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ABSTRACT

A greener electrochemical platform was developed to determine trace
amounts of cadmium and lead. It is based on a disposable screen-printed car-
bon ink electrode modified with an in situ plated bismuth film employed as a
more environmentally-friendly working electrode alternative to the widely used
mercury electrode. The bismuth coated screen-printed electrode (Bi-SPE) was
used for the simultaneous determination of trace Cd(Il) and Pb(Il) by square-
wave anodic stripping voltammetry (SWASYV). Operational parameters such as
Bi(IIl) concentration, deposition potential, deposition time and rotation speed
during preconcentration of the metals were optimized. The Bi-SPE presented
well-defined, reproducible, and sharp stripping voltammograms. Peak current
increased linearly with the metal concentration in a range of 5-40 ug L for
Cd(Il) and 2-40 ug L for Pb(II). The limits of detection were 1.7 ug L for
Cd(Il) and 0.7 ug L for Pb(II), which are better than those of the flame
atomic absorption method. The proposed method was successfully applied to
determine trace cadmium and lead in river water samples. Accuracy of the
developed method was examined by spiking Cd(II) and Pb(Il) standard solutions
into river water samples, and percentage recoveries were obtained in the range
of 86.4-110.6%. The SWASYV with the new Bi-SPCE electrode provided advan-
tages, including high sensitivity, low detection limits, low background current,
portability, fast and cost-effective determinations, and, importantly, the use of
relatively non-toxic chemicals.
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INTRODUCTION

The growing concerns about Cd(II) and Pb(Il) poisoning have led to in-
creasing demands for highly sensitive, reliable, reproducible, and low cost methods
for quantitation in water. Electrochemical stripping analysis has been recognized
historically as a powerful technique for Cd(Il) and Pb(II) detection. In stripping
voltammetry, the mercury film or hanging mercury drop electrode (MFE/HMDE)
has been widely applied as a working electrode owing to its remarkable sensitivity.
However, the toxicity of mercury has stimulated the search for environmental-
ly-friendly material to produce a greener, mercury-free electrode. The bismuth
film electrode (BiFE) is considered the best alternative to MFE due to its ability
to form fusing alloys with other metals (Wang et al., 2000; Locatelli and Torsi,
2001; Arduini et al., 2010). Different materials have been used as substrates for
BiFEs, including glassy carbon (Wang et al., 2001a; Kefala et al., 2003), carbon
paste (Krolicka et al., 2002; Svancara et al., 2003), wax-impregnated graphite
(Kefala et al., 2003), pencil-lead (Demetriadis et al., 2004), and screen-printed
carbon ink (Wang et al., 2001b). 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; Laschi et al., 2000).

In this study, bismuth film was deposited in situ on carbon working electrode
and used in square wave anodic stripping voltammetry (SWASV) to determine
Cd(II) and Pb(Il) in water samples; the optimization, characterization and attrac-
tive analytical performance of bismuth coated screen-printed electrode was also
reported.

MATERIALS AND METHODS

Chemicals and reagents

All the chemicals were of analytical 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 solutions of Bi(IlI) (Carlo
Erba, Italy), Cd(Il) (Fluka, Switzerland) and Pb(II) (Merck, Germany) were pre-
pared 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 a supporting electrolyte.

Apparatus

Voltammetric measurements were performed with a Metrohm model 757
VA computrace with GPES software for control of the voltammograph linked with
a personal computer. A bismuth coated screen-printed carbon electrode served as
the working electrode, with the Ag/AgCl (3 M KCl) and platinum wire as the
reference and counter electrodes, respectively. Plasma cleaner (PDC-32G, Harrick
Plasma, USA) was used to pretreat the working electrode.
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Bismuth coated screen-printed carbon electrode (Bi-SPCE) preparation

SPCEs were produced with a homemade manually screen-printing appa-
ratus (Upan et al., 2015). 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 were modified with bismuth using the
in situ plating approach. Firstly, SPCEs were cleaned by subjecting them to air
plasma in a chamber of the plasma cleaner. The chamber was evacuated to 0.15
torr and the plasma was generated at low frequency RF level. Then, the chamber
was backfilled with air and operated at pressure 0.4 torr for 60 s. The plasma
treated SPCEs were electrochemically treated in a 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 thoroughly rinsed with water.

