e liuanan et ues e iTedfny (e = T 2571, ty 209
total-P = -0.562, t.; U931 NaOH-P = 1.678, t..; V93 HCI-P = -0.752 ey t, V9
residue-P = 0.280) Ineadiauniuldnanisatatiesniiizuuuny snvaduisi
avann Ussndaanlddnennnnin seavidondetudnaiananuin a3
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2.7 99NUUULATUSENBUSTUUNMSERALUUAGUTULLUsBL s sdmiuaranaawn
AINFADL19AY

NATRAUITTUURTITIATIERUSIN U eas  Tnawatalnaduiandulay
wllsiuns wuIndvenAaIanNITTUNIUIINARALAUYUYBIATAZANY LasTaLNg
szquaaiumamqmuiuﬂimmm Jelauszendlsaenanilunisfinyinisadawuudisu
Funvusieiiesdmiuataeamnaindiog iy LWaﬁﬂwmwvvﬂammmaaimﬂ
Wosusng 9 Tusegneiiu Ingeenuwuuszuumandlusy 2.21 Immamqmumgﬂ
ussgeglurediunl  ualdansavaedniunisadanudduded 1.0 M NHCL (RD),
0.1 M NaOH (R2) waz 0.5 M HCl (R3)  Fswfendesiunoaeddlugy
exchangeable, organic bound Wag carbonate bound fMuaAU

waste

Air

7 Sampleloop
Dt

SV3,

P1 g

0.1 M KCl

Acidic
molybdate

"helex 100 resin Y

column
waste

standard/sample

P2 0oy

0
< ouo
0

i

1LOM 0.1M 05M
NH,Cl NaOH HC1

Mini-column

sU 221 szuunmsatadidutusuueoulavsmiuszuuTnaduandusouuylsund
dusuniswenaiuneanasalumiognefy: P1-2 = %mwa%maﬁﬂ, SV1-4 = @
UBEANAY, MC = YoUANAY, | = 21878na13 (six-port valve), SL = 10-port
selection valve, FC = Tnlawad (@2l = WNATASUBUEUHIUAUINA
molu 3 fadins, 2lWiends = Fanes/Banednaslss, daluiee = aunu
adana), D = wnudleawsn/fainuadawayn (Palmsens), PC = ABUNILABS
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903U 2.21 9198 asarateuasgIusesegsaivaiunedulsTuAiand
100 waazgnaninlunseuavesasazarslnunadounaslsa 0.1 laisuagsiuiu
nszuavesansaratluAuAN 0.5%na/U5u0s luaniiensa nduasuauagiva
duriovanas (50 wuRiung) duludinawad anduarndsdou 12-udula
eaniiiAntulussuuaggnimdidalafivhauunadasveuiidndlaiia 0.20
hadifieuiuganes/Aanesaaslsmiiniumasieuluduitiug Fseglvdnszua
Adudndnlaonsaiuamnududuvemloamn udrairsnsvlnsguseninemnugs
vosfinuazanududuraseans nturessuunsatndfuduuvueeulaia
fegrehuussgaglunsdulvumandiiusyuulnaduanduenuulswns a1sain
Town 1.0 lwanswanludeumastsa, 0.1 luaistenenlansenlan waz 0.5 luaisnse
lelnsmansnazluanupeduinuadumenistddiantuinds wasddnsinisluaves
asafinuiniu 0.8 faddnssound antuszuunsanaialnaduanduseuudlsy
p3aglifinuesansaraneiignadinyng 40.5 Junil

spuvfinauduldiunvssendlddmiunisuendiuneanesalugiogng
1nsgIuRunzne (13915-684) Ta FiAgram  fildazliteyamasnusaumansves
nsataneanedaludegng $8e15-684 wuin dleldarsatnudadl 1 (NH.CD Tunns
yzaylifiUSinamleaniea Snihnmadsuiumsatauiindaly TneUSunamoanosa
fildiansatn NaOH uag HCl iUSHualuYIusn wdazAoY anateg1atnT U
USinansuasivielndgud uansliiiiuin Weaesaignivedruiauseazaesy
Uaewaonunegsdn luansarin Jaaglinsvniseeludnuae broad dwmeaneda
figndusgisvain szddeseeninegasiniiluasain sglinsminsvzludnume
unal (sharp)  @edeyavosnsinisveluniazansadauansdagy 2.22 uay 2.23
wuilifusinameanesafignivedimaiug luarsadavdausn (NH,CY waz
WaaWa%’adau’L%wj%Qﬂé’uﬁ’uazqﬁLﬁ&JmLazmﬁﬂiumiaﬁ’mﬁmﬁ 2 (NaOH) azdu
funpaBeslumsatinvied 3 (HC) TeuSuamoanedadlunsazsunosuazaiunsa
mlFainnsdudiinsaiuildnsnvesunsnlninsy 9101519 2.13 nud Ui
Woave¥alusunosuves NaOH-P tinfu 181 + 9, HC-P WINAU 912 + 53,
wloavesafiduiuasdun3s (residue) Wiy 196 + 35 wagUSunameanosarimun
Wity 1289 + 56 fiadnsusedlansurean Tnsarfildanisaiamtu (1289 «
56 daansusenlaniurleainn) AuaAINInIgIu (1373 = 35 Tadnsudanlansy
sloain) Sanudenadesiul @anuuandadszuna 6 Wesidus) fudussuud
fiauduiinnuazaindenisiildlddmiunsimaeineanesaiignatnogis
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A cost-effective sequential injection system incorporating with an in-line UV digestion for breakdown
of organic matter prior to voltammetric determination of Zn(II), Cd(II), Pb(Il) and Cu(Il) by anodic strip-
ping voltammetry (ASV) on a hanging mercury drop electrode (HMDE) of a small scale voltammetric
cell was developed. A low-cost small scale voltammetric cell was fabricated from disposable pipet tip
and microcentrifuge tube with volume of about 3 mL for conveniently incorporated with the SI system. A
home-made UV digestion unit was fabricated employing a small size and low wattage UV lamps and flow
reactor made from PTFE tubing coiled around the UV lamp. An in-line single standard calibration or a
standard addition procedure was developed employing a monosegmented flow technique. Performance
of the proposed system was tested for in-line digestion of model water samples containing metal ions and
some organic ligands such as strong organic ligand (EDTA) or intermediate organic ligand (humic acid).
The wet acid digestion method (USEPA 3010a) was used as a standard digestion method for compari-
son. Under the optimum conditions, with deposition time of 180s, linear calibration graphs in range of
10-300 pg L-! Zn(II), 5-200 wg L~ Cd(II), 10-200 wg L~ Pb(II), 20-400 gL~ Cu(ll) were obtained with
detection limit of 3.6, 0.1, 0.7 and 4.3 pg L™, respectively. Relative standard deviation were 4.2, 2.6, 3.1
and 4.7% for seven replicate analyses of 27 wg L' Zn(II), 13 wgL~! Cd(Il), 13 wgL~! Pb(Il) and 27 pgL!
Cu(II), respectively. The system was validated by certified reference material of trace metals in natural
water (SRM 1640 NIST). The developed system was successfully applied for speciation of Cd(II) Pb(Il) and
Cu(Il) in ground water samples collected from nearby zinc mining area.

© 2011 Elsevier B.V. All rights reserved.
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UV digestion

Hanging mercury drop electrode

1. Introduction ber of speciation procedures for identifying and quantifying the

individual forms of heavy metals. The selection of the speciation

Determination of trace metals in environmental samples is
important due to their toxicity to the living things. However, there
are only some parts of metals that are toxic or bioavailable to the
humans and animals. The toxicity of metal ions varies with its
physicochemical form. Typically, in water the most toxic forms are
the hydrated metal ions and labile complexes (i.e., dissociation can
readily occur), and the least toxic forms are strongly bound metal
complexes and metal adsorbed on colloidal particles (indeed, in
unpolluted natural waters, metals are usually present in one of
these latter two forms) [1]. Therefore, the development in speci-
ation analysis for identifying and measuring the species of these
metals present in environment is more concern. There are a num-

* Corresponding author. Tel.: +66 5394 1909; fax: +6 5394 1910.
E-mail address: scijjkmn@chiangmai.ac.th (J. Jakmunee).
1 Permanent address: Department of Chemistry, Faculty of Science,
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0039-9140/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.talanta.2011.03.082

technique depends on which individual form is of interest and what
kind of sample is investigated. In this work, speciation of trace ele-
ments contaminated in water in the forms of labile dissolved metals
and metals bound to various kinds of substances or particles, either
organic or inorganic ones are of interested.

It is well known that electroanalytical methods, notably voltam-
metric techniques, allow the differentiation of free ions or labile
metal ion complexes on one hand and species that are stable
bound to colloidal species or inert species on the other hand [2].
Labile species are species that can be detected by anodic stripping
voltammetry (ASV), such as hydrated metal ions, and metal ions
dissociated from weakly bound complexes or weakly adsorbed on
colloidal particles. The inert fraction consists of the species that do
not dissociate the metal under the conditions used such as metals
bound to dissolved organic matter (DOM), so can not be directly
detected by ASV. The total metal species can be measured follow-
ing prolonged sample pretreatment process such as wet digestion,
UV digestion [3-5] to convert bound metals to the labile ones and
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hence the inert species can be calculated by subtracting of the total
metal content with the labile metal content [1]. The most popularly
used method for destruction of DOM is wet acid digestion [4]. How-
ever, the large amounts of reagent added cause high contamination
to the sample. UV digestion is a clean method, effective and can eas-
ily be incorporated in an automated trace metal analyzer. Thus, it
is a more preferable method for destruction of organic matter prior
to voltammetric analysis [4].

The combination of flow-based techniques [6-12] such as flow
injection analysis (FIA) and sequential injection analysis (SIA) with
voltammetric methods [9,11,13] increases the automation degrees
and sample throughput of the method. The most often used work-
ing electrode in flow-based system is solid electrode or various thin
film electrodes because they provides good mechanical stability
to withstand the flow of solution. However, these electrodes have
major drawback on low reproducibility and accuracy due to carry
over of contaminated analyte on the electrode. On the other hand,
mercury drop electrode offers renewable surface, high sensitivity
and reproducibility. The use of hanging or static mercury electrodes
in flow systems requires the suitable design of the flow cell and the
adequate flow conditions to keep the drop stable and firmly hold
by the capillary tube. Therefore, up to now there are a few papers
describing the construction of home-made flow cells for static
mercury drop electrode (SMDE) [14-18] or hanging mercury drop
electrode (HMDE) [19-23] and applied them for determination of
metal ions by stripping voltammetry. In this work, we proposed the
use of a small scale voltammetric cell with HMDE in SI system which
provides good stability and reproducibility of the electrode and
higher degrees of automation comparing to conventional batch-
wise voltammetric analysis. The SI with monosegmented flow
analysis (MSFA) approach was introduced to promote good mix-
ing of the solution zones sandwiched between two air segments,
resulting from a turbulent flow in the monosegment [24-26]. With
this approach sample dilution, single stock standard calibration and
standard addition could be made in-line [24,26].

In the present work, we developed the SI-ASV system incorpo-
rated with UV digestion unit to perform in-line digestion of sample
and quantification of some metals. A low-cost small scale voltam-
metric cell and home-made UV digestion unit were fabricated and
tested for their performances. Monosegemented flow was used
to gain benefit in convenient handling of sample preparation and
determination of the metals. The developed system provided sen-
sitive, reproducible and clean method for speciation of labile and
bound metals with semi-automatic operation and low chemical
consumption.

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 (0.6 M, pH 4.6),
which served as a supporting electrolyte was prepared by dissolv-
ing sodium acetate 3-hydrate (Ajax Finechem, Australia) (40.82 g)
in water before adding of acetic acid (Carlo Erba, Italy) (17.2 mL)
and making up to final volume of 500 mL with water. Working
standard solutions of Zn(II), Cd(II), Pb(Il) and Cu(Il) were daily
prepared by appropriate dilution the stock standard solutions
(1000mgL-! of the metal, atomic absorption standard solu-
tions, Merck, Germany) with 0.1 M HNOs3 solution. The purified
humic acid (Sigma-Aldrich, Germany), ethylenediaminetetraacetic
acid disodium salt dihydrate (Sigma-Aldrich, Germany) and t-
octylphenoxypolyethoxyethanol (Sigma-Aldrich, Germany) were
used as complexing ligands on the study of performance of an in-

line UV digestion system. Hydrogen peroxide (H,0,, 30%) (BDH,
England) and hydrochloric acid (HCl, 37%) (Merck, Germany) were
used for digestion of sample.

2.2. Instrumentation and apparatus

A sequential injection-anodic stripping voltammetric (SI-ASV)
system was assembled as depicted in Fig. 1, consisted of a syringe
pump (Model XL-3000, CAVRO, USA) and a 10-port selection valve
(Valco Instrument Co. Inc., Texas, USA), a holding coil (Tygon® tub-
ing, 1.25mm i.d., 4.5 m), an UV digestion unit and a voltammetric
analyzer (757 VA computrace, Metrohm, Switzerland) equipped
with a home-made small scale voltammetric cell. The sequential
injection system was controlled by an in-house created software
based on Visual Basic 6.0 [27]. The 757 PC software version 2.0 was
used with the voltammetric analyzer for voltammetric measure-
ment and data evaluation. The small scale voltammetric cell (EC)
was connected via a 3-way switching valve (UpChurch Scientific,
USA) and a coil tube to the selection valve of the SI system. The used
mercury was flushed out from the cell to the mercury waste bottle
through this line.

2.3. Small scale voltammetric cell

A simple small scale voltammetric cell as depicted in Fig. 2,
consisted of two chambers: measurement chamber and reference
chamber. The measurement chamber was constructed from part of
disposable pipet tip (5 mL, Appendorf, Germany) which was cut the
upper and lower side to obtain a chamber with approximate vol-
ume of 3 mL. The hanging mercury drop working electrode (HMDE)
and the platinum wire auxiliary electrode were put in the measure-
ment chamber. Silicone and PTFE tubes were used for connecting
the cell to the SI system. The oxygen removal was done by bubbling
the nitrogen gas into the solution in the measurement chamber. The
electrochemical cell was completed with the modified Ag/AgCl ref-
erence electrode (RE) which was made from microcentrifuge tube
of 2.5 mL as a chamber filling up by 3 M NaCl and Ag/AgCl wire was
put in the RE chamber. The PEEK tube (0.4 mm i.d x 10 mm) was
used as salt bridge for connecting between measurement chamber
and RE chamber. The liquid junction between these two chambers
was renewed for each measurement by dispensing 100 p.L of 3M
NacCl solution to the reference chamber.

2.3.1. Homemade UV digestion unit

A homemade UV digestion unit employing a small size and low
wattage (6 W) UV lamps (length 226.3 mm, wavelength 253.7 nm,
TAS UV Curing Co. Ltd., Pathumthani, Thailand) has been fabricated.
The flow reactor was made of PTFE tubing (0.79 mm i.d., 200 cm
long) coiled around the UV lamp and wrapped around the coil with
an aluminium foil. The reactor was connected to one port of the
selection valve of the SI system (Fig. 1).

2.4. Procedure

Anin-housed developed software [27] was employed for control
the instrument using a script program containing various steps of
operational sequences. Before running the operational sequences
for sample analysis, the “Start-up” program was firstly executed, in
order to fill the tubings connected to all ports of the selection valve
with their respective solutions.

Operational sequences for in-line UV digestion procedure are
briefly described as follow. First, air (100 wL) was aspirated to
separate sample solution from the carrier solution. Then, sample
(1500 p.L) and air (100 L) were aspirated to form stacked zones as
shown in Fig. 3(a). The monosegmented zone was then propelled
to place in the reactor of the UV digestion unit and irradiated to
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Fig. 1. Sequential injection UV digestion voltammetric system; C= carrier (Milli-Q water); SV =syringe valve; SP=syringe pump; HC=holding coil; SW =3-way switching
valve; AC=auxiliary chamber; S=sample; SS=single standard; Hg W = mercury waste; NaCl =3 M sodium chloride; B=3 M acetate buffer; W = waste.

perform UV digestion of sample for 10 min. After that the digested The sequences for the determination of metals by an in-line
sample was aspirated back to the holding coil (HC) and deliver to standard calibration or an in-line standard addition are briefly
store in an auxiliary chamber (AC), waiting for analysis in the next described as below. In case of the external calibration curves, var-

step. Then, the UV reactor was cleaned with water. ious concentrations of metals standard in buffer solutions were
N, out
1
l Nyin
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1. HMDE : glass capillary and mercury drop
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v 3. Ag/AgCl reference electrode
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6. Pipet tip 5 ml (Cut to 2.5 ml)
7. Microcentrifuge tube 2.5 ml
8. PEEK tubing (1 cm length, 0.4 mm i.d.)
9. Silicone tubing
10. Inlet and outlet of sample with 1.57 mm i.d. PTFE tubing

to waste 1" 11. Three way switching valve
to HC

Fig. 2. The developed small scale voltammetric cell.
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Fig. 3. Sequence of solutions in a holding coil for; (a) in-line UV digestion; (b) in-line buffer dilution; (c) in-line single standard calibration or standard addition; S=sample;

SS=single standard; B=3 M acetate buffer.

aspirated. For the in-line calibration curves or the in-line standard
addition, the air monosegmented of buffer (B) and sample (S) or
water was sequentially aspirated to form stacked zones as shown in
Fig. 3(b). The stacked zone was then propelled to put in a small scale
voltammetric cell for electrodeposition of the metals by applying a
potential of —1.1V versus Ag/AgCl to the WE for a specified deposi-
tion time. The solution in the cell was moved up and down during
the deposition step to promote mass transfer to the electrode. Then,
the stripping step was performed under stopped flow condition. A
voltammogram was recorded using the following condition: sweep
mode, square wave; sweep potential, —1.10 to 0.2V; sweep rate,
0.25V/s. To construct the in-line standard addition curves, the 5 pL
of stock standard (SS) each in the monosegment were dispensed to
the measurement chamber (see profile in Fig. 3(c)). The solution in
the chamber was mixed with SS added before starting the analysis.
The concentration of each metal in this system could be varied from
the volume of added single standard concentrations. Finally, the
used mercury drop was flushed out from the small scale voltam-
metric cell and dispensed to mercury waste container through a
3-way switching valve. The 3 M NaCl solution was dispensed into a
reference chamber to renew the salt bridge between the two cham-
bers and then the measurement chamber and auxiliary chamber
were cleaned with water.

3. Results and discussion
3.1. Small scale voltammetric cell design

In this study, a small scale voltammetric cell was designed and
fabricated for use with the HMDE without modification of the
mercury capillary. The modified voltammetric cell (as shown in
Fig. 2) was connected to the tip of mercury capillary tubing. For the
deoxygenation step, the commercial nitrogen purging system was
modified by connecting the gas tubing from original system to the
polypropylene bottle which fills with Milli-Q water. Then, humid-
ified nitrogen gas was connected to the measurement chamber by
the PTFE tubing. So, the nitrogen purging time was controlled by the
voltammograph software in a similar manner to the batch system.

Preliminary experiments using the small scale voltammetric cell
indicated that the upper part of the voltammetric cell should not
to be tight to the glass capillary of the HMDE, and the hole at
the bottom of voltammetric cell had to be wide enough for effi-
cient removal of mercury waste. The first small scale voltammetric
cell developed, the measurement chamber is made from microcen-

trifuge tube of 2.5 mL with cover. The cover was drilled to the same
size of the capillary tube diameter. Poor reproducibility of peak cur-
rent for all metals studied was observed due to the irreproducibility
of mercury drop size. In addition, the lower part of the microcen-
trifuge tube which was drilled and connected to the SI system by
0.51 mm i.d. PTFE tube are not sufficient for mercury waste removal
through the bottom hole of the chamber. To solve these problems,
5 mL disposable pipet tip was then used as a measurement cham-
ber. The upper and lower part of the disposable pipet tip was cut to
obtain the chamber of approximate volume of 3 mL. A fresh mer-
cury drop was used for each measurement and a suitable position
for the glass capillary should be at the center of the chamber. Sili-
cone and 1/8” o.d. PTFE tubes were used for connecting of the small
scale voltammetric cell to the SI system. The hole at the bottom
of the cell was used to allow the inlet and outlet of the solution.
And also used for removal of mercury waste after each analysis,
avoiding its accumulation inside the voltammetric cell. The used
mercury drop and the solution were then flushed out to the mer-
cury waste bottle through the 3-way switching valve (see Fig. 2)
before starting the measurement chamber cleaning step.

