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a  b  s  t  r  a  c  t

We  have  examined  the  anodic  stripping  voltammetry  (ASV)  of Cd  and  Pb  at carbon  screen  printed  elec-
trodes  modified  by an  in  situ  deposited  Bi film,  and  have  demonstrated  significant  cross  talk  between  the
stripping  peaks  of  the  two  metals.  A  simple  and  generally  applicable  method  for  dealing  with  this  problem
is  described,  based  on  curve-fitting  three-dimensional  calibration  plots  using  MATLAB.  Non-linear  fitting
to  the  calibrations  produced  coefficients  of determination  R2 > 0.99  for  both  metals.  We  have  illustrated
eywords:
nodic stripping voltammetry
admium
ead
ismuth  film

use  of  the  plots  in  conjunction  with  Bi-plated  electrodes  by measuring  15  randomly  selected  mixtures  of
Cd  and  Pb  of  known  concentration.

© 2011 Elsevier B.V. All rights reserved.
creen-printed electrode

. Introduction

The detection of toxic trace metals is an important analytical
pplication. Current detection methods include atomic absorption
pectroscopy, atomic emission spectroscopy, neutron activation
nalysis and electrochemical methods. Electrochemical measure-
ent is of particular interest due to the fact that it uses relatively

nexpensive, often portable equipment and, with anodic stripping
oltammetry (ASV), can provide high sensitivities through the pre-
oncentration step in ASV. In practical determinations it will often
e the case that more than one metal needs to be measured. For
xample, the simultaneous determination of Cd and Pb by ASV has
een extensively researched [1–30] due to the importance of mon-

toring Cd and Pb in the environment. The electrode materials for
hese studies were Hg either in the form of a hanging drop [1–6],
 film on glassy carbon [7–10], or on wax-impregnated graphite
11,12], as well as screen printed carbon [13], a solid electrode,
r a carbon paste, modified by a chelator or clay [14–19], or by
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ongkut’s  University of Technology Thonburi, Bangkhuntien, Bangkok 10150,
hailand.

E-mail  addresses: mithran.somasundrum@gmail.com (M.  Somasundrum),
erasak.sur@kmutt.ac.th (W.  Surareungchai).

039-9140/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2011.05.024
carbon nanotubes [20,21]. Alternatively, Bi coatings [22–26] and
Bi bulk electrodes [27] have been used for Cd and Pb analysis,
as well as boron-doped diamond [28]. A problem encountered in
these determinations is that variations in the concentration of one
metal can lead to variations in the response of the other. While
this effect has been noted by some researchers [3,19,29], in most
ASV determinations of Cd and Pb [1,2,6–15,17,18,20–27,30] it has
not been addressed, due to only having Cd and Pb present at equal
concentrations, or at a particular fixed ratio. Ensafi et al. [16] and
Alipzar et al. [4] have treated the problem by developing artificial
neural networks for the data analysis. A simpler approach was  sug-
gested by the work of Manivannan et al. [28] who  presented the
ASV responses of Cd and Pb on 3-D plots. They did not attempt to
quantify Cd and Pb at varying concentrations, but suggested quan-
tification would be possible by taking a horizontal cut of the Cd
plot at the level of the Cd response, using these concentrations to
make a horizontal cut of the Pb plot, and then by going between
the two plots successively narrowing down the range of possible
Cd and Pb values. This procedure may  be extremely time consum-
ing in practice. However, as we demonstrate, 3-D plots can be
used to determine Cd and Pb simultaneously by a relatively simple

curve-fitting strategy. We  illustrate the process with screen printed
electrodes bearing in situ formed Bi films, as this has shown to be
an increasingly used alternative to Hg in ASV [31], due to the high
toxicity of Hg and thus practical complications in its use.
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Fig. 1. Background-subtracted square wave (SW) stripping voltammogram at in situ
deposited Bi film screen printed electrode for 60 ppb Cd2+ (- - -), 60 ppb Pb2+ (. . .)
226 N.  Wongkaew et al. / T

. Experimental

.1. Apparatus

Electrochemical experiments were performed using an Auto-
ab PGSTAT12 computer-controlled potentiostat (Eco Chemie) with
PES software. A standard three electrode configuration was
mployed, comprising of a screen printed carbon electrode (SPCE)
s the working electrode, a Ag|AgCl (3 M NaCl) as the reference and

 platinum wire as the counter electrode. SPCEs were fabricated
xactly as described previously [32] with the exception that in this
ase the working area exposed was 1.5 mm × 4 mm.

.2.  Reagents

Stock solutions of cadmium nitrate, lead nitrate and bismuth
itrate pentahydrate were purchased from Fluka and diluted as
equired with 1 M nitric acid for cadmium and lead, or with 5%
itric acid for bismuth. All solutions were prepared with deionized
ater (Millipore, Milli Q).