Measurement procedure

The electrochemical deposition on SPCEs coated by bismuth was carried
out according to the following in situ procedure in the presence of dissolved
oxygen. The SPCE was immersed in an electrochemical cell containing the specified
concentration of Bi(Ill) in an acetate buffer (0.1 M, pH 4.5) medium and Bi was
deposited on the metals on the surface of the electrode for a specified time while
the solution was stirred. The analytical measurement used the square wave anodic
stripping voltammetric mode (SWASV). ASV experiments consisted of three con-
ventional steps: time controlled electrochemical deposition with solution stirring,
rest period, and a positive voltammetric stripping scan under the selected condi-
tions. The optimum conditions for SWASV method were as follows: frequency
(), 35 Hz; step potential (Eg,,) 4 mV; square wave amplitude 40 mV; deposition
potential (Eyep) -0.9 V; deposition time (tgep) 180 s; the potential scanning range
from -0.9 to 0.3 V; equilibrium time (t.q) 15 s; cleaning potential (Egjeaq) 0.3 V;
and cleaning time 30 s. During the electrodeposition and precondition steps, the
solution was stirred at 2000 rpm. In the analysis, an in situ plated Bi-SPE was
prepared by adding the Bi solution to a water sample diluted in 0.1 M acetate
buffer solution pH 4.5 to obtain 1 mg L' Bi(III) in the final solution. Calibration
graphs were used to quantify Cd(II) and Pb(Il) in natural water samples.

Analysis of real samples

Water samples were collected from the Ping River, Chiang Mai, Thailand at
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(III) in 0.1 M acetate buffer at pH 4.5. Calibration
curves were used to quantify Cd(II) and Pb(Il) in the samples.
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Figure 1. The water sampling sites in the Ping River, Chiang Mai, Thailand.

RESULTS

Effect of experimental variables

Bi(III) concentration. Representative Cd(II) and Pb(II) peak currents for a
solution containing 100 pg L' each of Cd(II) and Pb(II) in 0.1 M acetate buffer
(pH 4.5) on in situ plated Bi-SPCEs with different Bi(III) concentrations in the
range 100-1400 pg L' are shown in Figure 2(a).

Deposition potential. The effects of deposition potentials in the range of
-0.75 to -1.60 V on the stripping currents of Cd(II) and Pb(II) are shown in Figure
2(b); the peak potentials for Cd(Il) and Pb(Il) were at -0.75 and -0.50 V vs Ag/
AgCl, respectively.

Deposition time. The effects of metal deposition times in the range of 60-
420 s for the solution containing 100 pug L™ each of Cd(II) and Pb(II) in 0.1 M
acetate buffer (pH 4.5) are shown in Figure 2(c).

Rotation speed during preconcentration step. The effects of rotation
speeds of the stirrer in the range of 0-3000 rpm are shown in Figure 2(d).
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Figure 2. Effects of the Bi(Ill) concentration (a), deposition potential (b), depo-
sition time (c), and rotation speed during preconcentration (d) on the
stripping peak currents of Cd(II) (=#=) and Pb(II)(=+) in 100 pug L'
Cd(II) and Pb(II) with 0.1 M acetate buffer pH 4.5 using in-situ prepared
Bi-SPCE, n = 3. SWASYV parameter; step increment 4 mV, frequency
35 Hz, pulse height 40 mV, cleaning potential 0.3 V, and cleaning time
30 s.