The inner diameter of PEEK tube that act as the salt bridge
between measurement chamber and reference chamber had to be
narrow in order to preventing NaCl leakage or contamination of the
reference chamber by the sample solution but it should be wide
enough for low resistance liquid junction between the two cham-
bers. PEEK tube of internal diameter of 0.4 mm was found to provide
reproducible voltammograms of all the metals.

3.2. Optimization of sequential injection and electrochemical
parameters

Most of the electrochemical parameters are followed by our
previous study [9,11] with mercury thin film electrode. However,
some parameters have been re-investigated to fit with the hanging
mercury drop electrode used in this work.

3.2.1. Influence of solution movement on peak current

In batch ASV, peak currents increase with the increase of convec-
tion rate of the solution due to the decrease of the diffusion layer,
thus increasing the mass transport. The similar trend is observed in
flow ASV system [24], i.e., an increase in flow rate increased mass
transport and sensitivity in the determination. The movement of
solution during the deposition step should help increase the sen-
sitivity in the same manner as in the batch ASV. The solution was
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(conditions: concentration of each metal ion 100 pg L~!; voltammetric parameters:
deposition potential —1.1V, stripping potential —1.1 to 0.2V, sweep mode: square
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moved up and down in the measurement chamber during the depo-
sition step by employing syringe pump. The currents obtained were
compared with the quiescent solution at the same deposition times
(30 and 1805 deposition time). The results showed that peak cur-
rent of the metals increased about 65-85% with the movement of
the solution.

3.2.2. Influence of deposition time on peak current

The relationship between peak current and deposition time is
shown in Fig. 4. Linearities for all metals were observed from depo-
sition time of 0-300 s. Linearities for Cd(II) and Pb(II) were obtained
along the concentration of 10-100 wgL~! and deposition time of
30, 60, 120 and 180s. That means there is no saturation of the
metals on Hg surface. As expected, the sensitivity (peak current)
could be increased with an increase in deposition time. However,
the comparison of signals obtained in batch and the developed SI
system showed that the ratio of the slope of calibration graphs (a
plot of peak currents versus concentration of the metals in range
of 10-100 g L-1), of batch to SI systems at deposition time of 30,
60,120 and 1805, are 5.5, 6.2, 6.9, 7.1 for Cd(Il) and 5.6, 5.9, 6.4, 6.6
for Pb(II), respectively. The lower sensitivity obtained in SI system
probably due to mass transport of metal ions toward electrode sur-
face in the developed SI-ASV (by up-down movement of solution)
is less efficient than in the batch ASV (by convection). Nevertheless,
the developed SI-ASV gave sufficient sensitivity to determine metal
ions in range of 10-100 wgL~! with deposition time of 180s.

3.2.3. Sequence of solutions for good mixing

Monosegmented flow helped in mixing of the solutions in-line
by the effect of turbulent flow in the monosegment while the
monosegment zone was moving. Sequence of solutions (mixed
standard/sample and buffer) affected on the homogenization of the
mixture zone in a monosegment as similar to the previous study
[27]. Long zones of each solution would result in incompleted mix-
ing, which lead to lower peak current obtained comparing to an
off-line mixing of the solutions. Once the sequence was created, the
stacked zones were moved to the measurement chamber and dur-

ing the transportation turbulent flow in the monosegment occurred
which caused mixing of the stacked zones. It was found that the
sequence as shown in Fig. 3(b) which had a total volume of a final
monosegment zone of 750 pL provided good mixing. Peak currents
of all the metals were comparable to those obtained from off-line
mixing.

3.3. In-line UV digestion

In order to release bound metals, an in-line UV digestion was
carried out as described in Section 2.4. Some parameters affect-
ing on the digestion were investigated. It was observed that the UV
digestion unit caused interference to the voltammetric instrument,
so it must be placed far away (at least 60 cm) from the voltammo-
graph unit. Bubbles were evolved during the digestion and caused
irreproducibility and low accuracy in the voltammetric analysis.
In order to solve this problem, an auxiliary chamber was used for
collecting the digested solution from the UV digestion unit. It was
fabricated from a 2.5 mL microcentrifuge tube by drilling two holes
on the cover lid (one for insert the PTFE tubing to the bottom of
the chamber and one for open to the atmosphere). After filling the
digested solution into the chamber, the bubbles were released to
the atmosphere and then the solution was aspirated into SI system
for metal determination. The chamber was cleaned with deionized
water after finishing the determination of the metals.

3.3.1. Effect of some parameters on digestion efficiency

The parameters affecting digestion efficiency, i.e., type, con-
centration and volume of oxidant, and digestion time were
investigated. The release of metal ions from the complexes with
strong organic ligand (i.e. EDTA) at mole ratio of 1:10 metal:EDTA
was used to evaluate digestion efficiency. HCl and/or H,0, was
added to 5mL of the test solution and mixed well before it was
aspirated into the system.

Type of oxidant is the most important factor influencing the
digestion efficiency in this system. It was found that with the addi-
tion of 25 pL of 30% (v/v) Hy0, and without acid, Pb(II) and Cu(II)
could not be detected, while with only 5 pL of conc. HCI, low recov-
ery of Cu(Il) was observed. However, the mixture of 30% (v/v) H, O,
and conc. HCI showed good recoveries (>95%) for all the metals.

Concentration or volume of oxidant used did not significantly
affect to the digestion efficiency. The percentage of labile metals
after UV digestion are nearly 100% when 10 L 30% (v/v) H,0, and
5 L conc. HCl was used as oxidant. Anyway, volume of H,0, of
25 pLwas chosen to ensure better digestion efficiency in case of the
present of complexing agent or organic matters in sample higher
than in this experimental condition.

The digestion time of 4, 6, 8, 10 and 15 min were studied, when
using 25 uL Hy0, and 5 pL conc. HCI added to 5mL of test solu-
tion (1:10 metal:EDTA). The good digestion efficiencies of >85%
were observed with digestion time of 4 min. However, the voltam-
mograms showed incomplete digestion of Zn(II) (high background
current at potential of Zn(Il) peak) until digestion time of >8 min
was used. Therefore, digestion time of 10 min was chosen.

Accuracy and precision of the in-line UV digestion under the
optimum condition were investigated. By spiking the metal ions at
25,50 wg L1 for Cd(II) and Pb(II) and 50, 100 p.g L~! for Zn(Il) and
Cu(II), the percentage recoveries are in range of 87-106% for Cd(II)
and Pb(II) and 82-107% for Zn(II) and Cu(Il). Reproducibilities for
UV digestion of test solution in five replicates are 3.6%, 2.2%, 4.4%
and 5.0% for Zn(II), Cd(II), Pb(Il) and Cu(II), respectively.

3.3.2. Digestion performance

Some complexing ligands such as EDTA (strong organic ligand),
humic acid or HA (dissolved organic matter), Triton X-100 (sur-
factant) were added to the metal solutions to be used as model
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Table 1

1371

Comparison of percentage recoveries of metal ions in model water samples containing different complexing agents, obtained from using UV-digestion method and wet

digestion method.

No.  Organic matter
concentration

Recovery of metal ions (%)

(mgL™")
EDTA HA  TritonX Zn(Il) Cd(1n) Pb(Il) Cu(11)
UV digestion  Wet digestion UV digestion = Wet digestion UV digestion = Wet digestion UV digestion Wet digestion
1 5 - - 81.1 £23 113.8 £ 5.9 1044 + 0.9 1103 +£ 2.5 104.7 + 4.2 97.4 +12.7 973 +£ 5.7 114.7 £ 6.9
2 10 - - 778 £2.0 94.0 + 3.8 1049 + 1.1 1128 £ 2.1 103.1+ 1.4 101.0 + 12.7 98.1 +£9.7 1099 + 2.8
3 25 - - 86.3 £ 1.6 89.2 £ 13.6 100.6 £ 2.5 107.8 £ 6.6 940 £ 1.5 108.6 + 2.0 1019 £ 1.3 106.6 + 4.2
4 - 5 - 90.1 + 4.2 115.0 + 14.7 102.7 £ 3.6 103.8 + 14.8 97.7 £ 45 91.2 + 13.6 101.7 =+ 6.7 1156 £ 3.5
5 - 10 - 1004 + 2.2 775 £ 6.5 100.1 £ 5.6 113.2 £ 0.8 93.7 £ 1.2 108.6 + 8.2 99.9 + 129 105.6 + 4.8
6 - 25 - 1009 + 2.9 1154 £ 4.2 1024 £ 5.5 99.6 £+ 6.6 96.3 £ 4.0 98.0 £ 4.1 104.6 + 4.0 106.5 £ 7.2
7 - - 5 95.2+£29 76.3 £ 6.9 103.0 £+ 4.0 1194 £ 1.1 1042 £ 2.3 99.5 + 3.2 106.3 £ 15.5 98.5+99
8 - - 10 85.8 £ 1.6 118.8 + 3.6 1155+ 7.9 1139+ 33 105.5 + 1.7 1012 +1.2 104.1 + 4.9 1119+ 16.3
9 - - 25 99.1 +£ 4.2 912 £11.7 100.5 £ 5.5 110.0 + 3.8 99.7 £ 1.0 94.8 + 10.7 100.2 £ 9.1 1239 +£9.2
10 5 5 5 88.3 £35 85.0 £ 12.5 102.0 £ 4.7 113.0 £ 11.8 100.6 £ 7.2 107.8 £ 5.4 107.6 £5.9 1179 £ 174
11 10 10 10 834 +64 929 + 88 108.0 + 0.3 1099 + 3.8 93.6 +£3.3 112.8 £2.0 106.2 £ 4.0 116.5 + 4.9
12 25 25 25 85.6 + 0.9 932 + 1.7 104.6 + 2.0 1142 + 2.7 104.8 + 4.3 93.7+1.2 109.2 + 6.7 107.9 + 8.3

water samples. Performance of the proposed system was tested.
The wet acid digestion method of aqueous samples [28] for total
metal analysis (USEPA 3010a) was used as a standard digestion
method for comparison. It was found that the released metal ions
from both the digestion procedures were in good correlation as
shown in Table 1. According to t-test at 99.8% confident limit,
the results obtained from both methods were in good agreement
(teritical =4-025, teajculate = 1.387, 3.862, 0.477 and 3.365 for Zn(Il),
Cd(II), Pb(I1) and Cu(lI), respectively). Therefore, the Sl in-line diges-
tion procedure could be effectively used for digestion of water
sample.

3.4. Analytical features of the proposed system

Using the operational sequences for SI-monosegmented flow
together with the conditions as described in section 2.4, in-line
single standard calibration in range of 10-300 wgL~! for Zn(lI),
5-200 gL~ for Cd(II), 10-200 g L~ for Pb(Il) and 20-400 pg L1
for Cu(ll) were constructed by plotting of peak current versus
concentration of metal ions (wgL~1). Under the selected condi-
tions, linear calibration graph could be obtained for Zn(II), Cd(II),
Pb(II) and Cu(II) with the calibration equations, y =0.0013x +0.003,
R?=0.9992 for Zn(Il); y=0.0012x — 0.0006, R?=0.9991 for Cd(Il);
y=0.0008x — 0.0002, R%=0.9982 for Pb(Il); y=0.0009x+0.0139,
R%=0.9983 for Cu(Il); respectively. The detection limits (the con-
centration corresponding to three times of standard deviation of
blank) were obtained at 3.6 wgL~! for Zn(II), 0.1 wg L~ for Cd(II),
0.7 wg L1 for Pb(Il) and 4.3 pg L~! for Cu(ll) for deposition time of
180s. The relative standard deviations for seven replicate deter-
minations of 27 wgL-! for Zn(ll), 13 wgL-! for Cd(ll), 13 pgL!
for Pb(Il) and 27 wgL~! for Cu(ll) were 4.2%, 2.6%, 3.1% and 4.7%,
respectively.

3.5. Validation of the proposed system

The system under the selected conditions was applied for anal-
ysis of standard reference material of trace metals in natural water
(SRM 1640, NIST) as giving the results in Table 2. It was found that
there is no evidence of significant difference between the concen-
tration obtained by SI-ASV and certified value at 95% confidence
level (tcritical =4-30, tcalculate = 0.49, 2.49, 4.04 and 2.87 for Zn(II),
Cd(II), Pb(II) and Cu(Il), respectively). Batchwise ASV was also per-
formed. No significant different of the results from Batch-ASV and
certified value at 98% confidence level (tyigical = 696, tealculate = 5-13,
4.00, 1.69 and 3.49 for Zn(II), Cd(II), Pb(II) and Cu(II), respectively).
The developed SI-ASV with a small scale voltammetric cell could

detect the metals concentrations at the same level as batch-ASV,
although sample volumes of 0.750 mL and 10 mL were used for SI-
ASV and batch-ASV, respectively. Comparison to batch ASV, the
developed method provided higher degrees of automation and
lower waste production.

3.6. Analysis of real samples

The system was applied for analysis of bottled mineral drinking
water and tap water samples. Concentration of Cd(II) and Pb(II) in
those water samples were below detection limit of the method. By
spiking 25, 50 and 100 wg L~ of each metals into a sample, recov-
eries were found in range of 83-116% for Zn(II), 93-112% for Cd(II),
87-105% for Pb(II) and 80-120% for Cu(II).

The proposed system was employed for determination of Cd(II),
Pb(II) and Cu(II) in ground water samples collected from nearby the
zinc mining area. In this study, zinc was not determined and the
deposition potential of 800 mV was used in order to avoid inter-
ference due to the formation of Zn-Cu intermetallic compounds in
the amalgam [29]. The samples were collected in a clean polyethy-
lene bottles (1L) with adding of HCI to acidify sample to pH 1.
No sample pretreatment was made except filtering of the sam-
ple just before the analysis. The obtained results are presented in
Table 3. Voltammograms of sample without and with subjected to
UV digestion is depicted in Fig. 5. It should be noticed that peak
potential of copper was close to that of mercury so the baseline
of the peak was high, leading to high %RSD of the obtained peak
current. It was found that concentration of labile metals obtained
from direct-ASV system was less than the concentration of metals
obtained from UV-ASV system. This indicated that there were some
organic matters or complexing agent in ground water samples that
could form complexes or adsorb metal ions. To investigate the per-
formance of the in-line UV digestion system, wet digestion was
performed on 6 samples for comparison. The results showed that
the released metal ions from both of the digestion procedures were

Table 2
Concentrations of Zn(II), Cd(II), Pb(II) and Cu(Il) in SRM 1640, determined by the
proposed SI-ASV and batch ASV methods, using standard addition method.

Metal ions Concentration of metals (ugL~")

Certified value SI-ASV Batch-ASV
Zn(11) 53.5 + 1.1 519 £ 5.7 60.9 £ 2.5
Cd(lrn) 22.82 + 0.96 221+ 0.5 249+ 09
Pb(II) 27.93 £ 0.14 242 £ 1.6 293+ 14
Cu(In) 853+ 1.2 923 £42 934 + 4.0
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Table 3

Concentrations of Cd(II), Pb(II) and Cu(Il) in ground water samples, determined by the proposed SI-ASV, using in-line standard addition method.
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Sample No. Concentration found (ugL~!) by method
Direct-ASV? UV-ASVP
cd(In Pb(II) Cu(In) cd(In Pb(II) Cu(In)
1 1.3+0.1 50+23 21.8+49 1.8 +04 9.6 £ 0.9 80.0 + 1.8
2 ND 42 + 0.6 ND 0.5+ 0.0 53+ 1.7 213+ 96
3 1.5+£0.1 4.7 £09 37.7+33 23+ 0.6 9.1 £08 55.1 £ 0.6
1.5+02 45+ 0.1 535+ 174
4 1.1+05 31+1.1 14.1+6.4 1.7+ 02 149 +£ 0.3 524 + 3.0
5 ND 142+ 14 33.6+5.2 03 +£0.1 441 +13 40.4 + 4.7
04+ 0.1 369 +0.7 245 + 1.2
6 1.0+0.7 2.2 4+0.0 34.5+2.6 28 +0.1 2.8+ 0.5 54,5 + 0.5
7 2.7+0.6 68.8 +£ 0.8 ND 43 +£0.2 70.6 £ 2.1 135+ 2.6
5.0+ 0.6 815+ 12 18.0 £ 0.1
8 ND 3.1+03 10.8+2.8 1.3+£0.2 47 +1.2 27.6 £ 89
9 1.2+0.0 69+ 14 16.6+£1.5 22+03 123 +£ 2.1 499 +£ 25
10 0.6+0.2 9.5+ 09 17.6£6.0 1.7 £ 0.1 15.6 + 0.8 32.8 +£4.0
2.1+0.1 13.1 £ 04 27.6 £ 8.1
11 29+0.1 4.0+ 0.6 224413 4.0+ 0.2 8.6 £ 0.2 72.6 + 4.5
12 24401 24 +£0.2 34.8+6.8 20+ 04 24 +£0.1 523 +£34
1.7+ 0.1 2.0+09 273 £10.5
13 0.8+0.6 13.7 £ 0.7 104.2+21.6 2.6 +£ 0.5 145+ 2.1 233.7 + 46.7
14 09+0.0 142+ 1.6 107.6+15.7 14+ 0.1 15.6 £ 2.5 1300+ 7.9
15 ND 49 £ 0.5 43.4+33 0.6 £ 0.2 68 + 1.4 61.8 &+ 15.6
16 03+0.2 51+ 0.0 57.7+94 0.7 +£ 0.1 9.7 +25 824 +£69
17 0.7+0.2 45+ 0.3 25.7+15.7 04 +0.1 83+ 0.1 341+13
0.5+ 0.1 71+06 46.5 £ 12.2
18 1.0+0.1 32+0.1 97.6+31.4 1.1+ 0.0 113+ 04 121.8 £ 19.6
19 ND 33+03 33.4+1.6 09+ 0.0 6.7 £ 0.5 442 +12.8
20 05+0.3 39+0.1 249425 1.1+0.1 73 +£0.6 62.0 + 8.8

Italic values: determined by SI-ASV after batchwise wet digestion [28].
2 Direct-ASV: determined by SI-ASV without sample digestion.
b UV-ASV: determined by SI-ASV after in-line UV digestion of sample.

in good correlation. According to t-test at 95% confidence limit, the
results obtained from both the methods were in good agreement
(teritical = 2-57, tealculate = 0.015, 0.664 and 0.548 for Cd(1I), Pb(II) and
Cu(II), respectively). To perform the recovery study, eight samples
were spiked with metals at 10 wgL~! for Cd(Il) and Pb (II) and
20 gL~ for Cu(ll). Satisfactory results for the concentration level
studied were obtained for Cd(II), Pb(II) and Cu(Il) which percent-
ages recoveries of 97-111, 93-115 and 83-118% were obtained,
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Fig. 5. Voltammograms of ground water sample without and with UV digestion
before the voltammetric measurement.

respectively. The proposed system allowed the speciation of free
and bound metals to be carried out quickly and more efficiently.