.3. Procedures

ASV determinations were performed at an in situ plated bis-
uth film in the presence of dissolved oxygen. The three electrodes
ere immersed in an electrochemical cell containing 1.5 mL  of

.2 M acetate buffer, pH 5.6 + 1000 ppb bismuth(III) and a back-
round scan was recorded as follows: a deposition potential of
1.2 V was applied to the SPCE for 210 s under stirring and then,
fter a 10 s rest period, stripping was performed by square wave
oltammetry (SWV) in quiescent solution by scanning the poten-
ial from −1.4 V to 0.3 V (step potential = 5 mV,  amplitude = 50 mV,
nd frequency = 50 Hz). Analysis was then performed using a solu-
ion of the same buffer and Bi(III) concentration, but containing
he required amounts of Cd and Pb. When recording the ana-
yte scan a pretreatment potential of 0.3 V was first applied for
0 s under stirring to ensure removal of any remaining bismuth
rom the electrode. The deposition potential and SWV  quantifica-
ion were then applied as before. The analyte voltammogram was
hen background-subtracted. The purpose of background subtrac-
ion was to eliminate the effect of Cd and Pb carry-over from one
xperiment to the next, which sometimes occurred despite wash-
ng the cell, reference and counter electrode with deionized water.

 fresh SPCE used for each experiment (background + analyte scan)
nd each concentration was examined in triplicate.

. Results and discussion

.1.  ASV at bismuth film electrodes

Calibrations of the Cd(II) and Pb(II), in separate, across the
ange 10–95 ppb gave linear plots (not shown) following the equa-
ions: y = 0.1104x (R2 = 0.9893, and n = 18) for Cd(II) and y = 0.1674x
R2 = 0.9986, and n = 18) for Pb(II). The presence of the Bi film both
nhanced the stripping response and resulted in an anodic shift
f the oxidation peaks of Cd(0) and Pb(0) by ca. 20 mV,  to approx.
0.75 V and −0.54 V respectively (see Supporting Information, Fig.
-1). Similar stripping peak enhancements have been observed for
i films on carbon nanotubes [26]. The oxidation potentials found
ere are similar to those for Cd(0) and Pb(0) at Bi-plated carbon
anotubes [26] and at bulk Bi electrodes [27]. The mutual interfer-
nce of the Cd(II) and PB(II) ASV response is illustrated in Fig. 1.

he background subtracted stripping responses to 60 ppb Cd(II)
nly and 60 ppb Pb(II) only are both less than the responses to the
ame analytes present in a 60 ppb Cd(II) + 60 ppb Pb(II) mixture.
his is different from the result of Manivannan et al. [28] who  used

ˆ

and 60 ppb Cd2+ + 60 ppb Pb2+ (—). Electrolyte = 0.2 M acetate buffer, pH 5.6. Deposi-
tion  potential = −1.2 V, deposition time = 210 s. SW conditions: step potential = 5 mV,
amplitude = 50 mV,  and frequency = 50 Hz.

a boron-doped diamond electrode for Cd and Pb determination,
and reported that the Pb stripping peak increased in the presence
of Cd, but that the Cd peak decreased in the presence of Pb. The
explanation proposed by the authors was  that due to Cd having
a more negative standard potential it was deposited on both the
underlying electrode (stripped off at the Cd(0) oxidation potential)
and as a monolayer on the existing Pb particles (removed at the
Pb(0) oxidation potential). We  note that in Fig. 1 the oxidation peak
widths at half height (W1/2) for Cd(0) in the presence and absence
of Pb are significantly different, indicating different strengths of
adsorption in the two  cases [33]. Therefore, we  suggest that when
Pb is present in the sample reduction of Cd(II) occurs mainly onto
the deposited Pb(0) particles, resulting in multilayer Cd coverage.
Stripping of Cd thus occurs around the Cd(0) oxidation potential
and removes all but a monolayer/sub-monolayer of the Cd coat-
ing. Hence, a greater quantity of Pb means a greater surface area
for Cd(II) reduction and so a greater current. In contrast, W1/2 for
Pb(0) oxidation is roughly the same in the absence and presence
of Cd, indicating Pb is reduced onto the Bi film in both cases, con-
sistent with Pb possessing the less negative standard potential. A
remaining monolayer/sub-monolayer of Cd on the Pb, stripped off
at the Pb(0) oxidation potential, would result in the Pb(0) stripping
peak increasing with Cd concentration. The difference between this
and the Manivannan et al. result suggests a difference in the struc-
ture/size of Pb particles when deposited onto a Bi film compared to
boron-doped diamond.