Calibration data

Calibration was performed on Bi-SPCEs for the simultaneous determina-
tion of Cd(Il) and Pb(Il) by SWASYV; the results are shown in Figure 3. A small
background current over a wide potential range was noticed. Calibration graphs
had different slopes in the ranges of 5-40 and 40-100 pg L' for Cd(I) and 2-40
and 40-100 pug L' for Pb(II), respectively. This may be a result of the limited
surface area of the electrode, leading to the saturation of metals deposited on
the electrode. At lower concentrations, the metals might disperse more on the
electrode surface; on the other hand, at higher metal concentrations, they might
deposit upon the previously deposited layer. The current obtained in the stripping
step was directly proportional to the rate of oxidation of the metals back into
the solution, which was related to the amounts of metals on the surface of the
electrode. The analytical sensitivities were Cd(II): 1.21, 0.17 pA per pg L (R?
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=0.9995, 0.9911) and Pb(II): 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(II) and
5.8 % for Pb(I) at 20 pg L' level (n=15). The same SPCE electrode could be
used for at least 15-20 stripping cycles without loss of sensitivity. The limits of
detection were calculated, at a deposition time of 180 s, as 1.7 pg L™ for Cd(II)
and 0.7 pg L' for Pb(II).
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Figure 3. A series of voltammograms and calibration graphs for increasing con-
centrations of Cd(II) and Pb(II) in 0.1 M acetate buffer pH 4.5 using
in-situ prepared Bi-SPCE (1 mg L' Bi(III)), n = 3. SWASV parameter;
deposition potential -0.9V vs Ag/AgCl, deposition time 180 s, stirrer
speed 2000 rpm, step increment 4 mV, frequency 35 Hz, pulse height
40 mV, cleaning potential 0.3 V and cleaning time 30 s.

Accuracy of the method

The system accuracy was determined by spiking water samples with Cd(II)
and Pb(II) standard solutions of 5 pg L™ and measuring the percent recoveries of
Cd(II) and Pb(Il). The results are given in Table 1. Percent recoveries of Cd(II)

and Pb(II) 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 to deter-
mine Cd(II) and Pb(Il) in river water samples. The anodic stripping peak current
was recorded with the calibration graph method under optimized conditions for
determining Cd(II) and Pb(II). The results obtained for nine water samples are
summarized in Tables 1 and 2.
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Table 1. Determination of Cd(Il) in water samples by the proposed SWASV with

Bi-SPCE.

Water Cd(II) found in Spiked Cd(II) Total conc. found RSD  Recovery

sample  sample (ug L") (ng L (ng L) (%) (%)
1 n.d. 5 4.85+0.13 2.7 96.9
2 n.d. 5 4.79 £ 0.11 2.3 95.7
3 n.d. 5 432 +0.11 2.5 86.4
4 n.d. 5 4.78 £ 0.07 1.5 95.6
5 n.d. 5 493 +0.14 2.8 98.6
6 n.d. 5 4.62 £ 0.08 1.7 92.4
7 n.d. 5 4.57 £ 0.09 2.0 91.4
8 n.d. 5 5.16 £ 0.07 1.4 103.2
9 n.d. 5 5.18 £0.13 2.5 103.6

Note: * n.d. = not detectable.

Table 2. Determination of Pb(Il) in water samples by the proposed SWASV with

Bi-SPCE.
Water Pb(II) found in Spiked Pb(II) Found Pb(II) RSD  Recovery
samples  sample (ug L) (ng L) (ng L) (%) (%)
1 n.d. 5 4.91 + 0.09 1.8 98.1
2 n.d. 5 497 +£0.10 2.0 99.4
3 n.d. 5 5.15+0.10 1.9 103.0
4 n.d. 5 5.31+0.08 1.5 106.2
5 n.d. 5 4.52 £ 0.10 1.8 110.4
6 n.d. 5 5.53 £ 0.07 1.3 110.6
7 2.10 £ 0.01 5 7.34 +£0.10 1.9 106.8
8 n.d. 5 5.22 £ 0.05 1.0 104.4
9 n.d. 5 528 £0.12 2.3 105.6
Note: * n.d. = not detectable.
DISCUSSION

The concentration of Bi(IIl) is a key parameter, as it controls the thickness
of the Bi film; the thickness of the film does not affect the peak potential of any
metals, but rather the peak height. The results showed a decrease of peak current
of the Cd(II) and Pb(II) with increasing thickness of the Bi film, especially the
Pb(II) peak, as shown in Figure 2(a). Since Pb(II) has a more positive reduction
potential than Cd(II), Pb(Il) can be determined at lower Bi(Ill) concentrations.
At high Bi(Ill) concentrations, the peaks became wider and led to a substantial
decrease in sensitivity at Bi(IIT) concentrations over 1000 pg L', due to a satu-
ration effect of the Bi film on the screen-printed carbon surface. This behavior is
attributed to the increased number of nucleation sites and increased alloy formation.
However, at Bi(III) concentrations greater than 1000 pg L', a reduction in the
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peak intensity was observed, ascribed to the formation of a thick layer of Bi on
the electrode surface that partially blocks the conductive surface of the electrode,
reducing the number of electroactive sites (Kachoosangi et al., 2007). Thus, a
Bi(III) concentration of 1000 pg L' was selected for further experiments.