4. Conclusion

A cost-effective sequential injection system was assembled
and applied to perform a monosegmented flow anodic stripping
voltammetric analysis with a small scale voltammetric cell using
a hanging mercury drop electrode (HMDE) as a working elec-
trode and an in-line UV digestion for determination of Zn(II),
Cd(II), Pb(II) and Cu(Il) in water samples. The low-cost small scale
voltammetric cell was firstly proposed here and it provides several
advantages, e.g. convenient to perform analysis with the HMDE,
avoiding tedious washing of glass cell and electrodes after each
determination, involving small amounts of solution, compatible
with automated operation of SI system and providing good pre-
cision and accuracy of the results. The system developed further
by incorporating a homemade UV digestion unit was successfully
applied for speciation of labile and bound forms of some trace
metals in ground water samples. Performance of the in-line UV
digestion system was tested in the determination of metal ions
in model water samples which contained some dissolved organic
matters. The results obtained are comparable to those by the stan-
dard method based on wet acid digestion (USEPA 3010A) which
was used for comparison. The in-line UV digestion system offers
high degrees of automation, less contamination, low consumption
of reagent and sample, and low waste production when comparing
to batchwise wet acid digestion method.
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ABSTRACT

A field deployable colorimetric analyzer based on an “Android mobile phone” was developed for the
determination of available phosphorus content in soil. An inexpensive mobile phone embedded with
digital camera was used for taking photograph of the chemical solution under test. The method involved
a reaction of the phosphorus (orthophosphate form), ammonium molybdate and potassium antimonyl
tartrate to form phosphomolybdic acid which was reduced by ascorbic acid to produce the intense
colored molybdenum blue. The software program was developed to use with the phone for recording
and analyzing RGB color of the picture. A light tight box with LED light to control illumination was
fabricated to improve precision and accuracy of the measurement. Under the optimum conditions, the
calibration graph was created by measuring blue color intensity of a series of standard phosphorus
solution (0.0-1.0 mg P L~1), then, the calibration equation obtained was retained by the program for the
analysis of sample solution. The results obtained from the proposed method agreed well with the
spectrophotometric method, with a detection limit of 0.01 mgPL~! and a sample throughput about
40 h~! was achieved. The developed system provided good accuracy (RE < 5%) and precision (RSD < 2%,
intra- and inter-day), fast and cheap analysis, and especially convenient to use in crop field for soil
analysis of phosphorus nutrient.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

In agriculture, the determination of major plant nutrients (e.g.
nitrogen, phosphorus and potassium) in soil and fertilizers are
crucial for management of nutrient suitable for plant growth and
avoiding the over dump of fertilizer to soil that will be lead to
environmental pollution [1,2]. The phosphorus is the key essential
nutrient which is widely distributed in nature. Although total
amount of phosphorus in the soil may be high, it is often present
in unavailable forms or in the forms that are only available outside
of the rhizosphere. In the soil, more than 80% of the phosphorus
can become immobile and unavailable for plant uptake because of
adsorption, precipitation, or conversion to the organic form.
Phosphorus is never found in a free or uncombined state because
of its great affinity for oxygen. Orthophosphates are the most
abundant form of phosphorus in an environment, and are readily
available for assimilation that was used as fertilizers [3-5].

* Corresponding author. Tel.: +66 53 941 908; fax: +66 53 941 908.
E-mail addresses: jaroon.jakmunee@cmu.ac.th,
jakmunee@gmail.com (J. Jakmunee).

http://dx.doi.org/10.1016/j.talanta.2015.01.024
0039-9140/© 2015 Elsevier B.V. All rights reserved.

The available phosphorus is an essential plant nutrient, thus
knowing the amounts of phosphorus in soils is useful for agricul-
tural management. Many techniques were reported for determi-
nation of available phosphorus [6]. In a batchwise chemical
analysis, the colorimetric method, such as vanadomolybdopho-
sphoric acid method and molybdenum blue method based on
stannous chloride or ascorbic acid as a reductant [7], is widely
used for determination of available phosphorus. However, batch
method consumes long time, large amount of chemicals and the
big instrument is difficult to be employed in the field.

Nowadays, several commercial test kits are available for field test
of phosphorus in soil. Five commercially available soil test kit were
compared with standard laboratory analysis for phosphorus content
as reported by Faber et al. [8]. All commercial test kits showed
similar features such as fast analysis, inexpensive and useful for soil
management, but the results of those products presented different
accuracies. Nevertheless, the analytical laboratory required precise
analytical values, but all of products could provide only the
approximate value of nutrient content (i.e., low, medium and high),
thus, they are suitable for using as initial screening purposes only.

Recently, the colorimetric analysis could be done by determin-
ing RGB values of the digital photo image, which provide more
precise and accurate results. The RGB color system represented by
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Table 1
Summary of various analyses based on smartphone camera since 2011-present.

Year Operating system Analyte Linear range LOD Precision Ref.
2011 Symbian 60’ Potassium 31x10°°-01M 31x10°°M < 2%RSD [9]
2012 Android” 0, 2-100% 0.7%0- N/A [10]
2013 i0S Trinitrotduene (TNT) 1-500 mg L~" 3.67-40mgL~! 2.09-7.43%RSD [11]
2013 Android Soil color N/A N/A SD<3 [12]
2013 Android and iOS Age of blood stains 1 h-42 day N/A N/A [13]
2013 Android” Citrus yield N/A N/A N/A [14]
2014 i0S Methamphetamine 0.1-2.5mgL~" 0.01-0.04 mg L' 2-6%RSD [15]
2014 Android Cocaine 0-1mgL~! 0.25mgL~! N/A [16]
2014 ios Maltose 0-70 pmol mL~! maltose 3.5 umol mL~! 4-6%RSD [17]
2014 Android and i0S pH 5.0-9.0 <1.66 N/A [18]

Protein 0-100 mg L' <41 mgdL™!

Glucose 0-500 mg L~! <92mgdL!
2014 Android” Salivary cortisol 0.01-10 ng mL~! 0.01 ngmL~! N/A [19]
2015 Android Salivary cortisol 0.3-60 ng mL~" 0.3 ng mL~! 10-16%RSD [20]
2015 Android’ pH 1-14 N/A N/A [21]
In press Android CRP 0.3-81 ng mL~! 0.4ngmL~! 1.7-3.7%CV [22]

HRP 0.114-7.3 ng mL~" 0.114 ng mL~! 2.6-71%CV

BCA protein 20-2000 pg mL~! N/A N/A
Present Android Available phosphorus 0.0-1.0mgL~! 0.0l mgL~! < 2%RSD This work

BCA: bicinchoninic acid; CRP: human C-reactive protein; CV: coefficient of variance; HRP: horse radish peroxidase; LOD: limit of detection; N/A: not available; SD: standard

deviation; RSD: relative standard deviation.
* With application software development.

three component intensities (red, green and blue) is an important
index for color expression. The digital cameras integrated in
mobile phone and similar devices were interested and have been
developed as image detectors. These mobile/smart phones are
now available at low cost. Table 1 summarized smartphone camera
systems that applied to various analyses. Different application
softwares on various operating systems have been developed to be
used with smartphone for specific purposes. Among different
operating systems, the Android is more popular to develop
application because of its low cost smartphone, having open code,
free license program and a large community of developers.

In this work, we develop a new colorimetric analyzer based on an
android mobile phone for application in agricultural field. The aims of
the research were: (i) to design and create the more convenient device
for the determination of available phosphorus in soil (ii) to develop
software program in the android operating system for recording and
analyzing RGB color of the picture (iii) to improve the accuracy and
precision of the results by controlling the illumination on sample
during taking a photograph. The developed method was successfully
applied to convenient determination of phosphorus content in soil
from fruit orchards for soil management of phosphorus nutrient.

2. Experimental
2.1. Chemicals and solutions preparation

All chemicals are analytical reagent grade and obtained from Ajax
Finechem Co. Ltd. (Australia), except HCl was from B.D.H Co., Ltd
(England). All solutions were prepared by using deionized water
produced by water purification system (Millipore, Sweden). Acidic
molybdate reagent was prepared from 25 mL of 3%(w/v) molybdate
solution (dissolving 1.5 g of ammonium molybdate in 50 mL water) in
62.5 mL of 4 mol L~ sulfuric acid (22 mL of 98%(w/v) sulfuric acid in
100.00 mL water) with 12.5 mL of 0.1%(w/v) antimony tartrate (dis-
solving 0.1 g of antimony tartrate in 100 mL water). Finally, the 100 mL
of reagent solution was obtained. A 1%(w/v) of ascorbic acid solution
was freshly prepared by dissolving 1 g of ascorbic acid in 100 mL of
water. A stock solution of phosphorus (1000 mg P L~!) was prepared
by dissolving 0.4394 g potassium dihydrogen phosphate in 100.00 mL
of water. Working standard solution of phosphorus was freshly

prepared by diluting the stock solution with water. A Bray II solution
for extraction of phosphorus from soil was prepared by mixing 100 mL
of 0.5mol L' HCl and 15 mL of 1.0 mol L~' NH,F and adjusted to
volume of 500 mL with water. The final concentration of NH4F and HCI
are 0.03 and 0.1 mol L~ !, respectively.

2.2. Sample collection and extraction procedure

The soil samples were collected from mangosteen, durian and
rambutan orchards in Chanthaburi, Thailand. All samples were air-
dried and ground to less than 2 mm particles diameter. The
extraction procedure [23,24] was carried out by shaking a portion
of 1 g of each soil sample with 7 mL of bray II solution for 1 min.
The extracted solution was filtered through a filter paper and the
final volume of the filtrate was adjusted to 25.00 mL with water.
Filtering of sample may take time about 10-15 min, however,
several samples could be done at the same time.

2.3. Apparatus and instrument setup

The colorimetric analyzer box (Fig. 1) was made from a poly-
styrene foam box, covered outside of the box with black plastic
board for protecting the environmental light. Dimension of the box
(width x length x height) is as follow: outside: 8 x 10 x 18 cm and
inside: 5 x 6 x 11.5 cm). A battery operated flashlight with 7 LED
was used to control illumination inside the box by attaching it with
the lid of the box at a position over the sample test tube. At this
position there is no reflected light on side of the test tube being
observed when a rough surface back screen was used, as described
in Section 3.5. A mobile phone was stuck on the front of the box at
about the center position of the box that providing good focus to
the tube. A sample holder was fixed far from mobile phone camera
about 3-4 cm, that giving the best focus. In this work, the Nokia X
Dual SIM RM-980 was used. However, any Andriod smartphone
may be used, with the following setup/characteristics, ie., LCD
touchscreen, back camera at least 3 megapixel (2048 x 1536 pixel),
fixed-focus camera without flash, automatic ISO control, automatic
white balance, and single image mode.

Spectrophotometer (T60 visible spectrophotometer, PG instru-
ments Ltd., England) was used to perform a standard method for
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Fig. 1. Light control cabinet and dimension of the setup.

comparison with the proposed method for determination of
phosphorus in soil samples.

2.4. Computer program for phosphorus analyzer

A homemade “Phosphorus Analysis” software program (Fig. 2) was
developed in Java platform and compiled to run on Android OS. The
flow chart of the program is described in supplementary material and
the compiled software is available up on requested. As shown in Fig. 2,
a simple user interface was designed. A main screen consisted of
2 buttons, “Create calibration graph” and “Analyze” (Fig. 2A). The
“Create calibration graph” button (Fig. 2B) was used for creating the
calibration graph by taking the photograph of the reaction product of
different concentration of standard solutions (up to 5 calibration
points). The sample will be focused at the center of the picture. One
photograph was taken for each concentration. The program was
designed to read color information (red (R), green (G), blue (B)) from
the center of the digital images in JPEG format captured by mobile
phone camera and to carry out colorimetric analysis. Four adjacent
colored pixels at the center of the picture were read and averaged for
RGB values. The intensity of R, G, B and summation of RGB (> RGB)
values were showed 0, 0, 0, and 0 for completely dark or black image,
and showed 255, 255, 255 and 765 for a white image. This part of the
program was developed from an Eclipse code [25]. After finishing
collecting pictures of the standards, then, selected the “Red” or
“Green” or “Blue” or RGB option and touch “Done”, a slope and R?
were calculated and displayed on the screen. If the data was poorly
correlated (R? < 0.99), the “Cancel” option was selected, whereas if it
was well correlated (R? > 0.99), “Accept” was chosen to return to the
main menu. The calibration equation will be stored for use in the
analysis of sample. The sample solution was investigated by selecting
the “Analyze” button which was allowed to take a picture. The

A

Phosphorus Analysis Phosphorus Analysis

Create calibration graph
® Red OGreen O blue O RGB

mg p/L Take picture | g g g o

Create calibration graph —|—

mg PfL Take picture | 0,0,0,0

Analyze | —mg P/L Take picture | g g g,
mg PfL Take picture |0,0,0,0
0.00 mgP/L mg /L Take picture 0,0,0,0
R, G, B,RGB oons |
255, 255, 255, 765 Slope =0.00  RA2 =0.000
Accept Cancel

Fig. 2. Designed screen of the analyzer: (A) main menu (B) “Create calibration
graph” option menu. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

intensity of color of sample was determined and it was compared
with the calibration equation. In real time, the precise concentration
(mgPL™') and the intensity of R, G, B and S_RGB values were
displayed on the screen of the mobile phone.

2.5. Analytical procedure of the colorimetric analyzer

The colorimetric analyzer (Fig. 1) with the ascorbic acid method [7]
has been approved to determine of phosphorus in soil samples. The
standard phosphorus or sample solution of 5 mL were mixed with 10
drops (about 0.6 mL) of acidic molybdate reagent and 10 drops (about
0.6 mL) of 1%(w/v) ascorbic acid solution in test tubes. The mixed
solutions were shaken and left to stand for at least 15 min but no more
than 30 min, the blue color product was appeared. The calibration
graph was created by analyzing a series of standard phosphorus
solution by the developed program (Phosphorus Analysis, Fig. 2) with
“Blue” option, as described in Section 2.4.

2.6. Batch spectrophotometric procedure [7]

The ascorbic acid method has been adapted to be a standard
method for determination of phosphorus. The procedure was done
in a batch system, it is based on the reaction of 3%(w/v) ammonium
molybdate and orthophosphate in acidic medium (4 mol L'
H,S0,), in the presence of 0.1%(w/v) potassium antimonyl tartrate
to form a phosphomolybdic acid that is further reduced to intensely
colored molybdenum blue by 1%(w/v) ascorbic acid. After at least
20 min but no more than 30 min, the measurement of absorbance
of each solution at 880 nm by a spectrophotometer should be carried
out. A calibration graph is then plotted between absorbance and
concentration of a series of standard phosphorus solution.

3. Results and discussion

The ascorbic acid method [7] is widely used for the determination
of available phosphorus in soil. Spectrophotometer is usually
employed as a detector. In this proposed method, the intensity of
colored molybdenum blue was measured by using a colorimetric
analyzer based on mobile phone camera with the developed software
program as described in Section 2. The RGB color system of a picture
was then examined for colorimetric determination of phosphorus.
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Table 2
Effect of the ambient light on precision (5 measurements in each case).

Controlled The ambient Intensities of color at 0.5 mgPL~! of
illumination light phosphorus concentration
R G B >"RGB

Without cover Dim room 62+2 55+3 44+2 161+4
Bright room 121+3 117+3 109+2 347+4
Outdoor 151+4 114+1 100+3 366+8
Mean + SD 111 +41 95435 85+35 291 +114
%RSD 41 37 42 39

With cover Dim room 164+2 118+1 98+1 379+1
Bright room 164+2 117+2 98+1 380+4
Outdoor 164+4 116+1 98+1 379+2
Mean + SD 164+1 117+1 98+1 37941
%RSD <1 1 <1 <1

Various conditions, e.g, reaction time, ambient light condition, light
intensity, back screen and focal length were optimized.

3.1. Effect of the reaction time

In this method, timing should be controlled precisely in order
to obtain accurate result. The blue colored product was observed if
the sample solutions and reagents were mixed more than 1 min.
The blue product increased with time. The reaction time was
studied in the range of 0-40 min at phosphorus concentration
of 0.5 and 1.0 mg P L~ Intensity of the blue product was mea-
sured by the developed colorimetric analyzer. It indicated that
the intensity values were not significantly different for reaction
time in the range of 15-30 min. Therefore, the reaction time of
15-30 min was selected for further measurement.

3.2. Effect of the ambient light on precision

Different ambient light conditions, ie., dim room (turn off the
light), bright room (turn on the light), and outdoor were studied by
analyzing the phosphorus concentration of 0.5 mg P L~'. The solution
was placed in the colorimetric analyzer box with and without cover lid
(Fig. 1) in place while a picture was taken. The intensities of red (Iy),
green (Ig), blue (Ig) and sum of red green blue (Irgg) values at different
ambient light conditions were summarized in Table 2. The results
indicated the extent of effect of ambient light on the measurement
without cover lid. When the cover with LED light was used to control
constant illumination in the box, the results indicated high precision
(RSD < 1%). Therefore, the analyzer box is necessary for improving the
precision and accuracy of the measurement.

3.3. Effect of the light intensity on RGB values

Two levels of constant light intensity inside the box were
controlled by turning on different numbers of LED (7 and 9 LEDs).
The blue colored product from the phosphorus concentration of
0.5mg P L~ was measured for the Iy, I¢, Iy and Ircg values under
these two light intensities. The obtained results in Fig. 3 indicated
that the I, and I; showed significantly different values when the
power of light increased, while the Iz values is not significantly
different. The light intensity affected to the I, Ig and Izgg values,
therefore, only the Iz was selected to measure the blue colored
product in this developed method, with 7 LEDs illumination.

3.4. Effect of the focal length of the mobile phone camera

Distance between the mobile phone camera and sample holder
was studied in the range of 1-5 cm by measuring the solutions of 0.0,
1.0 and 5.0 mg P L~ . The length of 1-2 cm gave blurred image while

450
400 A
350 A
300 A

BIED=7 ®LED=9

250 -
200 -
150 -
100 - T -
b B
0 - T — T

R a B RG

B

Intensity of color

Fig. 3. Effect of the illuminated light intensity on RGB values. (For interpretation of
the references to color in this figure legend, the reader is referred to the web
version of this article.)

the distance of 3-5cm presented the clear pictures and higher
sensitivity. Nevertheless, the longer distance required a large size of
toolbox. Hence, the distance between 3 and 4 cm was chosen.

3.5. Effect of the back screen

The white foam board was applied inside the toolbox, which help
to decrease reflection of light when illuminated the LED light inside
the box. A white paper with glossy surface and rough surface were
selected to study in the effect of the back screen. Those papers were
attached behind the sample tube, the results were compared with
the white foam board (without sticking the paper). The Iz values of
phosphorus concentration in the range of 0.0 to 5.0 mgPL~! were
measured. The Iz and sensitivity were not significantly different for
all kinds of back screen. However, the white paper with glossy
surface presented the higher reflection than the rough surface and
white foam board. Thus, the white paper with rough surface and
white foam board are more suitable to be used as the back screen.

3.6. Analytical characteristics

Using optimum conditions as summarized in Table 3, a series of
standard phosphorus (0.0-10.0 mg P L~ ') were measured for three
replicates. A calibration graph was created by plotting Iz values
versus concentration of phosphorus as shown in Fig. 4A. It was
found to be linear in the range of 0.0-1.0 mg P L~' (Fig. 4B), with
detection limit of 0.01 mg P L~ . Thus, the phosphorus concentra-
tion in this range was selected to create the calibration graph for
sample analysis. The calibration equation obtained was retained by
the developed program (slope = —88 + 2, R>=0.993). Meanwhile,
the spectrophotometric method presented the same linear range as
the proposed method (slope=0.435 + 0.008, R*=0.994).

For precision study, 0.5 and 1.0 mg P L~ was evaluated for five
replicates, the percent of relative standard deviation (%RSD) values
were 0.95 and 2.1%, respectively. The inter-day precision was also
obtained, %RSD values were 1.0 and 1.5%, respectively. The method
had a sample throughput about 40 samples h~!. The percent of
relative error (%RE) was evaluated by analyzing known concentration
of standard phosphorus of 0.3 and 0.8 mg PL~! for three replicates
using the calibration graph stored in the mobile phone. The %RE of
3.8% (for 0.3 mg P L~ ') and 4.7% (for 0.8 mg P L~ ') were obtained.

3.7. Application to soil samples

Soil samples were taken from fruit orchards and prepared as
described in Section 2.2. The extracted solutions were measured for
phosphorus contents by using the proposed colorimetric analyzer and
compared with the batch spectrophotometric method. The results are
presented in Table 4. Results from both the methods were correlated
well as indicated by a linear equation: y=0.981x—0.638: r*=0.990
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Table 3
The optimum conditions.