3.2.  3-D curve-fitting of ASV data

To generate data for 3-D plots we calibrated Cd and Pb using
mixtures in which the concentrations of the ions were varied inde-
pendently from 0 ppb to 100 ppb in 20 ppb steps, i.e., 36 different
Cd:Pb ratios in total. Three electrodes were used for each ratio.
Some examples of the stripping square wave voltammograms are
given in Supporting Information, Fig. S-2. To match the predicted
current for species E, îE , to the actual current for E, iE, at any point
on these plots we  consider that îE can be described by a polynomial
equation composed of j monomials, i.e.,
iE =
n∑

j=1

kE
j mj(c, p) (1)
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î

f
(
A
d
n
t
c

î
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ig. 2. Three dimensional calibration curves for Cd (A and C) and Pb (B and D). Str
hown as circles. Surfaces are plotted using Eqs. (3) and (4) (A and B) or Eqs. (7) and

here kE
j

is the coefficient of the monomial mj and c and p are the
oncentrations of Cd and Pb respectively. The values of the coeffi-
ients for each mj are determined by fitting the experimental values

f iE to the particular polynomial for îE using the MATLAB com-
and robustfit. The coefficient of determination, R2, for the fit is

etermined from the definition [34]:

2 = 1 −
∑n

j=1[iEj
− îEj

]
2

∑n
j=1[iEj

− mean(iE)]
2

(2)

The  simplest treatment of the data is achieved by fitting it to a
lane for both the Cd and Pb plots. In this case the predicted currents
or Cd and Pb will be described by:

p = kp
1c + kp

2p (3)

c = kc
1p + kc

2c (4)

rom  which robustfit gives kp
1 = 1.73 × 10−2, kp

2 = 1.88 × 10−1

R2 = 0.9652), and kc
1 = 1.22 × 10−2, kc

2 = 1.25 × 10−1 (R2 = 0.9231).
s can be seen in Fig. 2A and B, this model has some significant
ifferences from the experimental Cd and Pb currents. Therefore
on-linear dependencies of îE were examined. We  observed that
he value of ip could be approximated to a cubic function of Cd
oncentration (see Supporting Information, Fig. S-3A) and hence:
p = a0 + a1c + a2c2 + a3c3 (5)

here  the coefficients aj are dependent on the Pb concentration.
t a fixed concentration of Cd ip could be approximated to a linear
 responses were measured at each intersection on the concentration grid and are
 and D). Where circles are not visible they are below the plane of the fitting surface.

function  of Pb concentration (see Supporting Information, Fig. S-
3B), i.e.,

ip = b1p (6)

Combining  Eqs. (5) and (6):

ip = kp
1p + kp

2cp + kp
3c2p + kp

4c3p (7)

which  in robustfit gives kp
1 = 1.669 × 10−1, kp

2 = 1.796 × 10−3,
kp

3 = −3.938 × 10−5, kp
4 = 3.101 × 10−7, R2 = 0.9901. Similarly, for a

given concentration of Cd, ic could be approximated to a quadratic
function of Pb concentration, and for a fixed concentration of Pb
ic could be approximated to a cubic function of Cd concentration
(see Supporting Information, Fig. S-3C and D). Hence, combining
the relations in the same manner as before we have:

îc = (a0 + a1p + a2p2)(b1c + b2c2 + b3c3)

= kc
1c + kc

2pc + kc
3p2c + kc

4c2 + kc
5pc2 + kc

6p2c2 + kc
7c3

+kc
8pc3 + kc

9p2c3

(8)

Application  of robustfit as before gives kc
1 = 1.4151 × 10−1, kc

2 =
7.7503 × 10−4, kc

3 = −3.4485 × 10−6, kc
4 = −1.0489 × 10−3, kc

5 =
−3.0162  × 10−5, kc

6 = 3.8163 × 10−7, kc
7 = 8.1394 × 10−6, kc

8 =
2.9732  × 10−7, kc

9 = −3.6336 × 10−9, R2 = 0.9927. Hence, the cor-
relation is again better than using the linear fit. Taking the above
listed values of kj the in situ plated Bi electrodes were validated

using a set of 15 known mixtures of Cd(II) and Pb(II) at random
combinations, with the concentrations of Cd and Pb determined
by fitting to both the linear and non-linear equations. The results
are shown in Table 1. As would be expected from the values
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of R2, the non-linear curve-fitting gave a better agreement to
the real Cd and Pb concentrations. Obviously, for this particular
electrode treatment, improvement of the reproducibility of the
screen printed electrode surface would improve the measurement
further.

We believe the procedure described here should be gener-
ally applicable to bi-analyte mutual interference, since the only
requirement of the curve fitting is to approximate each concentra-
tion dependence of the 3-D plot to an appropriate mathematical
function.
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