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Abstract
A new, sensitive platform for the simultaneous electrochemical assay of Zn(II), Cd(II) and Pb(II)
in aqueous solution has been developed. The platform is based on a new bimetallic Hg-Bi/single-
walled carbon nanotubes (SWNTs) composite modified glassy carbon electrode (GCE),
demonstrating remarkably improved performance for the anodic stripping assay of Zn(II), Cd(II)
and Pb(II). The synergistic effect of Hg and Bi as well as the enlarged, activated surface and good
electrical conductivity of SWNTs on GCE contribute to the enhanced activity of the proposed
electrode. The analytical curves for Zn(II), Cd(II) an Pb(II) cover two linear ranges varying from
0.5 to 11 μg L-1 and 10 to 130 μg L-1 with correlation coefficients higher than 0.992. The limits of
detection for Zn(II), Cd(II) are lower than 2 μg L-1 (S/N = 3). For Pb(II), moreover, there is
another lower, linear range from 5 to 1100 ng L-1 with a coefficient of 0.987 and a detection limit
of 0.12 ng L-1. By using the standard addition method, Zn(II), Cd(II) and Pb(II) ions in river
samples were successfully determined. These results suggest that the proposed method can be
applied as a simple, efficient alternative for the simultaneous monitoring of heavy metals in water
samples. In addition, this method demonstrates the powerful application of carbon nanotubes in
electrochemical analysis of heavy metals.

Keywords
Anodic stripping voltammetry; Bimetallic film; Heavy metals; Single-walled carbon nanotubes;
Bismuth

1. Introduction
Heavy elements such as zinc, cadmium and lead are an important group of pollutants that
have been selected as the target for many stripping electroanalytical sensing methodologies
at trace and ultratrace levels [1,2]. Because of the increased industrial use of the metals and
their serious environmental impact, the development of new sensitive methods for
quantifying trace amounts of these metals is required and challenged. These metal ions
frequently coexist in many environmental samples with potential danger to aquatic life,
especially at high levels. In recent years, the determination of potentially toxic metal ions in
environmental samples has been a common concern, and there is growing need for
simultaneous determination of toxic metals [3]. Nowadays, different techniques are used for
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the simultaneous analysis [4-8]. Atomic absorption spectrometry techniques are accepted as
a standard technique for metal determination, as they offers satisfactory sensitivity and fairly
low acquisition cost [4]. However, the techniques usually measure only one element at a
time. Inductively coupled plasma optical emission spectrometry (ICP-OES), on the other
hand, offers multi-element analysis [5], but this technique is not yet extensively used in
underdeveloped countries due to their high implementation and maintenance costs.

Electroanalytical methods offer advantages in analysis of metal ions such as high sensitivity,
selectivity, simultaneous determination, simplicity and relatively low cost [9]. Among them,
electrochemical stripping voltammetry (SV) is the most favorable because it comprises a
variety of electrochemical approaches. It has an effective pre-concentration step and
advanced electrochemical measurements of the accumulated analytes at/in the surface of the
working electrode, allowing quantification of heavy metal ions often at ppb or even ppt
levels [10-13].

Anodic stripping voltammetry (ASV) is the most popular stripping voltammetric method in
trace and multielement analysis for heavy metals [14-17]. For the success of the stripping
operation, the choice of the working electrode is crucial [18]. A great variety of electrode
materials have been reported, such as gold, platinum, silver, mercury, iridium, several
alloys, amalgams and antimony, etc [19-25]. Mercury-based electrodes have been mostly
used for ASV due to superior electroanalytical performance of mercury over other
candidates, despite its toxicity, and difficulties associated with its handling, storage, and
disposal [10,26].

Recently, bismuth-based electrodes have been introduced as a favorable replacement for
mercury electrodes and widely accepted in numerous electrochemical laboratories. Several
configurations have been developed, including in situ, and ex situ bismuth film electrode
(BiFE) [6,8], bismuth bulk electrode (BiBE) [7,27], bismuth powder modified carbon paste
electrode (Bi-CPE) [28], and a Bi2O3 modified carbon paste electrode [29]. These electrodes
possess behavior similar to the mercury electrode. However, there are limitations with Bi
electrodes such as comparably high detection limits in some cases and additional polishing
step of the carbon surface [30,31]. Current work prepared a bimetallic Hg-Bi film for the
first time, which combines the advantages from both mercury and bismuth to improve the
performance of the electrode, especially for stripping analysis.