Parameters Studied range

Selected condition

Ammonium molybdate concentration, %(w/v) - 3
Ascorbic acid concentration, %(w/v) - 1
Sulfuric acid concentration (mol L~1) - 4
Potassium antimonyl tartrate concentration, %(w/v) - 0.1
Reaction time (min) 0-40 15-30
Intensity of color Red, green, blue Blue
Length between mobile phone camera and sample 1-5 3-4
Back screen Foam board, white paper with glossy and rough surface Foam board and white paper with rough surface
Linear range (mgPL~1) 0.0-10.0 0.0-1.0
Table 4
A Afikeity o bl collos: '@ absadbancs Comparison of the obtained results from the spectrophotometric method and the
160 - - 1.600 mobile phone camera analyzer.
140 g g + 1400 Sample no. Phosphorus content (mg kg~ '), (n=3)
S 120 4 - 1.200
% ' * Spectrophotometric method Mobile phone camera analyzer
2 100 1000 8
2 x . & Intra-day Inter-day
& 80 - 0.800 E
%\ 60 i L 0.600 g 1 3.0+0.1 29+04 26+03
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B 10 10.9+0.8 8.8+0.2 9.8+0.3
A intensity of blue color  + absorbance
160 - - 0.500
L 0450
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Fig. 4. Calibration graphs using blue color intensity (Izg) and absorbance for ,E,‘- 0.0

phosphorus concentration in the range of (A) 0.0-10.0mgPL~' and (B) 0.0-
1.0 mg P L~ . (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

(Fig. 5A). The experimental t-value between both the methods is 0.15,
which was less than the critical t-values of 2.31 for degree of freedom
of 8, at the 95% confidence level, that mean the results obtained from
both the methods were not significant difference. Moreover, under
the same conditions, the old calibration graph that has been already
saved was used for analyzing the phosphorus content. The results
obtained from the mobile phone camera correlated well with the
spectrophotometric method (y=1.005x—0.382: °=0.996, Fig. 5B).
The results obtained from both the methods were not significant
difference, according to examination the t-test at 95% confidence
level, the experimental t-value (0.05) was less than the critical t-value
(2.31). The developed method provides various advantages, including
more convenient, simpler, faster and cheaper analysis. In addition, the
precise concentration could be immediately displayed on the screen
when analyzed the sample. Whereas, the commercial test kit usually
provides approximated values. Therefore, the colorimetric analyzer

0.0 5.0 10.0 15.0 20.0 25.0 30.0
Mobile phone camera analyzer (mg/kg)

30.0

2501 y=1.005x-0.382

R2=0.996

20.0

15.0

10.0

5.0 4

Spectrophotometricmethod (mg/kg) D

0.0 T " T T T |
0.0 5.0 10.0 15.0 20.0 25.0 300

Mobile phone camera analyzer (mg/kg)

Fig. 5. Correlation graph of phosphorus contents obtained from the spectrophoto-
metric method and the mobile camera analyzer: (A) intra-day, (B) inter-day.
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based on mobile phone camera could be usefully applied to examine
the available phosphorus for soil management.

4. Conclusions

The experimental results indicate that the developed colori-
metric analyzer based on a smartphone could be applied for
determination of the available phosphorus content in soil. Ambient
light intensity seriously affected on color of the picture obtained
from mobile phone camera. Therefore, the light tight box with a
simple LED flash light was designed to control constant illumination
on sample during taking photograph. This helps to improve preci-
sion and accuracy of the measurement. This proposed method
could provide the precise value of phosphorus content as same as
the laboratory analytical instrument. The developed method shows
obvious advantages, e.g., more convenient, field deployable, inex-
pensive instrument, fast and cheap analysis, which should be
suitable for the determination of phosphorus for plant nutrients
management in agriculture. The colorimetric analyzer can be
developed further for determining of other parameters.
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ABSTRACT

A cost effective flow injection (FI) conductometric system has been developed for
determination of total inorganic nitrogen (TIN). The system is aimed for evaluation of
nitrogen nutrient in soil for agricultural application. Inorganic nitrogen compounds were
extracted from soil according to the standard method by using potassium chloride solution as
an extractant, and the extracted solution was then injected into the FI system. Nitrate and
nitrite are converted to ammonium ion by an in-line reduction column packed with a
Devarda’s alloy. A gas diffusion unit was incorporated into the FI system to separate
ammonium ion from other ions in a donor stream by forming ammonia gas that can diffuse
through a PTFE membrane to re-dissolve in an acceptor stream. Conductance of the acceptor
stream was directly proportional to ammonium ion concentration. Various parameters
affecting reduction efficiency of the column, e.g., column diameter, column packing
procedure, and column length was investigated and optimized. A linear calibration graph in

the range of 2.00-60.00 mgL" N-NH," (y=0.123x+0.039, R? =0.997) was obtained with a
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limit of detection of 1.47 mgL™. Sample throughput of 20 samples h™ was achieved. The
result of developed method was correlated with total Kjeldahl nitrogen (TKN) obtained from
Kjeldahl digestion method. The proposed method could be used as an alternative method to

the Kjeldahl method for determination TIN in soil.

Keywords: Total inorganic nitrogen, Devarda’s alloy reduction column, gas diffusion,

conductometry, Flow injection, soil

1. Introduction

Nitrogen is the most important nutrient in crop productions for example it is
significant for improving the production of rice [1]. Land Development Department of
Thailand offers nitrogen determination for Thai farmer. Kjeldahl method is widely used to
analyze total nitrogen in soil [2]. However, sample preparation for this method is complicated
and time consuming. It needs digestion of soil sample in concentrated acid at high
temperature. Then, all species of N are converted into ammonium form which is separated as
ammonia gas (NHj) by distillation and determined by titration. The Kjeldahl method
consumes large amount of chemical and energy. However, nitrogen that crops can uptake is
inorganic form such as ammonium and nitrate [3] that is directly influent on crop yield. This
inorganic nitrogen is simply extracted from soil by shaking with an appropriate extracting
solution. The extract is filtered and analyzed by various techniques such as
spectrophotometry and potentiometry. Nitrite is normally determined spectrophotometrically
employing Griess reaction [4]. Nitrate is usually converted to nitrite by cadmium reduction
and determined by the same reaction as nitrite. Ammonium is determined by another
reaction, e.g., Nessler reaction [5] and Berthelot reaction [6]. Although sample preparation is

simple, there are several analytical methods involved and toxic chemical such as cadmium is
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used. Therefore, the development of a greener method that can determine all three nitrogen
species together as total inorganic nitrogen (TIN) is attractive. Flow injection conductometry
is of interest because it consumes cheap and non toxic chemical. The determination involves
the transformation of ammonium ion into ammonia gas and separation by a gas diffusion
membrane prior to detection by conductometric detector [7]. It has been proposed earlier for
determination of Kjeldahl nitrogen [8]. This method is attractive in term of its high
sensitivity, wide linear response to the analyte concentration and relatively simple
instrumentation. Previously, this method was proposed for evaluation of ammonium nitrogen
in soil [9]. In order to determine TIN, the high efficiency reduction method is required for
conversion of nitrite and nitrate to ammonium.

There are various reduction techniques such as by employing metal, alloy, or
electrochemical reduction. Cadmium and copper-plated cadmium [10] provide high reducing
efficiency to convert nitrate (NOj) to nitrite (NO;"). However cadmium is highly toxic. Other
metals and alloys were proposed for nitrate reduction such as palladium and platinum [11].
An electrochemical reduction of nitrate on the weakly alkaline electrode such as Pd/Sn-
modified activated carbon fiber [12], Cu-Zn cathode [13, 14] was proposed for nitrate
reduction. The electrochemical reduction is environmentally benign but it provides low
reducing efficiency and takes long time. The most powerful reduction method for converting
nitrate to ammonium is by using Devarda's alloy in an alkaline solution [15]. Devarda’s alloy
is the alloy of aluminium, copper and zinc. It has been used in batch method, as a reductant to
convert nitrate and nitrite to ammonia. for determination of TIN in soil and water [16]

In this work, we develop flow injection system that incorporated an in-line reduction
column packed with Devarda's alloy and gas diffusion unit for convenient determination of
TIN. The column converts nitrite and nitrate to ammonium, which is further being separated

as ammonia gas through the gas diffusion membrane, and determined conductometrically.
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The method has features of high selectivity, promising sensitivity, excellent precision,

rapidity and useful for determining TIN in soil.

2. Experimental
2.1 Chemical and Reagent

Deionized water Type 2 was obtained from a water purification system (Milli-Q,
Millipore, Sweden), and was used for preparation of all standard and reagent solutions. The
concentration of standard inorganic nitrogen was calculated in term of nitrogen such as
nitrogen in ammonium form (N-NH"), nitrogen in nitrite form (N-NO;") and nitrogen in
nitrate form (N-NOs’). Standard solution of each species was prepared from its salt, i.e.,
ammonium chloride (Carlo Erba), sodium nitrate (Merck), and sodium nitrite (Merck).
Reagent solutions for flow injection conductometric procedure such as sodium hydroxide
(Merck) and hydrochloric acid (RCL Labscan) were prepared by dissolving in water.
Devarda’s alloy of 100 mesh particle size (Sigma-aldrich) was used to construct a reduction
column. The silica sand that used for construction was sieved through a 40 and 20 mesh
screen, then the particles that retained on the 40 mesh screen were washed with water and
stirred in conc. HCI:HNOs (1:5 v/v) for 15 minutes. After that it was washed with water until
up to pH 6.0, and then oven dried over night (105°C). It was used to prepare the reduction
column by mixing with the alloy, in order to reduce back pressure of the column. Potassium
chloride (Ajax Finechem) was used to prepare the extractant solution for extraction of total
inorganic nitrogen from soil. Sulfuric acid (Merck) was used to digest sample in Kjeldahl
method, with a mixed catalyst of potassium sulphate (Carlo Erba), copper sulphate (Carlo
Erba) and selenium (Fluka). Stock of each interference ion was prepared from its salt such as

calcium chloride (Ajax), magnesium chloride (Fluka), sodium sulphate (Ajex), sodium
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chloride (Carlo Erba), sodium carbonate (Carlo Erba), copper chloride (Ajex), ferric acetate

(BDH) and magnesium chloride (Fluka). All chemicals are of analytical reagent grade.

2.2 Instrument and apparatus

Manifold of the flow injection conductometric system for determination of total inorganic
nitrogen is shown in Fig. 1. Reduction column was constructed by packing Devarda’s alloy
mixed with sand in a glass tube of diameter 2.0-6.0 mm. Degasing tube was made of porous
PTFE tube of 0.5 mm i.d., 50 cm long. A home-made gas diffusion unit (GDU) and a home-
made flow through conductometric cell (FC) were previously described [8]. A low cost PTFE
plumbing tape was used as a gas diffusion membrane. It was placed in between the two
Perspex plastic plates which had a groove on each surface. When the GDU was assembled,
these grooves formed a donor channel on one side of the membrane and an acceptor channel
on the opposite side. PTFE tubing of 0.75 mm i.d. was used to assemble the FI system
including mixing coils C1, C2, C4 and C4, each of 50 cm in length. A conductometer (Model
712, Metrohm, Switzerland) was used as a detector (D), connected to a lab-built amplifier (A)
with data acquisition unit, and a personal computer (PC). The DK6 Digestion Units (VELP

Scientifica) was used for digesting soil sample in the modified Kjeldahl method.

Fig.1

2.3 Flow injection conductometric procedure
Standard or sample was injected via an injection valve (I) into the NaOH stream and
mixing together in a mixing coil C1, then flowed through a reduction column, where the

inorganic nitrogen was converted to ammonia gas in an alkaline medium. Devarda’s alloy in
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alkaline solution also produced hydrogen gas (H,) which caused problem to the detection
system. Therefore, the NaOH solution was mixed with hydrochloric acid in a mixing coil C2,
in order to acidify the solution before entering degassing zone. In the low pH solution,
ammonia gas was dissolved as ammonium ion, therefore, only H, gas was removed from the
system at the degassing tube. After that ammonium ion was converted to ammonia gas again,
when the solution was mixed with sodium hydroxide at a mixing coil C3. Ammonia gas can
pass through a PTFE membrane to re-dissolve as ammonium ion in an acceptor stream
(water). Both NaOH and water streams had the same flow rate of 1.0 mLmin" each. The
mixing coil C4 was used for increasing the pressure on the donor side that improves mass
transfer of ammonia gas through the membrane to the acceptor stream. Conductance of the
acceptor stream was directly proportional to ammonium ion concentration. The increasing of
conductance was recorded as a peak when the zone passed through the flow cell of detector.
Calibration graph plotting between peak height and nitrogen concentration was used for
determination of nitrogen content in sample.

Ammonium was used as standard solution for constructing a calibration graph, by
plotting average peak height obtained from triplicate injections of each solution versus mgL™
nitrogen (N-NH,"). Sensitivity of the method was considered from the slope of the calibration
graph. Reduction efficiency of the Devarda’s alloy column was evaluated by injecting nitrate
or nitrite into the proposed FI system, and it was calculated by comparison the nitrogen
concentration obtained from the calibration graph (as N-NH,") to the nitrogen concentration
calculated from concentration of each standard solution (N-NO3™ or N-NOy), i.e., Reduction

efficiency = (N-NH4" / N-NO;3) x 100.

2.4 Sample preparation
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Inorganic nitrogen compounds were extracted from soil sample by using 2 M
potassium chloride solution as an extractant. Column extraction was carried out batchwise
employing a 50.0 mL plastic syringe fitted at the bottom with cotton wool and a piece of filter
paper to support the sample [9]. A portion of soil was accurately weighed 10.00 g and put in
the column. An aliquot of 40.00 mL of extracting solution (2.00 M KCl) was carefully poured
into the column, it was flowed through a soil sample bed under gravity, and the leachate was
collected in a polyethylene bottle. Extraction was carried out at room temperature of about
25+2 °C. Kjeldahl digestion was employed for TKN determination. The mixed catalyst of
K»S04:CuS0O4:Se (100:10:1 by weight) and conc. H,SO,4 were used for Kjeldahl digestion of
soil sample at 380°C for 30 minutes. The digested solution was then determined for
ammonium content by triplicate injections into the flow injection conductometric system as

previously reported [8].

3. Results and discussion
3.1 Optimization of reduction column and FIC system

Reduction efficiency of the Devarda’s alloy depended on concentration of hydroxide
concentration. Therefore, the effect of concentration of sodium hydroxide on sensitivity (the
slope of calibration graph using N-NH," as standard) and reduction efficiencies on
conversion of 50 and 100 mgL'1 N-NO;™ to N-NH,4" was studied. The reduction efficiency is
calculated based on mgL™" of nitrogen in each standard nitrogen species (N-NH," or N-NO3")
as described in section 2.3.

Reduction column was made by packing 3.0 g Devarda’s alloy in glass column of 6.0
mm diameter. It was found that 0.07 M NaOH provided the highest sensitivity and reduction
efficiencies for both 50 and 100 mgL'~ NO;". Reduction efficiencies in the media of 0.05-0.08

M NaOH were not significantly different as shown in Fig. 2. It was observed that the metal
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oxide was formed on the surface of alloy particles and caused aggregation of the particles,
which led to the built up of back pressure or irreproducible of the flow pattern through the
column. Therefore, the new reduction column was used for each condition of NaOH

concentration in this experiment.

Fig.2

Column diameter was studied in the range of 2.0-6.0 mm i.d.. The sensitivity and
reduction efficiency of each column was studied by injecting 4-60 mgL™" of N-NH," standard
solution for calibration. It was found that smaller column diameter provided higher sensitivity
as shown in Fig. 3, while the reduction efficiency was quite the same for 2.0-4.0 mm

diameters. So that the column of 2.0 mm diameter was selected to use further.

Fig.3

Sand was selected to mix with the alloy and pack in the column in order to reduce
back pressure of the column. Sand of bigger particle size than the alloy could avoid tight
packing of the particle, and also help to disperse alloy particles so preventing aggregation of
the alloy. It was prepared as described in section 2.1. The proportion of the mixture (w/w)
was studied by mixing Devarda’s alloy (A) and sand (S) at various ratios: 3A:1S, 2A:1S,
1A:1S, 1A:2S and 1A:3S. A column of diameter 2.0 mm and length of 5.00 cm (constant
column volume) was used to study proportion of alloy and sand. Then sensitivity and
reduction efficiency of each column was studied by injecting 2-60 mgL™" of N-NH," standard
solutions for making calibration graph and 30.00 mgL™" of N-NO;™ standard solution to

investigate reduction efficiency. Despite the reduction column that contained a mixture
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1A:3S provided the highest sensitivity, the lowest reduction efficiency was obtained, as
shown in Fig. 4. This may be because of low amount of alloy in the column. The other
proportion of the mixture was not significantly different in sensitivity and reduction
efficiency. It was concerned about reduction efficiency and column stability if reduction

column contained low amount of alloy, so the mixture of 3A:1S was selected.

Fig.4

Effect of column length on sensitivity and reduction efficiency was studied. The glass
column of 2.0 mm i.d. was cut about 3.00-7.00 cm long, then packed with mixture of 3A:1S.
Then 2-60 mgL™" of standard N-NH,;" was injected to the system for calibration and 30 mgL™"
of standard N-NOs™ was injected to investigate reduction efficiency. It was found that
column lengths of 3.00-7.00 cm provided no significant different in reduction efficiency as
shown in Fig. 5. But the 3.00 cm reduction column provided the lowest sensitivity while the
other lengths gave similar sensitivity. The column length of 4.00 cm was selected to

investigate column stability.

Fig.5

Reduction reproducibility or column stability was studied by injecting 2.00-60.00
mgL™ N-NH," standard solution, and then injecting 50.00 mgL" of N-NO;™ standard solution
consecutively. The standard solution of N-NOs” was detected about 40 rngL'1 as N-NH,". The
reduction efficiency was almost 70-80% as shown in Fig. 6. The reduction efficiency may be
improved further by using smaller particle size of Devarda’s alloy with appropriate support

for reduction of back pressure. The increase of temperature may also improve the reduction
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efficiency. Anyway, the percent reduction of 70-80% can be used for estimation of TIN for
agricultural application. As can be seen from the Fig. 6, the column was stable for atleast 2.5

hours.

Fig.6

Reduction efficiency of the reduction column was investigated by injecting 15- 60
mgL'1 N-NO;~ standard solution and mixed standard solution of nitrate, nitrite and
ammonium, and determined as N-NH,4" by the proposed system. As shown in Table 1, the
reduction efficiency was more than 80% for all concentration of N-NO;™ and mixed standard

solutions.

Table 1

3.2 Interference study and analytical characteristics

The influence of interfering ions was examined by testing a series of solutions
containing 20.00 mgL" of N-NO;™ and various concentrations of potential interfering ions
(100-1000 mgL™). It was found that carbonate, chloride, copper, ferric and zinc up to 1000
mgL"', and magnesium and sulfate up to 500 mgL™" did not interfere the system (95-105%
recovery). Calcium ion higher than 200 mgL™ caused positive interference. The analytical
characteristics of developed method are summarized in Table 2. A linear calibration graph in
the range of 2.00-60.00 mgL™' N-NH,;" (y=0.123x+0.039, R* =0.997) was obtained. A limit of
detection (calculated based on 3SD of the intercept/slope of a calibration graph) was 1.47
mgL™". A sample throughput of 20 samples h™' was achieved, with low consumption of non-

toxic chemical, i.e. 0.20 g NaOH.sample™.

10
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Table 2

3.3 Application to soil analysis

A calibration graph was constructed by injecting 2.00-60.00 mgL"' N-NH," standard
solutions and used for examining of TIN reported as N-NH," concentration in the extract of
soil sample. Flgram of the standard N-NH," and some samples are shown in Fig. 7. A linear
calibration equation, y = 0.123x + 0.039, R? = 0.997 was obtained. The same samples were
also determined for total nitrogen content by modified Kjeldahl method. The results are
presented in Table 3. Total Kjeldahl nitrogen (TKN) contents are higher than TIN obtained
by the proposed method for almost all samples, because the Kjeldahl method also can release
organic nitrogen during sample preparation. However, TIN was correlated with TKN as
indicated by the correlation graph equation: TIN = 0.200TKN + 5.0302 and R* = 0.523. The
FIC method should be more suitable for determination nitrogen in soil sample than Kjeldahl

method since the fraction of nitrogen that available to plant is the inorganic nitrogen.