The deposition potential affects the quality of bismuth film to form fused
alloys with reduced metal ions. As shown in Figure 2(b), the stripping responses
of Cd(II) and Pb(II) were found to occur at potentials 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(II). The Pb(Il) peak current did not
increase significantly from -0.75 to -0.85 V, due to its more positive reduction
potential relative to Cd(II). The evolution of hydrogen gas from the SPCE sur-
face that started to occur at -1.50 V could damage the bismuth film, and some
interfering species may be deposited on the electrode at more negative potential.
Therefore, a potential of -0.9 V was chosen as the optimal deposition potential.

The deposition time is the time required for Bi-SPCE to reduce Cd(II)
and Pb(Il) to Cd(Bi) and Pb(Bi) alloys, respectively. It is generally accepted that
lower limits of detection (LODs) can be obtained with longer deposition times
(Castaneda et al., 2005). In Figure 2(c), Cd(II) and Pb(II) peak currents increased
rapidly with deposition times from 60-180 s. For deposition times longer than 180
s, the current responses increased negligibly, so this was considered the longest
practical time for a satisfactory compromise between high sensitivity and short
analytical times. Metal ions were preconcentrated for 180 s in further experiments.

The rotational speed of the stirrer controlled the mass transport behavior
during the preconcentration step, as shown in Figure 2(d). The stripping peak
currents for Cd(II) and Pb(Il) continuously increased with each increment of
rotational speed up to 2000 rpm. Beyond 2000 rpm, peak currents decreased
because the bismuth film may have become mechanically damaged; therefore,
preconcentration was performed at 2000 rpm.

The SWASYV with bismuth film working electrode can simultaneously de-
termine trace amounts of Cd(II) and Pb(II) in real water samples using calibration
graphs. This method was highly sensitive, consumed low amounts of reagent and
sample, and was convenient to operate. It was also able to determine both metals
in water samples at concentrations lower than the detection limits of the standard
FAAS method. In comparison to the FAAS method, the developed voltammetric
method was more sensitive with lower detection limits, less costly, and consumed
fewer chemicals and energy (Roongjang et al., 2014).

The proposed method successfully analyzed real water samples, with re-
covery rates in the range of 86.4 to 110.6%. The results obtained for nine water
samples are summarized in Table 1 and 2. The concentrations of the investigated
metal ions in the Ping River water were very low and should have no environmen-
tal impact. According to the Thailand Pollution Control Department (PCD) Water
Quality Standards, the maximum acceptable concentrations for Cd(Il) and Pb(II) in
drinking water are 10 ug L' and 50 pg L', respectively. The developed method
can be used for monitoring these trace metals in natural water sources. The
proposed Bi-SPCE was more environmentally friendly than the mercury-based
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electrode. Moreover, the screen-printed carbon electrode is conveniently fabri-
cated, less expensive, and can be mass produced, as compared to other carbon
electrodes, such as glassy carbon (Wang et al., 2001a; Kefala et al., 2003), carbon
paste (Krolicka et al., 2002; Svancara et al., 2003), and wax-impregnated graphite
(Kefala et al., 2003).

CONCLUSION

The developed anodic stripping voltammetric method with in situ coated
Bi film on screen-printed carbon working electrode offers a cost-effective and
sensitive alternative analytical method for the simultaneous determination of trace
Cd(II) and Pb(II) in water samples. SPCE, which is an inexpensive, widely available
and disposable material, has been shown to offer comparable performance to more
expensive glassy carbon electrodes for the simultaneous determination of Cd(II)
and Pb(II). In addition, with the low toxicity of bismuth, low background current
and 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.

The developed method provides high sensitivity and low detection limits
compared to standard flame atomic absorption spectrometry (FAAS) (Roongjang
et al., 2014). The developed method was accurate in the range of 86.4 to 110.6%,
as determined from percent recovery of Cd(Il) and Pb(Il). Moreover, the SWASV
method involves inexpensive instrumentation with low operating costs.
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