Carbon nanotubes (CNTs) have been shown to possess potential for heavy metal analysis
due to their strong sorption properties, high electrical conductivity, high surface area,
significant mechanical strength, and good chemical stability [32]. The presence of CNTs on
the electrode surface enhances the electrochemical activity of the electrode. In the current
work, single-walled carbon nanotubes (SWNTs) are combined with bimetallic Hg-Bi to
make Hg-Bi/SWNTs composite on a glassy carbon electrode. Studies show that such a new
Hg-Bi/SWNTs composite modified electrode offers remarkably improved voltammetric
behavior for stripping measurements of Zn(II), Cd(II) and Pb(II) in aqueous solution and in
a river water sample. To our best knowledge, this is the first report on the preparation of the
bimetallic Hg-Bi film and the application of such a bimetallic Hg-Bi/SWNTs composite
electrode in the simultaneous determination of the metals in river samples.

2. Experimental
2.1. Apparatus and chemicals

All voltammetric measurements were preformed using a modulated potentiostat (CHI 650a,
CH Instruments, Inc). A three-electrode configuration consisted of a Hg-Bi/SWNTs
modified glassy carbon electrode, Ag/AgCl, and a platinum wire (CH Instruments, Inc) as
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working, reference and counter electrodes, respectively. Acetic acid (HAc, glacial, 99.9%,
Fisher), sodium acetate (NaAc, anhydrous, Certified ACS, Sigma-Aldrich), potassium
chloride (KCl, 100%, Mallinckrodt), cadmium acetate (Cd2Ac-3H2O, Certified ACS,
Fisher), and lead nitrate (Pb(NO3)2, Certified ACS, Fisher) were used as received. Hg(II),
Bi(III) and Zn(II) AA standard solution (1000 mg L-1, Aldrich) were diluted prior to use.
SWNTs (<2 nm diameter) were purchased from Shenzhen Nanotech Port Ltd. Co. (China).
The buffer solution (pH 6.0) contained 0.1 M KCl and 0.1 M NaAc/HAc. The buffer
solution (pH 4.5) was prepared by mixing 0.1 M NaAc and 0.1 M HAc. Pb(II), Cd(II), and
Zn(II) standards with different concentrations were prepared by diluting the appropriate
amount of stock solution in electrolytes. All aqueous solutions were prepared in ultrapure
water (>18 MΩ).

SWNTs of a certain mass were dispersed in 30% HNO3 and then refluxed for 24 h at 140 °C
to obtain carboxylic group-functionalized SWNTs. The resulting suspension was
centrifuged, and the sediment was washed with deionized water until the pH reached 7.0.
Then, the oxidized SWNTs were dispersed in deionized water to a concentration of 0.5 mg
mL-1.

2.2. Electrode modification with Hg-Bi/SWNTs
A glassy carbon electrode (GCE, 3 mm diameter, CH Inc) was polished to a mirror like
surface using a standard electrode polishing kit (CH Instruments) including a 1200 grit
Carbimet disk, 1.0 and 0.3 μm alumina slurry on a nylon cloth, and 0.05 mm alumina slurry
on a microcloth polishing pad. After successive sonication in deionized water, ethanol (95%,
Decon Laborataries, Inc, USA), and deionized water, 3.2 μL of 0.5 mg mL-1 caroxylic
group-functionalized SWNTs solution was dropped on the pretreated GCE and dried in N2
flow. Before the formation of Hg-Bi film, the SWNTs-coated GCE was then immersed in
0.1 M NaAc/HAc (pH 4.5) solution containing 100 mg L-1 of a mixture of Hg and Bi (4:1)
ions for 4 min under stirring. Right after that, the ex-situ codeposition of Hg and Bi was
performed at -1.0 V for 2 min under stirring. After carefully rinsing with deionized water,
the obtained Hg-Bi/SWNTs/GCE was used for subsequent assays, and the electrode was
used for many times. The process is simpler than the common, in-situ Bi or Hg film
deposition, which has to be removed and redeposited after each detection [33].