Fig.7

Table 3

4. Conclusion

The flow injection conductometric system combining with an in-line Devarda’s alloy
reduction column and gas diffusion unit was developed for determination of total inorganic
nitrogen in soil. The method is more environmental friendly and convenient for determining

plant available nitrogen content in soil for agricultural purpose. Moreover, it provides several

11
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advantages such as high sensitivity, selectivity and reproducibility, rapid and low chemical

consumption.
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Captions for Figures

Fig. 1. Manifold of flow injection conductometric system for determination of total inorganic
nitrogen (Pump= peristaltic pump I = injection valve, GDU= gas diffusion unit, FC = flow
through cell, W = waste, D = conductometer, A = amplifier, C1 ,C2, C3, C4 = mixing coil,

PC = personal computer).

Fig. 2. Sensitivity and reduction efficiencies of 50 and 100 mgL™" of NO;™ detected as NH,"

after reduction by Devarda’s alloy column in various NaOH concentrations.

Fig. 3. Effect of column diameter on sensitivity and reduction efficiency.

Fig. 4. The effect of proportion of the mixture of alloy and sand on sensitivity and reduction

efficiency.
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Fig. 5. The effect of column length on sensitivity and reduction efficiency.

Fig. 6. Reduction efficiency of the column on the injection of standard 50 mgL™" of N-NO3”

Fig. 7. Flgram of 2.00-60.00 mgL ™' N-NH, " standard solution and extracted solutions of soil

samples.
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Table 1

Table 1. Reduction efficiency of mixed standard of nitrate, nitrite and ammonium being

detected as ammonium nitrogen (N-NH,4") by FIC method.

Mixed solution (mgL'1 N) Detected ( mgL'l)* Reduction (%)

NH," | NO; NO;3

- - 15.00 16.34 + 0.60 109

- - 30.00 30.48 £0.07 102

- - 45.00 38.60 £0.01 86

- - 60.00 49.16 £ 0.72 82
10.00 - 20.00 29.01 +£1.23 97
10.00 | 20.00 - 29.11+0.37 97
10.00 | 10.00 10.00 27.61 £0.45 92

*mean of triplicate injections



Table 2

Table 2. Analytical characteristics of flow injection conductometric system for determination
total inorganic nitrogen in soil.

Category Value

Precision(RSD) 1.06 (30 mgL' n=11)

LOD 0.06 mgL™"

LOQ 0.19 mgL™

Linear range 2.00-60.00 mgL™'

NaOH consumption 0.20 g.sample™

Sample throughput 20 samples.h”’

Tolerance limit (mgL™") » 200 mgL" positive peak (Ca”" )
» 500 mgL " negative peak (Mg”")

and positive peak (SO4%)

» 1000 mgL™" (CI', CO5™, Cu®*", Fe’", Zn*")




Table 3

Table 3. Content of TIN (determined by FIC method) and TKN (determined by modified

Kjeldahl method) in the soil samples.

TIN* TKN*

Sample (mgL'l) (mgL'l)
1 9.33+0.26 24.81 +1.39
2 10.18 £0.20 13.07 £ 0.39
3 11.45+0.61 14.92 + 0.64
4 16.37 £0.46 36.30+0.51
5 10.87 £ 0.15 38.38 +0.47
6 15.09+0.14 32.13+0.41
7 6.69 +0.05 23.83+0.20
8 3.84+1.02 3.10+0.52
9 7.44 £0.12 27.67+0.73
10 1593 +£0.33 56.33 £ 019

* mean of triplicate measurements
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Abstract

In this research, an in-line preparation of in situ plated bismuth film on glassy
carbon electrode was employed for anodic stripping voltammetric determination of
cadmium and lead. This electrode is more environmentally friendly than the commonly
used mercury working electrode. Bismuth film electrode could be prepared by three
procedures, namely, in situ plating, ex situ plating and modifying the substrate with
bismuth compounds. Although the first procedure is the simplest and cheapest, in batch
wise analysis it usually gives irreproducible results. In the flow system, standard or
sample solution was mixed on-line with Bi(Ill) plating solution before entering a
voltammetric cell. Then, the deposition of the metals was carried out by applying a
constant potential of -1.50 V versus Ag/AgCl to the working electrode. Next, a square
wave waveform was scanned from -1.50 to 0.60 V and a voltammogram was recorded.
The linear ranges were 2 — 40 pg/L for both cadmium and lead. Relative standard
deviations were 0.76-1.57% for 11-replicate injections of 5, 20 and 40 pg/L of both Cd(II)
and Pb(II). Detection limits of 1.4 and 0.9 pg/L for Cd and Pb respectively. The method
has percentage recoveries for the determination of those metals in range of
92.8 — 102.8. A sample throughput was 13 h™'. The proposed method provided high
sensitivity and convenient operation for the determination of cadmium and lead at trace
level. Application for analysis of real water samples was performed.

Keywords: Flow injection, Anodic stripping voltammetry, Bismuth film, Trace metals
1. Introduction

Heavy metals such as cadmium and lead are used mainly in metal processing
industries. They are found naturally in small quantities in air, water and soil. Their
toxicity are well known such as cadmium seriously affects on health, causing “Itai-Itai”
disease and lead interrupts physical development and nervous system. Many techniques
are employed for trace metals determination such as atomic absorption spectrometry
(AAS), inductively coupled plasma-optical emission spectroscopy (ICP-OES),
inductively coupled plasma-mass spectrometry (ICP-MS), atomic fluorescence
spectrometry (AFS) and electroanalytical techniques such as anodic stripping
voltammetry (ASV). ASV can be considered as the most powerful technique for in-field
analysis, due to its excellent detection limit, high sensitivity, capacity to multi element
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determination, high speed, simplicity and relatively low cost. Mercury electrode provides
a wide cathodic potential limit for reduction of several metals and allows the formation of
amalgams for accumulative preconcentration of the metals leading to very high sensitivity
and reproducibility for ASV determination. However, due to toxicity of the mercury [1-
2], mercury electrode is recently limited use for voltammetric analysis and other
alternative electrodes are being developed.

Many studies have demonstrated the applicability of bismuth film electrode
(BIiFE) as a possible alternative for electrochemical stripping analysis of trace heavy
metals, with electroanalytical behavior similar to that of mercury-based electrodes [3-5].
However, using of BIiFE in batch voltammetry is tedious and not effective. Low
reproducibility and carry over are usually concerned. The method that combined stripping
voltammetry with flow system has been proposed. It provides significant advantages over
batch analysis, such as offering high level of automation, fast analysis, less risk of
contamination and better reproducibility [6-9].

Aims: In this work, the flow based anodic stripping voltammetric system has been
developed for determination of cadmium and lead with using of BiFE as a working
electrode. The flow system improves the analytical performance of ASV for
determination of cadmium and lead (such as high reproducibility and sensitivity and more
convenient, rapid, inexpensive and environmental friendly operation). The real
application of the proposed method to the analysis of water samples is demonstrated.

2. Materials and Methods

2.1 Chemicals

All chemical used are analytical reagent grade and all standard and reagent
solution were prepared with ultrapure water (Milli Q water, resistivity of 18.2 MOhm
cm’™") obtained from a Millipore water purification system (Millipore, Sweden).

A stock solution of Bi(III) (1000 mg I"") was prepared by dissolving 0.2356 g of
Bi(NOs3);3.5H,0 in 0.5 M HNOs solution and adjusting to the volume of 100 ml. A stock
solution of Cd(II) (1000 mg I'") was prepared by dissolving 0.2032 g of CdCL.2H,O in
0.1 M HCI solution and adjusting to the volume of 100 ml. A stock solution of Pb(II)
(1000 mg I'") was prepared by dissolving 0.3128 g of Pb(NO3), in 0.1 M HNO; solution
and adjusting to the volume of 100 ml. Working standard solutions of Cd(II) and Pb(II)
were daily prepared by appropriate dilution of the stock standard solution with a 0.01 M
nitric acid solution pH 2. A 0.10 M acetate buffer pH 4.5 was prepared by dissolving 1.20
g of CH3COONa-3H,0 in water and adding 1 ml of CH3;COOH, then adjusting to the
volume of 250 ml with water.

2.2 Instrument Set Up

The proposed flow based voltammetric analysis system with bismuth film
electrode (VA-BIiFE) is shown in Fig. 1. It consisted of peristaltic pump (Ismatec,
Switzerland) with pump tubing, two 3-way solenoid valves (Biochemvalve, USA) for
injection in line, a mixing coil (PTFE, i.d. 0.05 mm), and a voltammograph (VA 757,
Metrohm, Switzerland) with an electrochemical flow-cell. The electrochemical flow-cell
(cross-flow cell, Model MF- 1093, BAS, USA) composes of a 6 mm diameter glassy
carbon working electrode (GCE), a Ag/AgCl reference electrode (RE) and a stainless
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steel auxiliary electrode (AE). The system was controlled by a personal computer using a
software program written in-house.

Pump

_\\‘m
i~ =y

P PPk

Figure 1. Manifold of flow based anodic stripping voltammetric system for determination
of cadmium and lead; S = standard/sample, Bi = Bi(IIl) plating solution, C= cleaning
solution (1 M HNO3), Pump = peristaltic pump, M = mixing coil, SV 1-2 = solenoid
valves, FC= electrochemical flow cell, V= voltammetric analyzer, PC= personal
computer, W = waste

2.3 Analytical Procedure:

In the flow system, standard or sample solution was mixed on-line with Bi(III)
plating solution before entering a voltammetric cell. When the analyte metals reached the
flow cell was applying potential of -1.50 V versus Ag/AgCl to the glassy carbon electrode
and the flow was briefly stop to the stripping. Next, the square wave anodic stripping
voltammograms were recorded between -1.50 and 0.60 V. The electrode was cleaning by
applying a potential of 0.6 V to the working electrode while nitric acid 1M was flowed
through the flow cell before to the next analysis cycle. A voltammogram was obtained,
which peak potential and peak current of each metal were determined. A linear calibration
graph of each metal was obtained by plotting between concentration of metal and peak
current.

3. Results and Discussion

3.1 Optimization of the Parameters

The parameters which affected analytical performance and the optimum
condition are presented in Table 1. Under the optimal condition, the striping peak currents
at peak potential of about -850 and -550 mV versus Ag/AgCl were proportional to
concentrations of Pb(IT) and Cd(II), respectively. The voltammograms are depicted in Fig.
2(A). The calibration graphs of Cd(II) and Pb(II) in range of 2 to 40 pg/L of each metal
were constructed by plotting peak current (LA) versus concentration of metal ions (ug 1™).
The calibration curves exhibit excellent linearity with a correlation of 0.9977 for Cd(II)
and 0.9995 for Pb(Il). The peak current increased linearity with metal ion concentration,
with slopes of 1.6478 uA/ug for Cd(Il) and 1.2219 uA/ug for Pb(Il ), respectively, as
shown in Fig. 2(B). This system had very good reproducibility, the relative standard
deviations were 0.76-1.57% for 11 replicate injections of 5, 20 and 40 pg/L of both Cd(II)
and Pb(II).

Proceedings of 14™ Asian Chemical Congress (14ACC)



138

Table 1. Optimization of Flow-ASV system using bismuth film electrode as a working
electrode

Parameter Optimum condition
Concentration of acetate buffer pH 4.5 0.10 M
Concentration of Bi(III) plating solution 0.60 mgL'1
Deposition potential -1.5V
Deposition time 150 s
Flow rate 0.5 ml/L
A 7000 - B
800y i G000 y=16478x-38459 * ¢ Cd
¢ = p
1 = R:=05977 o M WFb
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% 2000 5 b o
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U Coneentation of Cd(ll) and Pb( 1) (pgiL)

Figure 2. Square wave anodic stripping voltammograms obtained from VA-BiFE system
of solution containing Cd(II) and Pb(II) of increasing concentration, from 2-40 pg/L (A)
and calibration graphs of Cd(II) and Pb(II) (B).

3.2 Application to real samples

The developed method was applied to real water samples. The calibration graph
was used for quantification of each metal. The results obtained for 9 water samples are
summarized in Table 2. The correlation plot of the proposed method and ICP-OES
method is shown in Fig. 3. It was found that the results from the proposed VA-BiFE
method were in good correlation with those of ICP-OES method (Cd(Il)ya-sire =
1.0606Cd(II)icp.ops + 0.1046, = 0.9779) for Cd(Il) and poor correlation with those of
ICP-OES method (Pb(IN)ya.sre = 0.7389Pb(ID)icp.oes + 0.379, r* = 0.9801) for Pb(II).
Detection limits of 1.4 and 0.9 ng/L were achieved for Cd and Pb, respectively. The
method has percentage recoveries for the determination of those metals in range of
92.8 — 102.8. A sample throughput was 13 h™. The method provided high sensitivity, low
consumption and convenient operation for the determination of cadmium and lead at trace
level. The method is simple, fast and can simultaneously determine two metals with high
sensitivity. The developed method is suitable to be applied in the routine determination of
cadmium and lead in water sample.
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Table 2. Determination of cadmium and lead in real samples

Sample

Concentration of metals (mg/L)

Cd

Pb

ICP-OES

VA-BiFE

ICP-OES

VA-BiFE

0.50 +£0.03

0.62 +0.00

2.06 +0.09

1.76 £ 0.01

1.08 £0.15

1.17+0.01

4.16+0.10

3.70+0.01

2.02+0.15

2.10+0.01

12.06 £0.26

10.17 £ 0.03

0.71 £0.06

0.88 = 0.00

8.26+0.12

6.18 £0.00

1.52 +£0.09

1.59+0.01

15.53£0.26

12.70 £0.00

1.82+0.10

2.03 +£0.00

5.36 £0.10

4.19 +0.04

1.24 +0.09

1.66 +0.00

2.35+0.11

1.47+0.01

2.51+0.09

2.88+0.01

13.52 +0.22

10.86 = 0.03

O [0 |I| N[N | |WIN|-—

0.20+0.01

0.32+£0.00

21.26 £0.12

14.84 £0.07

¥ = 1.0606Cd {1y gs* 0.1045

R?=0.9779

Cd(ll) produced by VA-BIFE system {ug/L)
-
o
Pbll) produce by VA-BiFE system (ug/L)
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Figure 3. Correlation graphs of (A): Cd(II) and (B): Pb(II) contents determined by the
proposed VABIFE method and ICP —OES method.

4. Conclusions

In this work, an in-line preparation of in situ plated bismuth film on glassy
carbon electrode was employed for anodic stripping voltammetric determination of
cadmium and lead. The proposed method provided high sensitivity and convenient
operation for the determination of cadmium and lead at trace level. By employing flow
system, the environmentally friendly BiFE can be used with a good reproducibility and no
carry over. Application for analysis of real water was demonstrated.
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ABSTRACT

A greener electrochemical platform was developed for determination of
trace amounts of cadmium and lead. It is based on a disposable screen-printed
carbon ink electrode modified with an in situ plated bismuth film employing as a
more environmentally friendly working eectrode alternative to the widely used
mercury electrode. The bismuth coated screen-printed electrode (Bi-SPE) was
used for the simultaneous determination of trace Cd(I1) and Pb(l1) by square-
wave anodic stripping voltammetry (SWASV). Operational parameters such as
Bi(l11) concentration, deposition potential, deposition time and rotation speed
during preconcentration of the metals were optimized. It was found that the Bi-
SPE presented well-defined, reproducible and sharp stripping voltammogram.
Peak current increased linearly with the metal concentration in a range of 5-40
ug L™ for Cd(11) and 2-40 pg L™ for Pb(l1). Limit of detections were 1.7 ug L™
for Cd(I1) and 0.7 pug L™ for Pb(l1), which are better than those of flame atomic
absorption method. Accuracy of the developed method was studied by examining
the percent recovery of Cd(I1) and Pb(ll) that spiking into water samples.The
proposed method could be applied for monitoring of trace cadmium and lead in
river water sample.

Keywords: Bismuth coated screen-printed electrode, Square-wave anodic
stripping voltammetry, Cd(11), Pb(1), Water samples

INTRODUCTION

The growing concerns about Cd(ll) and Pb(ll) poisoning have led to
increasing demands for highly sensitive, reliable, reproducible, and low cost
methods for quantitating them in water. Electrochemical stripping analysis
historically has been recognized as a powerful technique for Cd(l1) and Pb(ll)
detection. In stripping voltammetry, mercury film or hanging mercury drop
electrode (MFE/HMDE) have been widely applied as a working el ectrode owing to
its remarkable sensitivity. However the toxicity of mercury has stimulated the
search for environmentally friendly material to produce greener mercury-free
electrode. Bismuth film electrode (BFE) is considered as the best aternative
material to MFE due to its ability to form fusing alloys with other metals (Arduini
et a., 2010; Locatelli and Torsi, 2001 and Wang €t a., 2000). Different materials
have been used as substrates for BFES, including glassy carbon (Wang et a., 2001a
and Kefaa et al., 2003), carbon paste (Krolicka et al., 2002 and Svancara et d.,
2003), wax-impregnated graphite (Kefala et al., 2003), pencil-lead (Demetriadis et



al., 2004) and screen-printed carbon ink (Wang et al., 2001b). The screen-printing
technology is well established for the production of low cost, reproducible and
sensitive electrochemical sensors. Screen-printed sensors have been widely used
for environmental, biomedical and industrial monitoring (Goldberg et al., 1994 and
Laschi et al., 2006).

In this work, bismuth film in situ coated on screen-printed carbon working
electrodes have been used in sguare wave anodic stripping voltammetry (SWASV)
for the determination of Cd(ll) and Pb(ll) in water samples. The optimization,
characterization and attractive anaytical performance of bismuth coated screen-
printed electrode will be reported. The developed method provides high sensitivity
and low detection limits which is better than the standard flame atomic absorption
spectrometric (FAAS) method. Accuracy of the developed method was examined
from percent recovery of Cd(ll) and Pb(ll) and found in the range of 86.4 to
110.6%. Moreover, the SWASV method involves inexpensive instrument and has
lower operating cost.

MATERIALSAND METHODS

Chemicals and reagents

All the chemicals were of anaytical reagent grade. Ultrapure water (Milli-Q
water, resistivity of 18.2 MQ cm™) obtained from a Millipore water purification
system (Millipore, Sweden) was used throughout. The solution of Bi(lll) (Carlo
Erba, Italy), Cd(Il) (Fluka, Switzerland) and Pb(Il) (Merck, Germany) were
prepared from 1000 mg L™ standard solutions by appropriate diluting with Milli-Q
water. An acetate buffer solution (0.1 M, pH 4.5), was prepared by mixing the
acetic acid (Lab scan, Thailand) and sodium acetate (Carlo Erba, Italy) and served
as asupporting electrolyte.

Apparatus

V oltammetric measurements were performed with a Metrohm model 757 VA
computrace, GPES software for control of the voltammograph linked with a
personal computer. A bismuth coated screen-printed carbon electrode was served
as the working electrode, with the Ag/AgCl (3 M KCl) and platinum wire as the
reference and counter electrodes, respectively.

Bismuth coated screen-printed carbon electrode (Bi-SPCE) preparation

SPCEs were produced with a homemade manually screen-printing apparatus.
Carbon ink (Henkel, Germany) was used to print the working electrode. The
substrate was a flexible polyester film. The diameter of the working electrode was
3 mm. SPCEs was modified with bismuth by in situ plating approach. Firstly,
SPCEs were cleaned with air plasma and pretreated in 0.1 M acetate buffer
solution, at pH 4.5 by applying a positive potential of +1.6 V vs Ag/AgCl for 120
s, followed by +1.8 V vs Ag/AgCl for 60 s and then were thoroughly rinsed with
water.

M easur ement procedure

The electrochemical deposition on SPCES coated by bismuth was carried out
according to the in situ procedure in the presence of dissolved oxygen. The SPCE
was immersed in an electrochemical cell, containing the required concentration of



Bi(ll1) in an acetate buffer (0.1 M, pH 4.5) medium and simultaneously deposited
Bi and the metals on the surface of the electrode under stirring. The analytical
measurement was carried out in square wave anodic stripping voltammetric mode
(SWASV). ASV experiments consisted of three conventional steps: time controlled
electrochemical deposition with solution stirring, rest period and a positive going
voltammetric stripping scan under the selected conditions. The individua
conditions and parameters were optimized as described in the discussion section.

