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An ultrasensitive electrochemical method for simultaneous determination of lead and cadmium was first
developed using the novel bismuth-Nafion-medical stone doped disposable electrode (an improved wax-
impregnated graphite electrode). Through the synergistic sensitization effect of the resulting composite
material, the disposable electrode showed remarkable electrochemical responses to lead and cadmium.
The oxidation of the two metals produced two well-defined and separated square wave peaks at about
—0.62V for Pb2* and —0.85V for Cd?*, respectively. The effects of the amount of medical stone, concen-

gffgﬁfﬁg tration of Nafion, thickness of bismuth, pH of buffer solution, deposition potential, accumulation time,
Nafion voltammetric measurement and possible interferences were investigated in detail. Under the optimal

conditions, the fabricated electrode exhibited linear ranges from 2.0 to 12.0 pgL~! with detection limit
of 0.07 pgL~! for lead and 2.0-12.0 pgL~! with detection limit of 0.47 ugL-! for cadmium. The assay
results of heavy metals in wastewater with the proposed method were in acceptable agreement with the
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atomic absorption spectroscopy method.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Lead or cadmium is one of the most serious environmental
contaminants [1], which are highly toxic to nervous, immune,
reproductive and gastrointestinal systems of both humans and
animals [2,3]. So the development of highly sensitive method for
determining trace amounts of lead and cadmium has received
considerable attention. Over the past decades, many techniques
have been employed for the determination of heavy metals. The
typical methods for the simultaneous detection of metal ions are
inductively coupled plasma-mass spectrometry [4], X-ray fluores-
cence spectrometry [5] and atomic absorption spectrometry (AAS)
|6]. However, these methods need expensive and complex instru-
ments. Due to its low cost, high sensitivity, easy operation and the
ability of analyzing element speciation, anodic stripping voltam-
metry (ASV) has become one of the most favorable electrochemical
techniques for the determination of heavy metal ions [7]. In ASV,
the traditional working electrode for simultaneous voltammetric
determination is general hanging drop mercury electrode [8,9].
However, the toxicity of the Hg is undesirable for disposable in
situ sensing applications [10]. Thus it is very necessary to develop
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a sensitive and non-toxic electrode for the determination of heavy
metals.

Bismuth-film electrodes (BiFEs) have been proved to offer com-
parable performance to mercury electrode in ASV [11-19]. BiFEs,
owning all the advantages of mercury electrodes, are environ-
mentally friendly due to its negligible toxicity. Compared to the
performance of mercury electrodes, BiFEs are less sensitive to
dissolved oxygen and have a wide potential window for electro-
chemical analysis. However, various surfactants in real samples
can be adsorbed on the surface of BiFEs, which will result in seri-
ous interference and bad analytical performance [20]. Electrode
modified with a permselective Nafion membrane can decrease this
interference and improve the mechanical stability of bismuth film
[21]. The cation-exchange property of Nafion allows the precon-
centration of cationic target analytes and the exclusion of anionic
interferents. Therefore, Nafion has been used as coating polymer
especially for trace metal speciation studies [22-29].

Medical stone is a kind of compound minerals with innocuous
characteristic, which contains many metal elements such as Ca, Mg,
Si, Al, Fe, K, Na, lanthanon, radioelement and so on. The material is
widely used in medical care, food, antisepsis and decontamination
fields. It can absorb or dissolve some substances such as metal ions
and adjust pH of the solution. The porous medical stone with 10 nm
aperture (see Fig. 1) has huge specific surface area and can be used
as an excellent absorbent, which can accumulate more analytes
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Fig. 1. TEM image of nano-aperture medical stone.

onto the electrode surface and improve the analysis sensitivity.
As far as we know, the medical stone has been seldom used as a
sensitized electrode material at present.

Disposable electrode was often modified with different materi-
als for determining many kinds of analytes [30-37]. Here, a novel
in situ bismuth-Nafion-medical stone doped disposable electrode
was proposed. The fabricated electrode with high selectivity and
sensitivity is stable, convenient and inexpensive, which can be suc-
cessfully used for ASV detecting Pb2* and Cd2* in the real waste
water sample.