2.3. Sample preparation
River samples were collected in polypropylene bottles from the Emory River, in Harriman,
Tennessee, USA, and obtained shortly after the contamination from a massive coal fly ash
spill [34]. Prior to analysis, the river samples from three locations of the river were mixed
and acidified by 3% nitric acid. Afterwards, the samples were filtered and stored in a freezer
and the sample was diluted before use. 0.1 M acetate buffer solution (pH 6.0) was prepared
with the pretreated river water and used as river samples for the determination of Zn(II),
Cd(II) and Pb(II), where the pH was then adjusted to 6.0 with a KOH (86.6%, Fisher, USA)
solution. Standard additions of Zn(II), Cd(II) and Pb(II) were added, individually, to the
river water, to a total volume of 20 mL. Zn(II) additions ranged from 0 to 12 μg L-1, Cd(II)
from 0 to 2 μg L-1 and Pb(II) from 0 to 5 μg L-1.

2.4. Analytical procedure
For ASV experiments, 20 mL of standard solutions were used without deaeration.
Convective accumulation of Zn (II), Cd(II) and Pb(II) on the Hg-Bi/SWNTs/GCE was
carried out at a deposition potential of -1.3 V under stirring for 5 min. After the
accumulation time, the anodic voltammetric measurements were registered in the quiescent
solution by square wave voltammetry (SWV) with frequency of 15 Hz, step potential of 4
mV and amplitude of 25 mV. The potential sweep was ended at -0.3 V (vs Ag/AgCl). The
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SWV scan started immediately upon completion of the accumulation time. No resting period
was used between the accumulation and stripping steps. Stirring at high speed was required
during the accumulation process but was stopped at the end of the quiet period for the
stripping step. Between measurements, an electrochemical pre-cleaning step was applied in
0.1 M NaAc/HAc solution containing 0.1 M KCl at -0.3 V for 60 s, to guarantee the efficient
removal of Zn (II), Cd (II) and Pb (II).

3. Results and discussion
3.1. Electrochemical characterization and surface morphological study of different
electrodes

Fig. 1 shows the impedance measurements for bare GCE as well as GCE modified with Hg-
Bi, Hg/SWNTs, Bi/SWNTs and the bimetallic Hg-Bi/SWNTs composites, respectively. The
bare GCE showed the highest impedance, and the Hg-Bi coating on the surface of GCE
decreased the impedance, demonstrating a favorable coating for electron transfer over bare
GCE. The presence of SWNTs greatly improved the electron transfer of the electrode,
leading to much lower impedances, indicating the good conductivity of SWNTs. The
stripping signal of the electrode towards the metals of interest may be enhanced due to
improvement in electron transfer on the modified electrode surface (Fig. 2A). No obvious
difference was found among the electrodes modified with Bi/SWNTs, Hg/SWNTs and Hg-
Bi/SWNTs composites. At this stage, the surface morphology of the electrode plays a
primary role in the detection of analytes. Fig. S1 displays the surface morphologies of
electrodes modified with Hg-Bi (Fig. S1a), Bi/SWNTs (Fig. S1b), Hg-SWNTs (Fig. S1c)
and Hg-Bi/SWNTs (Fig. S1d). The Hg-Bi film was not stable on the bare GCE surface, and
easily came off the electrode surface. Bi/SWNTs/GCE showed the coarsest surface, which
may affect the performance of the electrode. In comparison, the bimetallic Hg-Bi/SWNTs/
GCE displayed a uniform and smooth surface, and was thus favorable for the stripping
detection of Zn(II), Cd(II) and Pb(II). The bimetallic Hg-Bi/SWNTs/GCE was subsequently
used for simultaneous stripping detection of Zn(II), Cd(II) and Pb(II).