Analysis of real samples

Water samples were collected from the Ping River, Chiang Mai, Thailand as
the sampling sites shown in Figure 1. Water samples were filtered through a 0.45
pm membrane. In the analysis, in situ plated Bi-SPCEs were prepared by spiking
the sample with 1 mg L™ Bi(lll) in 0.1 M acetate buffer at pH 4.5. Cdlibration
graph method was used for quantification of Cd(l1) and Pb(Il) in samples.

Chiang Dac
Mationd ! Fadk
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Figure 1. The sampling sites where water samples being collected from
the Ping River, Chiang Mai, Thailand

RESULTS
Effect of experimental variables
1. Bi(Ill) concentration
Representative Cd(I1) and Pb(l1) peak currents for a solution containing 100
ug L™ each of Cd(I1) and Pb(l1) in 0.1 M acetate buffer (pH 4.5) on in situ plated



Bi-SPCEs with different Bi(l11) concentrations in the range 100-1400 pg L™ are
shown in Figure 2(a).

2. Deposition potential

Effect of deposition potentials in the range of -0.75 to -1.60 V on the
stripping currents of Cd(I1) and Pb(ll) were studied. As shown in Figure 2(b), Peak
potential of Cd(l1) and Pb(l1) were-0.75 and -0.50 V, respectively.

3. Deposition time

The metals deposition time was studied in the range of 60-420 s for the
solution containing 100 pg L™ each of Cd(I1) and Pb(Il) in 0.1 M acetate buffer
(pH 4.5) as shown in Figure 2(c).

4. Rotation speed during preconcentration step
The rotation speed of the stirrer was investigated in the range of
0-3000 rpm as shown in Figure 2(d).
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Figure 2. Effect of the Bi(l1l) concentration (a), deposition potential (b),
deposition time (c) and rotation speed during preconcentration
(d) on the stripping peak currents of Cd(I1) (=) and Pb(l1)(—)
in 100 pg L™Cd(I1) and Pb(11) with 0.1 M acetate buffer pH 4.5
using in-situ prepared Bi-SPCE, n=3. SWASV parameter;
step increment 4 mV, frequency 35 Hz, pulse height 40 mv,
cleaning potential 0.3 V and cleaning time 30 s.

Calibration data

Cadlibration was performed on Bi-SPCEs for the simultaneous determination
of Cd(l1) and Pb(ll) by SWASV as shown in Figure 3. A small background current
over a wide potential range was noticed. Calibration graphs had two different
dopesintherange of 5-40 and  40-100 pg L™ for Cd(I1) and 2-40 and 40-100 ug
L™ for Pb(l1). The analytical sensitivities were Cd(l1): 1.21, 0.17 pA per pg L™ (R?
=0.9995 , 0.9911) and Pb(ll): 1.21, 0.15 pA per pg L™ (R?* = 0.9961, 0.9959). On
the same electrode, the relative standard deviations were 7.0% for Cd(I1) and 5.8
% for Pb(I1) at 20 ug L™ level (n=15). The same SPCE e ectrode could be used for
at least 15-20 stripping cycles without loss of sensitivity. The limit of detections
were calculated at a deposition time of 180's, as 1.7 pg L™ for Cd(l1) and 0.7 pg L™
for Pb(I1).
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Figure 3. A series of voltammograms and calibration graphs for
increasing concentrations of Cd(l1) and Pb(I1) in 0.1 M acetate
buffer pH 4.5 using in-situ prepared Bi-SPCE (1 mg L™
Bi(l11)), n= 3. SWASV parameter; deposition potential -0.9V
vs Ag/AQCI, deposition time 180 s, stirrer speed 2000 rpm,
step increment 4 mV, frequency 35 Hz, pulse height 40 mV,
cleaning potential 0.3V and cleaningtime 30 s.

Accur acy of the method

An accuracy of the system was studied by examining the percent recoveries
of Cd(l1) and Pb(ll) at spiked concentration of Cd(Il) and Pb(l1) standard solution
of 5 ug L™ in water samples. The obtained results are given in the Table 1. Percent
recoveries of Cd(Il) and Pb(l1) are close to 100%, in the range of 86.4 to 110.6%,
under the optimal condition.

Application to river water

For the purpose of practical applicability, Bi-SPCEs were employed for the
determination of Cd(I1) and Pb(ll) in river water samples. After that, the anodic
stripping peak current was recorded for the determination of Cd(I1) and Pb(Il) with
the calibration graph method under the optimized condition. The results obtained
for nine water samples are summarized in Table 1.



Table 1. Determination of Cd(I1) and Pb(ll) in water samples by the proposed
SWASV with Bi-SPCE

Water Concentration of Recovery
samples metals (ug L™) (%
Cd(11) Pb(11) Cd(11) Ph(ll)
1 n.d. n.d. 96.9 98.1
2 n.d. n.d. 95.7 99.4
3 n.d. n.d. 86.4 103.0
4 n.d. n.d. 95.7 106.2
5 n.d. n.d. 98.7 1104
6 n.d. n.d. 924 110.6
7 nd. | 2.10+0.01 914 106.7
8 n.d. n.d. 103.1 104.3
9 n.d. n.d. 103.7 105.6
* n.d. = not detected
DISCUSSION

The operational parameters are necessary due to indicating performance of
analysis. The concentration of Bi(lll) is a crucia parameter to be investigated. It
controls the thickness of the Bi film. The thickness of the film does not affect the
peak potential of any metals but rather affects the peak height. The results showed
a decrease of peak current of the Cd(Il) and Pb(ll) with increasing thickness of the
Bi film, especialy the Pb(ll) peak as shown in Figure 2(a). As Pb(ll) has more
positive reduction potential than Cd(11), Pb(Il) can be determined at lower Bi(lll)
concentration. At high Bi(lll) concentration, the peaks became wider and led to a
substantial decrease in sensitivity over the Bi(lll) concentration of 1000 ug L™,
which was explained as a saturation effect of Bi film on the screen-printed carbon
surface. This behavior was attributed to the increased number of nucleation sites
and increased alloy formation. However, at Bi(lll) concentrations greater than 1000
ug L™, areduction in the pesk intensity was observed, ascribed to the formation
of athick layer of Bi on the electrode surface that partialy blocks the conductive
surface of the electrode, reducing the number of electroactive site (Kachoosangi et
a., 2007).Thus, Bi(lll) concentration of 1000 pg L™ was selected for further
experiment.

The deposition potential affects the quality of bismuth film to form fusing
aloys with metal ions. As shown in Figure 2(b), the stripping responses of Cd(l1)
and Pb(Il) were found to occur at potential more negative than -0.75 V. As the
deposition potential became more negative, the peak currents increased up to -0.90
V for Cd(Il) and -0.85 V for Pb(Il). The Pb(Il) peak current did not increase
significantly from -0.75 to -0.85 V due to its more positive reduction than Cd(l1).
The evolution of hydrogen gas from the SPCE surface started to occur at -1.50V
that could damage the bismuth film and came about the reduction of interference
when more negative potential was applied. A potential of
-0.9 V was thus chosen as optimum deposition potential.

Deposition time is the time during which the Cd(l1) and Pb(l1) is reduced at
the Bi-SPCE to form the Cd(Bi) and Pb(Bi) aloys. It is generally accepted that
lower limits of detection (LODs) can obtained with longer deposition time
(Castaneda et a., 2005). In Figure 2(c), Cd(Il) and Pb(ll) peak currents increased



rapidly with the deposition time from 60-180 s. For the deposition time longer than
180 s, the current responses exhibited negligibly increase which were considered
the longest practical time for a satisfactory compromise between high sensitivity
and short analysis time. Metal ions were preconcentrated for 180 s in further
experiments.

The mass transport behavior during preconcentration step was under the
control of the rotation speed of the stirrer as shown in Figure 2(d). The stripping
peak currents for Cd(l1) and Pb(ll) continuoudly increased with increment of
rotation speed until 2000 rpm. The decrease of peak currents were observed at the
rotation speed higher than 2000 rpm because of the bismuth film being
mechanically damaged therefore, preconcentration was performed at 2000 rpm.

The SWASV with bismuth film working electrode can be applied to the
simultaneous determination of Cd(ll) and Pb(ll) in real water samples by using
calibration graph. This system was investigated for trace metals determination and
it provides high sensitivity, low consumption and convenient operation.
Concentrations of both the metals found in water samples are lower than the
detection limit of FAAS method, therefore, this standard method could not be used
for comparison with the developed method. The recovery study indicated that the
proposed method can be used for analysis of real water sample with recoveries
found in the range of 86.4 to 110.6%. The results obtained for nine water samples
are summarized in Table 1. The concentration of both the metal ions in Ping river
water is very low and should have no environmental impact. The permission levels
of Cd(Il) and Pb(ll) in drinking water according to WHO guidelines are below 3
g L' and 10 pg L™, respectively. The developed method can be used for
monitoring of these trace metals in water.

CONCLUSIONS

The developed anodic stripping voltammetric method with in situ coated Bi
film on screen-printed carbon working electrode should be useful to be applied as a
cost effective and a sensitive alternative analytical method for the simultaneous
determination of trace Cd(l1) and Pb(Il) in water samples. SPCE, an inexpensive,
widely available and disposable materia requiring minimal pretreatment, has been
shown to offer comparable performance to the more expensive glassy carbon
electrodes for the simultaneous determination of Cd(I) and Pb(Il). In addition
with the low toxicity of bismuth, low background current and their small size, Bi-
SPCEs offer great scope for applications in which compact instrumentation and
low sample volumes are critical such as field measurement and on-site monitoring
of heavy metals.
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Abstract

Sequential extraction is an important tool for the determination of different
chemical forms of trace metals in soil and sediment. In this work, an environmental
friendly anodic stripping voltammetric method (ASV) has been developed for
determination of cadmium and lead in the extracted solutions of sequentia extraction of
soil and sediment samples. A bismuth coated screen printed carbon electrode (Bi-SPCE)
was developed to be used instead of mercury based electrodes. The method was optimized
for the determination in various extracting solutions of Tessier's extraction scheme. The
developed method provided good sensitivity and precision. Linear ranges for cadmium and
lead were 2-100 pgL ™ with detection limit of 1.7 pgL™ and 0.7 pugL™, respectively. It was
validated by using certified reference material of soil (CRMO033), and applied to sequential
extraction analysis of sediment sample. The method involves small instrument which is
relatively low cost, portable and could be used as an alternative to the sophisticated
instrument for study of sequential extraction of solid sample.

Keywords: Anodic stripping voltammetry; Bismuth coated screen-printed carbon
electrode; Sequentia extraction; Cadmium; Lead; Sediment; Soil

1. Introduction

The accumulation of heavy metals in sediment and soil samples causes a potential
risk to human health due to the transfer of these elements to aquatic media, their uptake by
plants, and their subsequent introduction into the food chain (Konradi et al., 2005). Metals
present in solid sample such as soil can be related to several reactive components. Total
metal analyses in solid sample provide limited information, they do not indicate the
chemical nature or potential mobility and bioavailability of the metals (Slveira et al.,
2006). Therefore, sequential extraction procedure is an important tool in environmental
study to determine different chemical forms of trace metals in soil material (Tessier et al.,
1979; Reinirkens, 1996). Sophisticated analytical techniques, e.g., electrothermal atomic
absorption spectrometry (ET-AAS) (Gulmini et al., 1994), flame atomic absorption
spectrometry (FAAS), inductively coupled plasma mass spectrometry (ICP-MS), and
inductively coupled plasma optical emission spectrometry (ICP-OES) (Korn et al., 2006)
are the standard techniques used for determination of cadmium (Cd) and lead (Pb) in the
extracts of sequential extraction procedure. However, these instruments are expensive,
complicated and inappropriate for field applications. In addition, the analysis must be
performed in a specialized laboratory by skilled personnel.



Anodic stripping voltammetry (ASV) historically has been widely recognized as a
powerful technique for Cd and Pb detection, due to its remarkable sensitivity. This is
resulted from unique ability to cathodically preconcentrate target metals during the
accumulation step onto the working electrode, and then stripped out from the electrode by
applying an anodic potential scan (Wang, 2000; Locatelli et al., 2001). It can aso be
readily coupled with inexpensive and easy to use instrumentation (Arduini et al., 2010).
Stripping voltammetry using screen-printed electrode (SPE) with mercury film has been
widely used to determine Cd and Pb. However, the toxicity of mercury has stimulated the
search for environmentally friendly material to introduce mercury-free electrode. Bismuth
film electrode (BIFE) is considered as the best aternative to mercury film electrode
(MFE), because it can form fused aloys with heavy metals, which is analogous to the
amalgams that mercury forms (Economou, 2005). Moreover, it does not require the
removal of dissolved oxygen during stripping analysis, and has wide negative potential
window, which is agood analytical advantage (Locatelli et al., 2001).

The modification with carbon materials on the screen-printed carbon electrode
(SPCE) is popular, which increases surface area of the working electrode, and improve
sengitivity. Graphene and multiwall carbon nanotubes (MWCNTS) are two carbon
materials, which have attracted attention. The graphene is mostly obtained from graphene
oxide (GO) by electrochemically reduced method but the reduced graphene oxide (RGO)
tends to aggregate due to n-mt stacking interactions, thus modifications of RGO are
necessary (Liu et al., 2010). The MWCNTSs are rolled graphene sheets. They existed
aggregation phenomenon during the period of use because of Van der Waals interactions
(Zhang et a., 2010). Therefore, the combination of two dimensiona (2D) graphene and
1D MWCNTSs are attractive means to create 3D modified carbon materials to get rid of
aggregation phenomenon and increase an electrode surface.

In this work, sequential extraction procedure and anodic stripping voltammetric
method with employing bismuth film in situ coated on modified screen-printed carbon
working electrode will be developed for the determination of the different chemical forms
or ways of binding between metals (Cd and Pb) and soil components which are the novel
concept for environmental studies. Some carbon materials, i.e, MWCNTs, RGO and
RGO-MWCNTs were modified on SPCEs and investigated for simultaneous measurement
of Cd and Pb by square wave anodic stripping voltammetry (SWASV). The sequential
extraction procedure adapted by Tessier et al. was used for extracted soil and sediment
samples (Tessier et a., 1979; Reinirkens, 1996). The conditions for operation of the
system will be optimized and validated by using CRMO033 certified reference material of
soil. Addition, the development was applied to sediment sample.

2. Material and methods
2.1 Chemicals and Reagents

Multiwall carbon nanotubes (MWCNTSs) were obtained from Nanomaterials
Research Unit (Chiang Mai, Thailand). The graphene oxide (GO) was synthesized based
on the modified Hummers method (Hummers et al., 1958). All chemicas were of
analytical reagent grade. Ultrapure water (Milli-Q water, resistivity of 182 MQ cm™)
obtained from a Millipore water purification system (Millipore, Sweden) was used
throughout. The solution of bismuth (Bi**) (Carlo Erba, Italy), cadmium (Cd®) (Fluka,
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Switzerland) and lead (Pb*") (Merck, Germany) were prepared from 1000 mgL ™ standard
stock solutions. An acetate buffer solution (0.1 M, pH 4.5), was prepared by mixing the
acetic acid (HOAC) (Lab scan, Thailand) and sodium acetate (NaOAc) (Carlo Erba, Italy)
and served as a supporting electrolyte. Nitric acid (HNO3) (Lab scan, Thailand), hydrogen
peroxide (H2.O,) (Carlo Erba, Italy), hydroxylamine hydrochloride (NH,OH*HCI) (Fluka,
Switzerland), ammonium acetate (NH4OACc) (Loba Chemie, India) and hydrochloric acid
(HCl) (Lab scan, Thailand) were used for preparation of extractants that used in sequential
extraction. Certified reference material of soil (CRM033) (Fluka, Switzerland) was used to
validate the developed method. All plastic and glassware were cleaned up by soaking in
10%(v/v) HNOg3 and rinsed with Milli-Q water prior to use.

2.2 Apparatus

Voltammetric measurements were performed with a Metronm model 757 VA
computrace, with GPES software for control of the voltammograph linked with a personal
computer. A bismuth coated screen-printed carbon electrode was served as the working
electrode, with a Ag/AgCl (3 M KCIl) and a platinum wire as reference and counter
electrodes, respectively. Hotplate with magnetic stirrer (C-MAG HS7, IKA, Germany) was
used for sample digestion. Centrifuge (Clay Adams Dynac, Becton Dickinson, US)
operated at 12000x g was used for complete separation of the extracts.

2.3 Preparation of carbon materials

The MWCNTs were treated with 3 M HNOs solution for 24 h followed by filtering,
rinsing with Mili-Q water until the filtrate pH became nearly neutral and drying in an oven
at 80 °C for 24 h. This process is known as the carboxylation of MWCNTSs to introduce
—COOH groups at the ends or the sidewalls of the structure for dispersing in polar solvent
and performed to ensure complete removal of transition metal ion catalyst as used in the
production of MWCNTSs (Mandil et al., 2012). 0.5 mg mL™* MWCNTSs dispersion was
prepared by adding 1.0 mg of functionalized MWCNTs to 2.0 mL ethanol (EtOH) (Merck,
Germany) and ultrasonication for 30 min. Even so, the obtained dispersion was not stable
since most MWCNTSs were hydrophobic.

The GO dispersion in Milli-Q water with concentration 0.5 mg mL™ was obtained
by 30 min ultrasonication. The homogeneous GO hydrosol was brown color. The
preparation of reduced graphene oxide (RGO) was performed by electrochemically
process as the cyclic scan between 0.0 V and —1.5 V for 10 cycles in 0.1M acetate buffer
pH 4.5 to reduce the GO from the composite film modified on the working electrode (Lia
et a., 2014).

To prepare the graphene oxide-multiwall carbonnanotubes (GO-MWCNTS) hybrid
material, 1.0 mg functionalized MWCNTs and 2.0 mL 1.0 mg mL™ GO hydrosol were
mixed together with ultrasonication for 1 h. The GO-MWCNTSs were electrochemically
reduced as above by performing only 3 scan cycles because the incorporating of MWCNT
significantly promotes the reduction of GO and acts as a conducting wire between the
graphene sheets (Mani et a., 2013).

2.3 Modified of the screen-printed carbon electrodes (SPCES)



SPCEs were produced with a homemade manual screen-printing. Carbon ink
(Henkel, Germany) was used to print the working electrode, on a flexible polyvinyl
chloride (PVC) substrate. The diameter of the working electrode was 3 mm. Firstly,
SPCEs were cleaned with air plasma (PDC-32G, Harrick Plasma, USA) and modified with
carbon materials (MWCNTs, RGO and RGO-MWCNTSs hybrid) by dropping 5 uL of the
solutions on SPCEs and drying at room temperature. After that, the electrodes were
pretreated in 0.1 M acetate buffer solution, at pH 4.5 by applying a positive potential of
+1.6 V for 120 s, followed by +1.8 V for 60 s and then were thoroughly rinsed with Mili-Q
water. The electrochemical deposition of metals on Bi-SPCEs was carried out by in situ
procedure in the presence of dissolved oxygen. The SPCE was immersed in
an electrochemical cell, containing 1 mgL™ Bi** in an acetate buffer (0.1 M, pH 4.5)
medium and simultaneously deposited Bi and the metals on the surface of the electrode
under stirring at 2000 rpm.

2.4 Sample preparation

Sediment sample was collected from the heavy metals contaminated area in Mae
Sot district, Tak province, Thailand, by the Freshwater Biomonitor Research Laboratory
(Chiang Mai, Thailand). Sediment sample was dried indoor at room temperature, crushed
manually in a porcelain mortar and sieved through a 2 mm screen. Subsample of air-dried
sediment was ground and sieved to obtain aggregates less than 0.1 mm to ensure
uniformity of the material. The selected sediment sample was homogenized and stored in
polyethylene vessel at room temperature in desiccators.