2. Experimental
2.1. Reagents and solutions

Medical stone was provided by cooperator in Japan. Crystalline
flake graphite and paraffin oil were from Shanghai Reagent Corpo-
ration (China). Stock solution of 100 mgL~! Bi3*, Pb%* and Cd%* was
prepared by dissolving Bi(NO3 )3-5H, 0, Pb(NO3 ), and CdCl,, respec-
tively. Unless otherwise stated, 0.10 mol L-! sodium acetate buffer
solution (pH 4.5) served as the supporting electrolyte. All reagents
were of analytical grade and used without any further purification.
Each electrochemical experiment was carried out at room temper-
ature. All solutions were prepared with distilled water.

2.2. Apparatus

CHI760D electrochemical workstation (Shanghai CH Instru-
ments, China) was used for all the electrochemical measurements.
A conventional three-electrode system was used throughout the
experiments, including a bismuth-Nafion-medical stone doped
disposable electrode (BINMSDE) used as working electrode, a plat-
inum wire counter electrode and a saturated calomel electrode
used as the reference. All potentials mentioned in this work refer
to the reference electrode. A magnetic stirrer (Model 90) was used
to stir the testing solution during the preconditioning and pre-
concentration steps. The pH measurements were carried out with
a pHS-25 pH-meter (Shanghai Leici Instrument Plant, China) at
room temperature. Structural observation of medical stone was
performed in Philips Tecnai 12 transmission electron microscope
(Netherlands). The model surveyor apparatus used in this study was
a Zeeman electrothermal AAS (PerkinElmer, Spectra AAnalyst 800)
with the hollow cathode lamps (A =283.3 nm, bandwidth 0.5 nm
for Pb and A =228.8 nm, bandwidth 0.5 nm for Cd). The spectrom-

eter’s graphite tubes were designed with an integrated platform.
Preconcentration and determination of Pb2* and Cd2* by GF AAS
via chemically modified silica gel N-(1-carboxy-6-hydroxy) ben-
zylidenepropylamine ion exchanger.

2.3. Fabrication of electrodes

BINMSDE was prepared according to the following proce-
dure. First, a disposable electrode composed of prepreg substrate
and copper foil was fabricated by automatic vacuum laminating
machine. Prior to pressing, prepreg substrate (Fig. 2A-b), cop-
per foil (Fig. 2A-c) and heat-resistant plastic film as an auxiliary
material (Fig. 2A-a) were lapped together into a panel (Fig. 2A).
They were put into a pressing instrument after many panels were
accomplished (Fig. 2B). When the pressing process finished, the
heat-resistant plastic film was removed and the panel was cut into
many pieces. Each piece was drilled with a 1.0 mm hole in diame-
ter at one end and a 5.0 mm hole at the other end (Fig. 2C). Second,
the doped disposable electrode was prepared by mixing the crys-
talline flake graphite, medical stone and paraffin liquid with an
appropriate mass ratio of 140/1/60. Followed, they were uniformly
ground in a mortar by pestle and then a proper portion of the result-
ing paste was packed firmly into the hole of 5.0 mm in diameter
and smoothed by spatula, and the other hole was connected with
conducting wire (Fig. 2D). After the step of stuffing, the medical
stone doped disposable electrode (MSDE) was coated with Nafion
with different concentration, resulting in a Nafion modified MSDE
(NMSDE). The fabrication process of undoped disposable electrode
(DE) was the same as that of MSDE only without medical stone.
Third, The BINMSDE was formed by in situ depositing bismuth film
on the NMSDE in analyte solution containing Bi3* at —1.2V for a
defined period of time under stirred conditions followed by a 5s
rest period, which can be seen in Fig. 2E.