3.2. Electrochemical behavior of Zn(II), Cd(II) and Pb(II) at bimetallic Hg-Bi/SWNTs/GCE
The anodic stripping voltammetric technique is known to be one of the most sensitive
techniques in the electroanalysis of trace metals. It involves two steps for the detection of
Zn(II), Cd(II) and Pb(II): (i) accumulation of three metals at an optimized potential for a
certain duration of time and (ii) anodic stripping of accumulated three metals. The anodic
stripping signal has been used to monitor the concentration of Zn(II), Cd(II) and Pb(II) in
solution. Fig. 2B shows the anodic stripping peaks of Zn(II) at -1.08 V, Cd(II) at -0.68 V
and Pb(II) at -0.52 V in a 0.1 M pH 6.0 NaAc/HAc solution containing 0.1 M KCl at
different electrodes examined in this work. The bare GCE did not show good peak shapes
for three metals. The bimetallic Hg-Bi/GCE (Fig. 2Bc) exhibited the enhanced stripping
peaks for Zn(II), Cd (II) and Pb (II) due to the conductive coating on the electrode surface.
In the presence of SWNTs, the ASV behaviors of Bi/SWNTs/GCE, Hg/SWNTs and Hg-Bi/
SWNTs/GCE are compared in Fig. 2Bb, d and e An obvious negative peak potential shift
and wide peak shape at Bi/SWNTs/GCE were observed with slightly higher response to
three metals than that obtained by bare GCE (Fig. 2Ba). In the presence of SWNTs, the
improvement in stripping peak signals of Zn(II), Cd (II) and Pb (II) were observed at both
the Hg (Fig. 2Bd) and Hg-Bi film (Fig. 2Be) coated GCE. However, best the stripping peak
currents of Zn(II), Cd (II) and Pb (II) were observed at bimetallic Hg-Bi/SWNTs/GCE,
suggesting a synergistic effect of Hg-Bi/SWNTs composite. The composite provides an
advantageous and high-performance platform for the sensing of Zn(II), Cd (II) and Pb (II).
These results agreed well with the impedance results and surface morphologies of the
electrodes discussed earlier.
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3.3. Optimization of experimental conditions
In order to obtain the best voltammetric behavior of the bimetallic Hg-Bi/SWNTs composite
electrode towards Zn(II), Cd(II) and Pb(II), several parameters including KCl concentration,
the mass ratio of Hg to Bi, the concentration of Hg and Bi, the amount of SWNTs, the quiet
time before codeposition of Hg and Bi, the deposition potential and time and the
preconcentration time of Zn(II), Cd(II) and Pb(II) were examined in detail (Fig. 3).

3.3.1. Effect of KCl concentration—The KCl concentration plays an important role in
the electron transfer on the electrode surface, and was thus first optimized. As shown in Fig.
3A, the peak currents of three metals increased with the increasing KCl concentration, which
could be explained by the increasing electron transfer speed resulting from the increasing
ionic strength. No obvious change in the peak current was observed, when KCl
concentration was higher than 0.1 M, so the 0.1 M KCl was chosen as the optimal for the
subsequent assay.

3.3.2. Effect of the mass ratio of Hg to Bi—The mass ratio of Hg and Bi in the
bimetallic film has a large impact on the contribution of the synergistic effect of the two
metals to the enhanced activity of Hg-Bi/SWNTs composite electrode. Fig. 3B shows the
difference in detection behavior of Hg-Bi/SWNTs composite electrode prepared with the
different ratio of Hg to Bi. The increasing ratio increased the peak currents of Zn (II), Cd(II)
and Pb(II). The highest response was observed at Hg /Bi ratio of 4:1. Further increase in the
ratio made the response of the composite electrode decrease As mentioned in Fig. 2, Hg-Bi/
SWNTs composite electrode showed higher response than either Hg/SWNTs or Bi/SWNTs
electrode, indicating the synergistic effect contributed to the improved behavior of the
proposed electrode for the detection of Zn (II), Cd(II) and Pb(II). Moreover, low content of
Bi in the bimetallic film could improve the electrode performance, but higher Bi content had
negative effect on the performance for the metal detection. The Hg/Bi ratio of 4:1 was used
as the optimal one for the subsequent assay.

3.3.3. The concentration of Hg and Bi ions and the SWNTs amount—Both the
concentration of Hg(II)/Bi(III) ions and the amount of SWNTs have profound effect on the
electrochemical response of the Hg-Bi/SWNTs/GCE. The concentration of Hg(II)/Bi(III)
ions controlled the thickness of the bimetallic film. As shown in Fig. 3C, the peak heights of
Zn(II), Cd(II) and Pb(II) displayed a clear dependence on the bimetallic Hg/Bi film
thickness as they increased with increasing concentrations of Hg(II)/Bi(III) ions from 1.0 to
250 mg L-1 However, for Hg/Bi concentrations higher than 100 mg L-1, the stripping peak
current of Zn(II) slightly decreased, but no obvious decrease in peak currents of Cd(II) and
Pb(II) was found. Therefore, the optimized concentration of Hg/Bi was chosen as 100 mg
L-1.