2.5 Digestion Procedures
2.5.1 Total metal digestion

Total metal content was determined by using EPA’s acid digestion procedure
3050B as the conventional acid extraction method (USEPA, 1996). 1 g of sample was
placed in 250 mL conical flask for digestion. The first step was to heat the sample to
95+5 °C with 10 mL of 50 %(v/v) HNOs without boiling. After cooling the sample, it was
refluxed with repeated additions of 65 %(v/v) HNOs until no brown fumes observed. Then
the solution was allowed to evaporate until the volume was reduced to 5 ml. After cooling,
5 mL of 18 %(v/v) H,O, was added and warmed for peroxide reaction. Heat until
effervescence subsides as complete reaction and cool the flask. Continue to add 1 mL 30
%(v/v) H,O, with warming until the complete peroxide reaction. Continue heating the
acid-peroxide digestion until the volume has been reduced to approximately 5 mL. After
cooling, centrifuge for 30 min, dilute to 100 ml with Mill-Q water and store at 4°C for
analyses.

2.5.2 Sequential extraction

The metals distribution in sediment and soil was evaluated by using the sequential
extraction developed by Tessier et al. (Tessier et a., 1979). The steps in the sequence were
operationally defined in terms of the targeted forms to be extracted as follows (Frentiu et
al., 2007; Zimmerman et al., 2010):
Exchangeable (fractionl, F1): 1 g of sample extracted with 8 mL of 1 M NaOAc pH 8.2
for 1 h at room temperature with continuous agitation.
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Bound to carbonates (F2): Residual from F1 extracted with 8 mL of 1 M NaOAc pH 5 for
1 h at room temperature with continuous agitation.
Bound to iron and manganese oxides (F3): Residua from F2 extracted with 20 mL of
0.04 M NH,OH*HCI in 25%(v/v) HOACc for 6 h at 96+3 °C with occasional agitation.
Bound to organic matter (F4): Residual from F3 extracted with 3 mL of 0.02 M HNO3; and
5 mL 30 %(v/v) H,O, pH 2. The mixture was heated to 85+2 °C for 5 h with occasiona
agitation, the second 3 mL 30 %(v/v) H,O, pH 2 was then added and sample reheated to
85+2 °C for 6 h with intermittent agitation. After cooling, extracted with 5 mL of 3.2 M
NH4OACc in 20 %(v/v) HNO3; was added and dilute to 20 mL with Milli-Q water for 1.5 h
at 85+2 °C.
Residual (F5): Residual from F4 extracted with 10 mL aqua regia for 6 h at 96+3 °C.
Finally, the sample was evaporated to near dryness and diluted to 25 mL volume.
Following each extraction or wash, mixtures were centrifuged for 30 min. Prior to
the start of the next extraction step, residues were washed with water, centrifuged, the
wash solutions were collected and store at 4°C for analyses.

2.6 Measurement procedure

The analytical measurement were carried out in square wave anodic stripping
voltammetric mode (SWASV). ASV experiments consisted of three conventional steps:
time controlled electrochemical deposition with solution stirring, rest period and a positive
going voltammetric stripping scan under the selected conditions. For SWASV the
frequency (f) was 35 Hz, step potentia (Egep) 4 mV, and amplitude 40 mV; the deposition
potential (Eqep) -0.9 V for 180 s and the potential was swept from -0.9 to -0.3 V after an
equilibrium time (tg) of 15 s; the cleaning potentia (Eges) 0.3V for 30 s. The
electrodeposition and precondition steps were stirred at 2000 rpm. In the analysis, in situ
plated Bi-SPCEs were prepared by spiking the extracted sample solution as appropriate
dilution with 1 mgL™ Bi®* in 0.1 M acetate buffer solution at pH 4.5. Standard addition
method was used for quantification of Cd** and Pb*" in samples.

3. Resultsand Discussion
3.1 Electrochemical characterization of modified SPCEs

Stripping voltammograms of different carbon electrodes (bare SPCE and,
MWCNTs, RGO, and RGO-MWCNTs modified SPCEs) on which Bi was in situ plated
are shown in Fig. 1. Stripping voltammograms were obtained with 1 mgL™ Bi*" in 0.1 M
acetate buffer solution at pH 4.5 containing 100 pgL™ each of Cd** and Pb*. For
comparison of the resulting voltammograms of different electrodes, the baselines current
increased in the order of bare, RGO, MWCNTs and RGO-MWCNTs modified SPCEs,
respectively. This indicated the increase of electrode area after modification. However, the
surface areas as increasing were not active sites for Cd®* and Pb®* detection. The data
obtained from the voltammograms are summarized in Table 1. The Bi-SPCE exhibited the
sharpest and the highest peak current. And the sensitivity of the electrode decreased in the
order of bare, RGO, RGO-MWCNTs and MWCNTs modified SPCESs as shown in Table 2.
The sensitivity of Bi-SPCE was 11 times higher than RGO-BI-SPCE for Cd** and 4 times
for Pb?*. Therefore, it was clear that the Bi-SPCE was more appropriate for determination

of Cd?* and Pb** using SWASV.
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Fig. 1 Anodic stripping voltammograms of 100 pugL™ Cd** and Pb?* at in situ plated Bi
film (1 mgL™ Bi**) on different carbon materials modified SPCEs. Supporting electrolyte;

0.1 M acetate buffer solution (pH 4.5); Egep -0.9 V; taep 180 °S; teq 15'S; f 35 HZ; Egep 4 MV
amplitude 40 mV.

Table 1 Effect of the different carbon materials modified Bi-SPCES on the SWASV peak
current (ip), peak potential (Ey) and peak widths (Wy,) for asolution containing 100 ngL™
each of Cd*" and Pb®* in 0.1 M acetate buffer solution (pH 4.5), the conditions asin Fig. 1

cd** Pb™*
ip (HA) Ep (V) Waz (V) ip (HA)  Ep (V) Wuz (V)
Bi-SPCE 619 -0.76 0.59 34.2 -0.53 0.51
MWCNTSs/Bi-SPCE 53 -0.68 044 13 -0.47 0.82
RGO/Bi-SPCE 429 -0.68 0.59 23.8 -0.44 0.59
RGO-MWCNT9YBI-SPCE 134 -0.66 0.53 4.6 -0.43 0.57

Table 2 The sensitivity of different carbon materials modified Bi-SPCEs in range 0-40
pgL ™ Cd*" and Pb**with 0.1 M acetate buffer solution (pH 4.5) using in-situ prepared Bi-
SPCE, n = 3, other conditionsas Fig. 1.

Sensitivity (WA/ugL™)
Bi-SPCE  MWCNTS/Bi-SPCE  RGO/Bi-SPCE  RGO-MWCNTS/Bi-SPCE
Cd** 0.8491 0.0200 0.0758 0.0580
Pb** 0.4401 0.0028 0.0980 0.0468

3.2 Analytical performances

Fig. 2 exhibits the evolution of square wave anodic stripping voltammograms were
performed on Bi-SPCE for the simultaneous determination of Cd®* and Pb** in range
0-100 pgL™. A small background current over a wide potential range was noticed. The
resulting calibration plots, which considers as peak height, are linear over the entire range
studied. They had two different slopesin the range of 2-40 and 40-100 pgL ™ for both Cd®*
and Pb®*. The corresponding equations of calibration curves are y = 0.8491x-1.4767, y =
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0.4975x+13.0450 (x: concentration/ pgL™; y: current/ pA) with the correlation coefficient
of R? = 0.9982, 0.9930 for for Cd** and y = 0.4401x-0.2460 , y = 0.2731x+7.064 (x:
concentration/ pugL™; y: current/ pA) with the correlation coefficient of R> = 0.9975,
0.9990 for for Pb?*. The limit of detections (LODs) were calculated based on three times

the standard deviation of blank at a deposition time of 180 s, were 1.7 pugL™ for Cd** and
0.7 pgL ™ for Pb*",

cdz

=

Peak current (nA)

[Cd*] (ugLh

Current (nA)

Peak current (nA)

60 80 100

Potential (V vs Ag/AgCl) [PL*] (ugL™)

-0.9 -0.8 -0.7 -0.6 -0.5 -04 -0.3 0 20 40

Fig. 2 A series of voltammograms and calibration graphs for increasing concentrations of
Cd** and Pb* in 0.1 M acetate buffer pH 4.5 using in-situ prepared Bi-SPCE (1 mgL™
Bi®"), n = 3, SWASV parameter as Fig. 1.

The performances of Bi film deposition on SPCE have been tested and evaluated
for Cd®* and Pb*" concentrations lower than 40 pgL ™ which are sufficient to analyze in the
real samples. On the same electrode, the relative standard deviations (RSDs) were 7.6 %
for Cd** and 9.4 % for Pb?* at 20 pg L™ level (n=30). The same SPCE could be used for at
least 30 stripping cycles with dlightly loss of sensitivity (RSD < 10 %) as shown in Fig.3.
This electrode also permits to attain a repeatability of RSDs; 6.7 % for Cd** and 5.6 % for
Pb?" (n=3) considering seven successive measurements of the same solution.



20 ~

Current (nA)

Number of measurement

Fig. 3 Stability of 30 reproductive measurements for 20 pgL™ Cd** and Pb** in 0.1 M
acetate buffer pH 4.5 using in-situ prepared Bi-SPCE (1 mgL ™ Bi*"), Other conditions as
Fig. 1.

3.3 Effect of sequential extractantsin Tessier’s procedure

The extractants for sequential extraction by Tessier’s procedure are the solution of
salt and acid so the extractants of each fraction were used as supporting mediums for the
voltammetric analysis without sample preparation. The bound to organic matter (F4) and
residual (F5) fractions were adjusted the conditions to be appropriate for electrochemical
stripping analysis. Since the extractant for fraction 4 contained HNO3, H,0O, and NH,OAC,
the excess H,O, can be reduced to oxygen gas (O,) on working electrode at negative
potential in preconcentration step. Therefore, the solution was added with zinc (Zn)
powder to reduce remaining H,O, before the measurement. In addition, the residual
fraction was strong acid solution, i.e., aguaregia. The reduction of remaining hydrogen ion
(H") to hydrogen gas (H) in preconcentration step was occurred so the solution was
adjusted pH (~4.5) with NaOAc before measurement. A small background current over a
wide potential range was observed in each sequential extractant of five fractions. In each
case, the calibration graphs of Cd®* and Pb®* in concentration range of 0-40 pgL™ were
constructed. The calibration data as sensitivity and R? of Cd*" and Pb*" are summarized in
Table 3. The different extractants as supporting mediums provided different sensitivities,
suggesting that a standard addition method should be used for quantification of the
analytes. The linearity of the calibration graphs of both Cd** and Pb** are good as
indicated by R? values closing to 1. Therefore, the SWASV was applicable to determine
Cd*" and Pb?* that were extracted from soil and sediment by Tessier's procedure. All of
the extractants can be used as supporting electrolyte, without any trouble, so it did not
require sample preparation step before measurement. The ASV provides more convenient
operation and cheaper than the commonly used spectrometry techniques.



Table3 The calibration data of Cd** and Pb?** at concentration range 0-40 ugL™ in each
Tessier’s procedure sequential extractants by the proposed SWASV with Bi-SPCE

Fractions Linear range Calibration data
(oL™) cd” P>
Sensitivity R°  Sensitivity R?
(MA/pgL™) (MA/pgL™)
Exchangeable 0-40 1.3663 0.9975 1.7975 0.9933
Bound to carbonates 14970 0.9951 1.5081 0.9945
Bound to Fe/Mn oxides 1.1488 0.9990 1.6296 0.9960
Bound to organic matter 2.1003 0.9960 2.6437 0.9993
Residual 0.5936 0.9891 1.4187 0.9944

3.4 Application to real samples

The validation of the developed method was studied by determining of Cd** and
Pb?* in the CRMO033 certified reference material using standard addition method for
quantification of the analytes in concentration range of 0-40 pgL™. The tota
concentrations as certified values were found to be very high, i.e., 126.7+1.3 mg Kg™* for
Cd and 107.5+0.3 mg Kg™* for Pb. The relative distributions in each elemental fractions of
Cd and Pb in soil by the Tessier’s procedure were exchangeable (25.9; 1.5 %), bound to
carbonates (9.0; 5.6 %), bound to iron and manganese oxides (1.0; 4.1 %), bound to
organic matter (61.3; 41.4 %) and residual (2.8; 47.4 %), respectively. All the obtained
results are given in the Table 4 and Fig. 4. The summation of Cd and Pb concentrations
analyzed by sequential extraction were in good agreement with the results found in the
total concentration using EPA’s acid digestion procedure 3050B. Therefore, the SWASV
with bismuth film working electrode can be applied to the simultaneous determination of
Cd and Pb in real soil and sediment samples by using Tessier's sequential extraction
procedure.

Table 4 The concentration of Cd and Pb in CRM033 analyzed using the proposed
SWASV with Bi-SPCE by different extraction method®.

Extraction method Fractions Concentration (mg Kg™)
Cd Pb
Sequential extraction Exchangeable 33.7£0.3 1.7+0.0
Bound to carbonates 11.7+0.0 6.2+0.1
Bound to Fe/Mn oxides 1.3+0.0 4.5+0.1
Bound to organic matter 79.7£0.2 45.9+0.9
Residual 3.6+0.1 52.6+0.2
Sum 130.0+0.6 110.9+1.3
Total concentration by 126.7£1.3 107.5+0.3

digestion certified value

@V alues represent the mean of three duplicates + standard deviation.
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Fig. 4 The relative distributions of Cd and Pb among the various soil fractions extracted
by the Tessier’s procedure

For the purpose of practical applicability, the Tessier's procedure and SWASV
method with employing bismuth film in situ coated on screen-printed carbon working
electrode were used for the determination of the different chemical forms of Cd and Pb
contaminants in sediment sample, which was collected from the Mae Sot district, Tak
province, Thailand. The element contents determined in five fractions following the
Tessier’s procedure and the total concentrations of Cd and Pb are shown in Table 5, while
the distribution among the fractions are presented in Fig. 5, consisting of exchangeable
(2.0; 0.6 %), bound to carbonates (9.2; 2.7 %), bound to iron and manganese oxides (7.2;
11.1 %), bound to organic matter (24.8; 55.8 %) and residual (56.9; 29.7 %), respectively.
The Tessier’s partitioning shows the predominance of metals associated with the organic
matter, residual fractions and smaller concentrations extracted from exchangeable,
carbonates and oxides fractions. The exchangeable and bond to carbonates species,
corresponding to the first and second fractions, are generally called “bio-available’, as
they exhibit a mobility relative to the environment and are potentially available for plants
which introduce into the food chain. The results show that the amounts of Cd and Pb in
bio-available form are very low in sediment so they do not risk to human health. For Cd
and Pb increasing of the oxides, organic matter and residual fractions, excepting Cd bound
to oxides, are non-bioavailable formsto general environment.

Table5 The concentration of Cd and Pb in sediment sample analyzed using the proposed
SWASV with Bi-SPCE by different extraction method®.

Extraction methods Fractions Concentration (mg Kg™)
Cd Pb
Sequential extraction Exchangeable 0.3+0.0 3.8+0.0
Bound to carbonates 1.4+0.0 16.9+0.1
Bound to Fe/Mn oxides 1.1+0.0 68.6+0.1
Bound to organic matter 3.8£0.1 344.4+0.4
Residual 8.7+0.2 183.6+0.2
Sum 15.3+0.3 617.3+0.8
Total concentration 15.3+0.1 614.2+4.2

&V alues represent the mean of triplicates + standard deviation.
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Fig. 5 The relative distributions of Cd and Pb among the various sediment fractions
extracted by the Tessier’s procedure

4. Conclusions

The experimental results indicate that the developed analytical method by using
electrochemical stripping analysis for the determining different chemical forms of Cd*
and Pb*" which extract from soil and sediment by Tessier’s sequential extraction procedure
is successful. The method is applicable for direct simultaneous determination of Cd** and
Pb** which are extracted from soil and sediment by sequential extraction using standard
addition method for quantification of the analytes. Therefore, it is not require sample
preparation before measurement. In addition Bi-SPCEs are sensitive aternative electrode
for Cd®* and Pb** with the high active surface area, low background current, low toxicity
of Bi, disposable material requiring minimal pretreatment and their small size. Sequentia
extraction as Tessier’s procedure coupled SWASV using Bi-SPCE offers great scope for
applications in which it is simpler, less expensive, and low sample volume than the
spectrometric methods for studying in environmental field.
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ABSTRACT

Flow injection amperometric system has been developed for determination of phosphorus.
It is based on in-line formation of 12-molybdophosphate complex, which is further
electrochemically reduced on a glassy carbon working electrode at a constant applied potential of
0.20 V vs. Ag/AgCl. An electrical cutrent is directly proportional to phosphate concentration.
Calibration graphs plotting between peak height and phosphate concentration were obtained in
range of 0.1-1.0 and 1.0-10.0 mg L-1 P-PO4, with a detection limit of 0.03 mg L' P-PO4. The
precision of 2.1, 2.6, 1.5, 1.2 and 1.0% (n=11, 0.1, 0.5, 1.0, 5.0 and 10.0 mg L' P-PO4, respectively)
and sample throughput of 89 h'! were achieved. The method has lower interference (i.c., from
silicate, colored and colloidal substances, and the Schlieren’s effect) than the commonly used
spectrophotometric method. Although it may be interfered by cations, e.g., Fe3* and A, these
ions could be eliminated by using Chelex 100 resin column. The proposed system was successfully
applied to determine phosphorus that sequentially leached from sediments. An off-line leaching
column was proposed for fractionation of phosphorus according to Hieltjes-Lijklema scheme
(HLS). The results obtained from extraction by using the proposed column method and the batch

shaking method were in good agreement (no significant difference at 95% confident level).

KEYWORDS: Flow injection amperometry, Phosphorus, Fractionation, Sequential extraction,

Sediment



1. INTRODUCTION

Phosphorus (P) is an important element for the growth of plants and animals. It also plays a
major role in eutrophication of aquatic system [1-3]. Determination of phosphorus in natural water
and environmental solids is significant for assessing the sources, cycle and fate of phosphorus [4],
whereas, the information on total phosphorus content is not enough to estimate the environmental
risk [3,5,6]. In solid phases, various chemical forms of phosphorus have different behaviors,
mobilities and bioavailabilities [3,7]. Consequently, it is necessary to study and determine
phosphorus species in environmental solids using fractionation schemes [3,6,8].

Sequential extraction or fractionation procedures have been widely used to characterize the
different forms of inorganic phosphorus exploiting acid and alkaline reagents [9,10]. Most
modification or improvement of extraction schemes are originally suggested by Chang and Jackson
[9]. The Hieltjes-Lijklema scheme [11] is one of the modified fractionation procedures that it is
simple to operate and has been used by many researchers [9,12-19]. This method employs NH4ClI
to extract loosely bound P and partially remove carbonates, NaOH to dissolve Fe- and Al-bound P,
and HCI to solubilize Ca-bound P.

Sequential extraction procedures have been performed in a batchwise manner, i.e., normally
by shaking solid sample with extracting solution, which is much time consuming, large
consumption of reagents and inconvenient. Flow based on-line fractionation methods were also
proposed [9,18,19]. The detection of extracted phosphate could be done on-line or off-line,
commonly by a spectrophotometric method based on a molybdenum blue reaction. However, the
spectrophotometric detection using this reaction suffers from interferences such as silicate, colored
and colloidal substances and the Schlieren’s (refractive index) effect. Amperometric detection is one
of electrochemical techniques that can be applied for phosphate determination and it does not
suffer from the mentioned interferences [4,20].

In this work, the flow injection amperometric detection system was developed for
determination of phosphate in different mediums of various extracting solutions according to the
Hieltjes-Lijklema scheme. An on-line cation exchange column was incorporated into the proposed
system to eliminate interference from metal ions. A batchwise off-line extraction column was also
proposed for sequential extraction of sediment using the Hieltjes-Lijklema scheme. The method
provides the results comparable to the standard shaking extraction method, but it is faster, lower

cost, and more convenient operation.