The presence of SWNTs with enlarged, activated surface and good electrical conductivity on
GCE also contributes to the enhanced activity of the Hg-Bi/SWNTs composite electrode
(Fig. 3D). It was found the increasing SWNTs amount dramatically increased the peak
currents of Zn(II), Cd(II) and Pb(II), which was because the crease in SWNTs amount
enlarged the electrode surface and enhanced the electron transfer on the electrode surface.
When the amount was more than 3.2 μL, no obvious change in the peak currents was found,
due to the saturation of active sites on the electrode surface. In comparison with the reports
in literature [2], this proposed method offered an additional unique advantage of using Hg-
Bi/SWNTs composite electrode in that providing the electrode with higher sensitivity for
Zn(II), Cd(II) and Pb(II) detection.
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3.3.4. Quiet time before codeposition of Hg and Bi—Under the deposition pH of
4.5, which is near to the pKas of most carboxylic acids, the electrostatic interaction will
occur between the negatively charged carboxylic group-functionalized SWNT and the
Hg(II) and Bi(III) ions in the deposition solution. So setting a quiet time before the
codeposition of Hg and Bi was favorable for the good distribution of Hg and Bi ions on the
surface of SWNTs, which is helpful for the formation of good surface morphology of Hg-Bi
film. As shown in Fig. 3E, longer quiet time could give rise to a higher peak current, which
is because longer quiet time could lead to a good distribution of Hg and Bi ions on the
surface of SWNTs, resulting in the formation of a high-quality Hg-Bi film. The highest peak
currents for Zn(II) and Pb(II) were found when the quiet time was 300 s, while a quiet time
of 240 s was found to give the highest peak current for Cd(II). Considering the lowest
response of the proposed electrode towards Cd(II), 240 s was used as the optimal quiet time
for the codeposition of Hg and Bi.

3.3.5. Deposition potential and time of Hg and Bi—Effects of the deposition
potential and time of Hg and Bi on the surface of SWNTs/GCE on the Zn(II), Cd(II) and
Pb(II) stripping responses were also investigated. From -0.9 to -1.1V, the effect of the
deposition potential on the stripping signal was explored (Fig. 3F). The best stripping signal
was obtained at -1.0 V. A more negative or positive deposition potential than -1.0 V was
found to decrease the stripping signal of the target metals. This might be assigned to the
incomplete reduction of Hg and Bi at a more positive potential and the reduction of
hydrogen at a more negative potential, which may weaken the stripping behavior of the Hg-
Bi/SWNTs composite electrode towards Zn(II), Cd(II) and Pb(II) by affecting surface
morphology of Hg/Bi film.

The relationship between the stripping signal of the three metals and the deposition time of
Hg and Bi at -1.0 V on SWNTs/GCE was also studied (Fig. S2). The peak currents increased
proportionally with time between 30 and 120 s. The curves went down at deposition time
longer than 120 s. This was probably because a longer deposition time would increase the
thickness of the Hg-Bi film. Therefore, the deposition potential and time of -1.0 V and 120 s
were used for the following assays.

3.3.5. Preconcentration time of Zn (II), Cd(II) and Pb(II) before stripping—The
preconcentration of Zn (II), Cd(II) and Pb(II) was carried out under the potential of -1.3 V.
The effect of the preconcentration time in the range from 60 to 420 s was studied (Fig. S3).
The increase of the peak current was in proportion to the increasing preconcentration time
between 60 to 300 s. It may be attributed to the enhanced accumulation of the metals on the
electrode surface. The curve was found to level off for the three metals when the
preconcentration time was longer than 300 s, indicating a saturation of the available
electrode surface sites for the deposition of Zn(II), Cd(II) and Pb(II). It is supposed that no
more metals ions can be deposited once the three metals cover the entire Hg-Bi/SWNTs/
GCE surface.

4. Analytical performance for the detection of Zn(II), Cd(II) and Pb(II)
Under the optimized chemical and electrochemical variables, the Hg-Bi/SWNTs/GCE was
applied for the simultaneous determination of Zn(II), Cd(II) and Pb(II) by SWASV. The
SWASV results for different concentrations of Zn(II), Cd(II) and Pb(II) in 0.1 M acetate
solution containing 0.1 M KCl were illustrated in Figs. 4, 5 and 6. The analytical curves for
all three metals covered two linear ranges varying from 0.5 to 11 μg L-1 and 10 to 130 μg
L-1 with correlation coefficients higher than 0.992. In the concentration range from 0.5 to 11
μg L-1 (Fig. 4a and b), the calibration plot was well linear up to 11 μg L-1 for all three
metals, and the detection of limits (LOD) of 0.23 μg L-1 for Zn (II), 0.076 μg L-1 for Cd(II),
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and 0.18 μg L-1 for Pb(II) were obtained based on a signal-to-noise ratio equal to 3 (S/N =
3). In the concentration range from 10 to 130 μg L-1 (Fig. 5a and b), the good linear
calibration plot was also found up to 130 μg L-1 for all three metals with LODs of 2 μg L-1

for Zn(II), 0.98 μg L-1 for Cd(II) and 1.3 0.98 μg L-1 for Pb(II). Moreover, a lower linear
range of Pb(II) from 5 to 1100 ng L-1 was achieved with a coefficient of 0.987 and a LOD of
0.12 ng L-1 (Fig. 6a and b). Such a high sensitivity and low LOD obtained is most likely
ascribed to the synergistic effect of Hg-Bi/SWNTs composite. Table 1 summarizes the
calibration curves, the correlation coefficients and LODs of the tree analyte ions, indicating
that the bimetallic Hg-Bi/SWNTs constructs a high-performance platform for the sensing of
Zn(II), Cd(II) and Pb(II). Our results demonstrate that the proposed Hg-Bi/SWNTs
composite is reliable for the detection of all three metals at ppb, even ppt level, which is
expected to be used for real samples analysis.

5. Interference studies
In the SWASV determination of Zn(II), Cd(II) and Pb(II), interferences may come from the
codeposition of foreign ions, occupying the active sites supposed to be for analyte ions on
the electrode surface. Thus foreign ions were tested to evaluate the possible interference
with the simultaneous detection of 10 μg L-1 Zn(II), Cd(II) and Pb(II) in the 500-fold mass
ratio of interferent to analyte under the optimized method (Table 2). For this task, the peak
current decrease was used for the interference investigation. The results indicated that
Ru(III) and Rh(III) showed the obvious influences on the signals of Zn(II), Cd(II) and
Pb(II). The foreign ion was considered as interferent when it caused a change at ca. 10% in
regards to the response of the analyte signal alone. As verified, the interference was
observed for the signal of Zn(II). No obvious interferences were found for the detection of
Cd(II) and Pb(II) by the other foreign ions. The interferences possibly came from two
aspects: competition between analytes and interferent ions for the sites of the Hg-Bi/SWNTs
composite and intermetallic compound formation. Despite the interference, for practical
analysis, applying standard addition method in simultaneous determination of Zn(II), Cd(II)
and Pb(II) eliminated the interferences as demonstrated by a successful analysis of a
contaminated river water discussed below.

6. Analysis of river water samples
To further demonstrate the practicality of the present electrode, it was evaluated by the
application in the simultaneous determination of Zn(II), Cd(II) and Pb(II) in contaminated
river samples using standard addition method (Table 3). The stripping signals of Zn(II),
Cd(II) and Pb(II) were all observed with Hg-Bi/SWNTs/GCE. The original concentrations
of Zn(II), Cd(II) and Pb(II) in the river samples were tested to be 15.9±1.4 μg L-1, 1.51±0.48
μg L-1, and 5.55±0.65 μg L-1, respectively, which were confirmed by means of comparison
with the data from ICP-OES. A difference of 7.4% for Zn(II), 11.8% for Cd(II), and 0.5%
for Pb(II) and good recoveries (higher than 98.2%) were obtained, indicating that the
proposed method was highly accurate, precise and reproducible. It can be used for direct
analysis of relevant real samples.