2. MATERIALS AND METHODS

2.1 Chemicals



All chemicals used are analytical reagent grade. All standard and reagent solutions were
prepared with deionized (DI) water, which obtained from Millipore water purification system
(Millipore, Sweden). Potassium dihydrogenphosphate (Fisher Scientific, USA) 0.4394 g was
dissolved with water and the solution was made up to 100.00 mL to obtain 1000 mg L of
phosphate stock standard solution. Working standard solution was prepared by appropriately
diluting the stock solution with water. Solution of 0.1 M potassium chloride was prepared by
dissolving 3.73 g potassium chloride (Carlo Erba, Italy) with water and the solution was made up to
500 mL. Ammonium molybdate (Carlo Erba, Italy) 2.50 g was dissolved with water. Then, sulfuric
acid (QRéc, New Zealand) 12.5 mL was added into the solution. The solution was made up to 500
mL and the resulting solution contains 0.5%w/v molybdate and 2.5%v /v sulfuric acid solution.

Chelex 100 resin column was prepared by suspending 5.0 g of the Chelex 100 resin (50-100
mesh (sodium form), total capacity 0.4 meq mL-!, density 0.65 g mL-! (BIO-RAD, USA)) in water
and pouring into 10 mL of plastic syringe (length 8.5 cm, I.D. 1.5 cm). After that, the resin column
was washed with the large excess of 1 M HCI, H,O, 1 M NaOH and H,O, respectively, until pH of
the effluent was less than 10.

Extracting solutions for sequential extraction of phosphorus were prepared as follow:
Ammonium chloride (Scharlau, Spain) 26.75 g was dissolved with water. Then, the pH of solution
was adjusted to 7.0 by adding ammonium hydroxide (Fluka, Switzerland). The solution was made
up to 500 mL to obtain 1.0 M of ammonium chloride solution. Sodium hydroxide (Solvay,
Belgium) 2.00 g was dissolved with water and the solution was made up to 500 mL to obtain 0.1 M
of sodium hydroxide solution. Hydrochloric acid (Lab Scan, Poland) 20.8 mL was added into water

and the solution was made up to 500 mL to obtain 0.5 M of hydrochloric acid solution.

2.2 Flow Injection Amperometric System

Flow injection amperometric system for phosphorus determination is shown in Figure 1. The
system consisted of a peristaltic pump (Ismatec, Switzerland) with Tygon pump tubing, an injection
device assembled from a set of three-way solenoid valves (Biochemvalve, USA), a flow through
electrochemical cell (Cross-flow cell, Model MF — 1093, BAS, USA) composed of a 3 mm diameter
glassy carbon working electrode (GCE), a Ag/AgCl reference electrode (RE) and a stainless steel
auxiliary electrode (AE), a PalmSens handheld potentiostat/galvanostat (PalmSens, Nethetland) and
a personal computer. PTFE tube with inner diameter of 0.5 mm was used for assembling the flow
system. The glassy carbon electrode was polished with water slurry of 0.3 and 0.05 um alumina
polish (ALO3), respectively, on a polishing pad and polished about 100-300 times to obtain a fresh
surface. Then, it was rinsed three times into water and into ethanol alternatively to eliminate the

remaining AlOj3 particles from its surface.



The operation of FI system is as follow: A solution was flowed through the system at 3.2 mL
min-!. A standard/sample solution (75 pL) was injected into the stream of 0.1 M KCI and merged
with the stream of 0.5%w/v acidic molybdate solution. Then, the mixture was flowed through a
mixing coil (50 cm) to a flow through electrochemical cell. The 12-molybdophosphate complex
produced from the reaction was then electrochemically reduced at a GCE working electrode, at a
constant applied potential of 0.20 V »s. Ag/AgCl, producing an electrical current which is directly
proportional to phosphate concentration. The calibration graph was plotted between peak height

and phosphate concentration and used for quantification of phosphate in sample.
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Figure 1. Flow injection amperometric system for phosphorus determination: P = peristaltic pump,
SV1-4 = solenoid valves, MC = mixing coil, FC = flow through electrochemical cell (WE = glassy
carbon I.D. 3 mm, RE = Ag/AgCl, AE = stainless steel), D = potentiostat/amperometric detector,

and PC = computer.

2.3 Sample Collection and Preparation

Sediment samples were collected from 6 sites in Chiang Mai University, as illustrated in
Figure 2. Sediment samples (depth 0-3 cm) were randomly collected in each sampling site and
combined together. The samples were sieved through a 70 mesh sieve and kept at -20 °C before
analysis. 1.0000 g of wet sediment sample was oven dried at 105 °C for 16-24 hours. After that, the
dried sediment sample was put into desiccator, weighted and calculated percentages of solid and

moistutre.
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Figure 2. Map of sampling sites showing the location of 6 sampling points in Chiang Mai

University.

2.4 Sequential Extraction Procedures

2.4.1 Sequential extraction of phosphorus from sediment by the off-line leaching column

The column leaching was carried out at room temperature (2522°C) by the batch method
employing a plastic syringe fitted at the bottom with cotton wool and a piece of filter paper to
supportt the sample as shown in Figure 3. A portion (1.0000 g) of sediment was accurately weighed
and put in the column. The first extractant (1.0 M NH4CI) 50.00 mL was carefully poured into the
column and the leached solution was collected in a polyethylene bottle. Then, the next extractant
(0.1 M NaOH) 50.00 mL was carefully poured into the column and the leached solution was
collected in a polyethylene bottle. The last extractant (0.5 M HCI) 50.00 mL was carefully poured
into the column and the leached solution was collected in a polyethylene bottle. Finally, the residue
was digested with 2.00 mL of hydrochloric acid for an hour, then filtered through Whatman No.1

filter paper and made up to 50.00 mL with water.
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Figure 3. A leaching column for off-line sequential extraction of phosphorus from sediment

samples.

2.4.2 Sequential extraction of phosphorus from sediment shaking method

A portion (1.0000 g) of sediment was extracted with 50.00 mL of 1.0 M NH4Cl for 2 hours,
then filtered through Whatman No.1 filter paper and collected in a polyethylene bottle. The residue
was extracted with 1.0 M NH4CI again. After that, the residue was extracted with 0.1 M NaOH for
17 hours, then filtered through Whatman No.1 filter paper and collected in a polyethylene bottle.
Next, the residue was extracted with 0.5 M HCI for 24 hours, then filtered through Whatman No.1
filter paper and collected in a polyethylene bottle. Finally, the residue was digested with 2.00 mL of
hydrochloric acid for an hour, then filtered through Whatman No.1 filter paper and made up to
50.00 mL with water. Extraction was cartied out at room temperature (25 & 2 °C). Before changing
to the next extractant, cleaning the sediment with water was done. The Schematic diagram of

sequential extraction of phosphorus is summarized in Figure 4.
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Figure 4. Schematic diagram of sequential extraction of phosphorus from sediment soil by the

batch method.

3. RESULTS AND DISCUSSION

3.1 Flow Injection Amperometric Method for Phosphate Determination

Fl-ampermetric method for phosphorus determination is based on the electrochemical

reduction of the 12-molybdophosphate complex as shown in the equations below:

Phosphate (PO4*) + Acidic molybdate — 12-molybdophosphate complex (1)

12-molybdophosphate complex (MoV)+ e - Molybdenum blue(MoV) (2)

The 12-molybdophosphate complex was reduced at a working electrode and produced an
electrical current which is directly proportional to phosphate concentration.

The FI system as depicted in Figure 1 was employed and the previously reported conditions
of the system [20] were preliminary used. It was found that applied potential of 0.20 V vs. Ag/AgCl
gave a good sensitivity and stable baseline. Moreover, signal of silicate (1000 mg L) and arsenate (5
mg L'1) did not appear at this potential. The sensitivity increased when increasing ammonium
molybdate concentration, however, at ammonium molybdate concentration higher than 0.5%w/v,
the baseline drift was occurred due to the adsorption of the molybdenum blue at surface of GCE
was occurred. Therefore, 0.5%w/v of ammonium molybdate was chosen. Sulfuric acid

concentration of 2.5 %v/v was selected for the developed system since it furnished better



sensitivity and stable baseline. At sulfuric acid concentration higher than 2.5%v/v, the sensitivity
was higher but a dramatically noisy baseline was observed. The optimum conditions of the FI-

amperometric system are summarized in Table 1.

Table 1. The optimum conditions of the FI-amperometric system for phosphate determination

Parameters Optimum value
Flow rate 3.2 mL min!
Sample volume 75 uL.
Ammonium molybdate concentration 0.5%w/v
Sulfuric acid concentration 2.5%v /v
Potassium chloride concentration 0.1 M

Mixing coil length 50 cm

Working electrode Glassy carbon L.D. 3 mm
Reference electrode Ag/AgCl
Auxiliary electrode stainless steel
Applied potential 020V

3.2 Analytical Characteristics of the Method

Under the optimum conditions in Table 1, the FIAgram of various concentrations of
phosphate standard solution was obtained as shown in Figure 5. The calibration graphs were linear
in the range of 0.1-1.0 mg L P-PO4 (y = -0.5240x - 0.0053, 2 = 0.9991) and 1.0-10.0 mg L1 P-PO,
(y = -0.3739x - 0.2250, r2 = 0.9978). The limit of detection (LOD) and the limit of quantitation
LOQ) were 0.03 and 0.11 mg L P-POy, respectively.

Precision of the system was evaluated by eleven injections of standard phosphate solution
concentrations of 0.1, 0.5, 1.0, 5.0 and 10.0 mg L' P-POy. The proposed method provided a good
precision as indicated by percentages of relative standard deviation (%RSDs) of 2.1, 2.6, 1.5, 1.2,
and 1.0 for 0.1, 0.5, 1.0, 5.0 and 10.0 mg L' P-POg, respectively. The proposed method consumed
75 pL of sample and 2.1 mL each of electrolyte and reagent solutions (corresponding to 16 mg of
KCl, 11 mg of ammonium molybdate and 0.05 mL of sulfuric acid per analysis), which is much

lower than the batch spectrophotometric method. Sample throughput of 89 h'! was achieved.
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Figure 5. FIAgram of standard phosphate solutions by using the FI-amperometry.

3.3 Interference study

Effects of some potential interfering species have been investigated by adding different
concentrations of the potential interfering substances into 0.5 mg L' standard phosphate solution.
Then, the solutions were injected to the FI-ampermetric system and the peak height obtained was
compared to that of 0.5 mg L1 standard phosphate solution without interfering species. The

tolerance limit of interfering substances was considered as the concentration that did not give

%different in peak height more than £5%. Effects of some anions were investigated, such as
arsenate and silicate which can react with the acidic molybdate and interfere in spectrophotometric
molybdenum blue method. It was found that the FI amperometric method can tolerate to arsenate
and silicate up to 0.25 mg L' and 1000 mg L, respectively, which is higher than the
spectrophotometric method. Tolerance limits for carbonate, nitrate and chloride were 500 mg L1,
1000 mg L', and 40 g L', respectively. Unlike spectrophotometric method, amperometric detection
did not suffer from high concentration of salt (Schlieren’s effect) and colored substances in sample
solution.

The Fl-amperometric system can tolerate to some cations, such as Na* up to 26 g L', Ca2*
and NHy" up to 1000 mg L1, and Mg?* up to 500 mg L. In case of metal ions which can bind with
phosphate and precipitate in the insoluble form (e.g., Cu?*, Zn?*, Pb?*, Cd?*, Mn?*, Fe?*, Fe3* and
ADPT), the system can tolerate up to 10 mg L1 of Cu?*, Zn2*, Pb?*, Cd** and Fe?t, and 5 mg L1 of

Mn?*. Fe3* and AP* had low tolerance limit at 0.1 and 0.05 mg L1, respectively. For Fe’*, it



provides the negative interference at 0.1-1.0 mg L1, but it gives the positive interference at the
higher concentration, i.e., 2 5 mg L1

In order to reduce interference from cations, an ion exchange resin was used to remove
cations from the solution before being injected into the system. Chelex 100 is a chelate resin which
is widely used to bind metal ions. It is styrene divinylbenzene copolymers with iminodiacetate
exchange groups. The resin can strongly bind metal ions at high pH and poorly bind to metal ions
at low pH [21]. The resin column was prepared as described in section 2.1 and tested for removal
of Fe3*. It was found that after passing through the Chelex 100 resin column the peak heights of
phosphate solutions with and without Fe3* were identical, indicating that Chelex 100 resin could

eliminate Fe3+.
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Figure 6. FIAgram from the Fl-amperometric system for the injection of various solutions: (a) 5
mg L1 Fe3* + 0.5 mg L' P-POy, (b) 5 mg L Fe3* + 0.5 mg L1 P-POy (passed resin column), (c) 10
mg L Fe3* + 0.5 mg L' P-POy, (d) 10 mg L' Fe3* + 0.5 mg L' P-POy (passed resin column), (¢) 5
mg L1 Fe3*, (f) 5 mg L1 Fe3* (passed resin column), (g) 10 mg L1 Fe3t) (h) 10 mg L1 Fe3* (passed
resin column), (i) 0.5 mg L1 P-PO4 and (j) 0.5 mg L1 P-POy (passed resin column).
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3.4 Application of FI amperometric Method to Study Fractionation of Phosphorus in

Sediment
3.4.1 Effect of extractants to the FI-amperometric method

Characterization of various phosphorus species in soil is normally performed by sequential
extraction employing three different extractant solutions such as 1.0 M NH4Cl, 0.1 M NaOH and
0.5 M HCI (Hieltjes-Lijklema Scheme). The determinations of leached phosphorus in different
extractants are usually done by using different conditions/systems [4,18,19]. In this work, the
developed FI amperometric system was proposed to analyze all 3 extracted solutions. Effect of the
extractants was examined before applying the proposed system to such analysis. Under the
optimum conditions in Table 1, standard phosphate solutions (0.1-10.0 mg L") in each medium (DI
water, 1.0 M NH4Cl, 0.1 M NaOH and 0.5 M HCI) were injected into the system. The FIAgrams
obtained are shown in Figure 7. Comparison to standard solution prepared in DI water, 0.1 M
NaOH did not affect on the phosphate determination, while 1.0 M NH4CI caused slightly reduction
of sensitivity, and 0.5 M HCI caused dramatically reduction of sensitivity of the analysis. It might
cause by the high molar ratio of [H*] to [MoO4%| (more than 80) resulted in slow and incomplete
reaction to form phosphomolybdate complex [22]. Furthermore, it might be resulted from chloride
ion which competed to phosphate ion to bind molybdate ion. Therefore, the standard solution of

phosphate must be prepared in each extractant for use in analysis of each fraction.

40 40.1-10.0mg L' P-PO, 0.1-10.0 mg L' P-PO, 0.1-10.0 mg L™ P-PO,

in DI water in 1.0 M NH,CI in 0.1 M NaOH
3.5
3.0
-2 0.1-10.0 mg L' P-PO,
o e .
2 in 0.5 M HCI
= 2.0
3’_1
715
1.0
0.5
0.0
(0 1000 2000 3000 4000 SO0 GOOOD

Time (sec)
Figure 7. FIAgrams of standard phosphate solutions in the different mediums (DI water, 1.0 M
NH,CI, 0.1 M NaOH and 0.5 M HCI).
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3.4.2 Determination of phosphorus leached from sediment in various fractions

Firstly, percentage of solid and moisture in sediment samples were analyzed. It was found
that the percentages of solid were between 45-73 and moistures were in the range of 28-55%.
Content of phosphorus leached in each fraction was reported as mg kg! dry weight.

The sediment samples were sequentially extracted by using off-line column leaching, and
standard shaking-filtering methods as desctibed in section 2.4. Several samples can be carried out in
parallel. Sample solutions in each fraction were injected into the Fl-amperometric system and
phosphorus contents were calculated by using corresponded calibration graphs. Phosphorus
contents in vatious fractions obtained from the off-line leaching column and the batch shaking
method are presented in Table 2. The total phosphorus (Total-P) content is the summation of
phosphorus contents in the fractions of NH4Cl, NaOH, HCI and the residue. The values of total
phosphorus ranged from 307 to 831 mg kg! for the off-line leaching column and 315 to 856 mg kg-
1 for the shaking method. The first fraction (NH4CI-P) is exchangeable phosphorus which is the
most mobile one, being extracted by NH4CL It was found at negligible levels in only sample No. 5
(13 mg kg! by off-line leaching column, and 11 mg kg by shaking method). Phosphorus contents
in NaOH-P, HCI-P and Residue-P ranged from 26 to 128, 57 to 434 and 179 to 500 mg kg,
respectively, for the off-line leaching column, and 18 to 103, 47 to 409 and 106 to 465 mg kg,
respectively, for the shaking method. Results from both the extraction methods were in good
agreement. Both the results were compared with paired #test at 95% contidence level, indicated
that there was no significant difference between both methods (tesitica = * 2.571, tya of total-P = -
0.562, toa: of NaOH-P = 1.678, tyur of HCI-P = -0.752 and tga of residue-P = 0.280). In addition,
the off-line column leaching method is faster, simpler and more convenient operation as
summarized in Table 3.

Figure 8 illutrated fractions of phosphorus being extracted from sediment samples by both
methods. It was found that the trends of phosphorus contents were Residue-P > HCI-P > NaOH-
P > NH4CI for sites 2, 3 and 4, and HCI-P > Residue-P > NaOH-P > NH4CI-P for sites 1, 5 and 6.
For all the sediment samples from both extraction methods, the rank order of inorganic
phosphorus fractions was HCI-P > NaOH-P > NH4CI-P, indicating that phosphorus in the

sediment is in stable forms which do not easily leach into water under natural condition.
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Table 2. Contents of phosphorus in sediment in different fractions leaching by off-line leaching column and the batch shaking method

Sample Method Phosphorus (mg kg!) contents (mean = S.D.)
NH,CI-P NaOH-P HCI-P Residue-P Total-P
1 column N.D. 128 £ 20 434 + 202 269 + 188 831 + 199
batch N.D. 103+ 8 320 £ 116 314 £ 179 736 £ 144
2 column N.D. 49 £13 577 201 £ 65 307 £ 67
batch N.D. 37+ 11 98 + 13 180 £ 26 315 + 28
3 column N.D. 265 60 = 11 227+ 23 314 + 17
batch N.D. 18+ 2 47£6 347 £ 12 412+ 12
4 column N.D. 32+ 4 178 £ 60 500 = 53 709 = 97
batch N.D. 39+ 12 352 + 31 465 + 163 856 + 185
5 column 13£3 91+ 17 326 + 48 228 + 91 658 + 122
batch 11+2 33£13 409 £ 40 239 + 40 692 = 58
6 column N.D. 54+9 208 + 25 179 £ 28 441 + 37
batch N.D. 53+ 12 216 + 38 106 £ 5 376 £ 42

*N.D. = Not detected
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Table 3. Compatison of the batch shaking/filtering and the off-line leaching column methods

Parameters Shaking and filtering Off-line leaching
column
Weight of soil (g) 1 1

Volume of extractant (mL):

- NH4C1 fraction 50)(2 times 50
- OH fracti

Na raction 50 50
- HCI fraction 50 50
Operation time per sample (h) 45 6-14
Temperature Room temperature Room temperature
Instrument Shaker, erlenmeyer Plastic syringe 10 mlL,

flask, glass funnel, cotton wool, Whatman
Whatman filter paper filter paper No. 1
No. 1

Procedure Shaking and filtering Pouring the extractant

solution into the column

BNH4CKP @ZNaOH-P mHCKP B Residue-P

P content (mg ke'')

Sampling sites
Figure 8. Contents of phosphorus in different sediment samples, being extracted into various
fractions by using the off-line leaching column and the batch shaking methods. (sediment

samples were taken from different sampling sites as shown in Figure 2).
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4. CONCLUSIONS

Flow injection amperometric method was developed for determination of phosphate.
The method has high sensitivity and selectivity but yet simple and more convenient operation.
It has many advantages over the commonly used spectrophotometric method, such as did not
affect by high concentration of salts and colored substances, and can tolerate to high
concentration of silicate. The developed method was successfully applied for analysis of
various extracting solutions obtained from sequential extraction of sediment. The off-line
column extraction was also proposed for sequential leaching of phosphorus from solid
material, which gave the results in good agreement with those obtained by the standard
shaking extraction procedure.
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