7. Conclusions
In this work, a high-performance and sensitive platform for the stripping analysis of Zn(II),
Cd(II) and Pb(II) has been successfully built. This platform is based on a bimetallic Hg-Bi/
SWNTs composite. Bimetallic Hg/Bi is homogenously distributed in the surface of SWNTs
forming a smooth and uniform film. The preparation and optimization of a bimetallic Hg-Bi/
SWNTs composite are well studied. Such a composite film greatly facilitates the electron-
transfer processes and the sensing behavior for Zn(II), Cd(II) and Pb(II) detection, leading to
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a remarkably improved stripping behavior over either mercury- or bismuth film-based
electrodes. The resulting chemical sensor exhibits good applicability for the detection of
Zn(II), Cd(II) and Pb(II) in contaminated river samples collected from Emory River,
Harriman, Tennessee, USA.
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Fig. 1.
Impedances measurements of 5 mM [Fe(CN)6]3-/4- at bare GCE, Hg-Bi/GCE, Bi/SWNTs/
GCE, Hg/SWNTs/GCE and Hg-Bi/SWNTs/GCE in 0.1 M KCl.
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Fig. 2.
(A) Schematic illustration of the detection behaviors of bare GCE (a), Hg-Bi/GCE (b) and
Hg-Bi/SWNTs/GCE (c) towards Zn (II), Cd(II) and Pb(II). (B)Voltammetric behaviors of a)
bare GCE, b) Bi/SWNTS/GCE, c) Hg-Bi/GCE, d) Hg/SWNTs/GCE and e) Hg-Bi/SWNTs/
GCE towards 100 μg L-1 Zn (II), Cd(II) and Pb(II) in 0.1 M NaAc/HAc containing 0.1 M
KCl (pH 6.0).
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Fig. 3.
Effect of (A) KCl concentration, (B)the mass ratio of Hg to Bi, (C) Hg/Bi concentration, (D)
quiet time before codeposition of Hg and Bi, (E) quiet time before codeposition of Hg and
Bi, and (F) the deposition potential of Hg and Bi on the stripping signal of 100 μg L-1 Zn
(II), Cd(II) and Pb(II) in 0.1 M NaAc/HAc (pH 6.0). The experimental parameters for (A)
are Hg:Bi ratio: 2:1, Hg/Bi concentration: 50 mg L-1, SWNTs amount: 2.0 μL, quiet time
before Hg/Bi deposition: 120 s, deposition potential: -1.1 V, Hg/Bi deposition time: 60 s,
preconcentration time: 240 s. The followings used the optimized parameters obtained. Error
bar: n = 3.
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Fig. 4.
(A) Stripping performance and (B) the corresponding calibration plots of Hg-Bi/SWNTs/
GCE towards Zn (II), Cd(II) and Pb(II) at different concentrations (from a to h: 0.5, 1, 3, 5,
7, 9, and 11 μg L-1, respectively). Error bar: n = 3.
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Fig. 5.
(A) Stripping performance and (B) the corresponding calibration plots of Hg-Bi/SWNTs/
GCE towards Zn (II), Cd(II) and Pb(II) at different concentrations (from a to h: 0, 10, 30,
50, 70, 90, 110, and 130 μg L-1, respectively). Error bar: n = 3.
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Fig. 6.
(A) Stripping performance and (B) the corresponding calibration plots of Hg-Bi/SWNTs/
GCE towards Pb(II) at different concentrations (from a to i: 0, 5, 50, 100, 300, 500, 700,
900, and 1100 ng L-1, respectively). Error bar: n = 3.
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Table 1

Summary of calibration curves, the correlation coefficients and LODs of Zn(II), Cd(II) and Pb(II) at Hg-Bi/
SWNTs/GCE.

Concentration range Ions Calibration curve R2 LOD (μg L-1)

Zn(II) y = -2.28 × - 0.15 0.999 ± 0.005 2.0 ± 0.07

10∼130 μg L-1 Cd(II) y = -0.64 × - 0.03 0.992 ± 0.004 0.98 ± 0.02

Pb(II) y = -1.16 × - 0.03 0.992 ± 0.004 1.3 ± 0.09

Zn(II) y = -2.35 × - 0.04 0.998 ± 0.002 0.23 ± 0.004

0.5∼11 μg L-1 Cd(II) y = -0.41 × - 0.03 0.995 ± 0.001 0.076 ± 0.002

Pb(II) y = -1.15 × - 0.90 0.999 ± 0.006 0.18 ± 0.006

5∼1100 ng L-1 Pb(II) y = -8.57 × - 1.75 0.987 ± 0.003 0.12 (ng L-1) ± 0.005

Note: y and x refer to the peak current and concentration of the anayte metal, respectively.

Error bar: n = 3
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