2.4. Analytical procedure

Stripping voltammetric measurements were performed in
0.10mol L~ pH 4.5 sodium acetate buffer solution, if not stated
otherwise. The metal ions in the buffer solution were preconcen-
trated at —1.2 V with stirring. After a 5s equilibration period, the
voltammograms were recorded by applying a positive-going SWV
potential scan from —1.4 to —0.4V (50 mV potential amplitude,
50Hz frequency, 8 mV step potential and 5 min deposition time).
A 205 conditioning step at +0.4 V (with solution stirring) was used
to remove the target metals and the bismuth film before the next
cycle. The wastewater sample was supplied from a sewage treat-
ment plant in Yangzhou and filtered through a 0.22 um membrane
(Millipore). The sample was diluted with 0.1 mol L~ pH 4.5 acetate
buffer solution before determination.

3. Results and discussion
3.1. Voltammetric characterization of different electrode

Fig. 3 shows the square wave anode stripping voltammograms
(SWASVs) of 10.0 pgL~! Pb?* and 100.0 pwgL-! Cd?* at DE, MSDE,
NMSDE and BINMSDE. The response of the DE (curve 1) is poor
with two small peaks. However, the signal of the MSDE (curve 2)
is remarkably enhanced than that at the DE, which can be inter-
preted as that the medical stone can effectually increase the rates
of metal ions preconcentration from aqueous solution to the sur-
face of the electrode by ion exchange and adsorption. As can be seen
from curve 3, the peak currents of lead and cadmium at the NMSDE
are more intense than that at the MSDE. This can be attributed to
the Nafion film for efficient accumulation of Pb?* and Cd?* close to
the electrode surface. Curve 4 represents that the peak currents of
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Fig. 2. Detailed fabrication process of bismuth-Nafion-medical stone doped disposable electrode and three-electrode system. The a, b and ¢ in A means heat-resistant plastic

film, prepreg substrate and copper foil, respectively.

Pb2* and Cd?* at the BINMSDE are higher than that at the NMSDE,
which clearly confirms that the bismuth film is essential to the effi-
cient metal ions deposition. On the contrary, the oxidized species
at the NMSDE were able to diffuse away from the electrode before
significant replating occurs [38].

3.2. Optimization of the modified electrode

In order to perform the simultaneous determination of the two
metal ions in real samples, the key parameters which especially
influence the electroanalysis have to be optimized. The parame-
ters including amount of medical stone, concentration of Nafion,
thickness of bismuth, pH of buffer solution, deposition potential,
accumulation time and voltammetric measurement were investi-
gated, respectively.

3.2.1. Amount of medical stone

The effect of the amount of medical stone within the MSDE was
evaluated (Fig. 4A). Medical stone as modifier can greatly improve
the sensitivity of determination, which is due to the nano-aperture
structure and ion exchange characteristic of the medical stone.
Therefore, more Pb%* and Cd?* were accumulated on the MSDE
surface. The peaks intensity increased with the amount of modi-
fier increasing, because the concentration of medical stone on the
surface of the doped electrode increased correspondingly. At 5% of
medical stone, relative to the mass of compound (crystalline flake
graphite, medical stone and paraffin liquid), the largest peak cur-
rent was obtained. However, the continuous increase of the amount
of modifier caused a decrease of peak current, because excessive
medical stone may result in the decrease of conductivity of the
doped electrode. So the best ratio of the modifier in compound
composition was 5% (w/w).
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Fig. 3. SWASVs of 10.0 ugL~! Pb?>* and 100.0 pgL~! Cd?* in 0.1molL~! pH 4.5
sodium acetate buffer solution at the different electrodes. Curves (1) DE, (2) MSDE,
(3) NMSDE and (4) BINMSDE. Deposition potential: —1.2 V; accumulation time: 60 s.

3.2.2. Concentration of Nafion

The chemically modified electrodes prepared by drop coat-
ing of 3.0 uL of coating solution containing different wt% Nafion
(0.2-0.8%) were examined under identical experimental condi-
tions. Fig. 4B shows the effect of the thickness of the Nafion film
on the SWASV responses of the electrode towards Pb?* and Cd2*. It
can be seen that at the beginning the peak current of the metal ions
increased and reached a maximum at 0.5% Nafion concentration
and a large decline in sensitivity has been observed at the further
increase of the Nafion thickness. This is in accord with earlier report
[22]. This phenomenon can be explained by the fact that thick
Nafion film displayed large cracks due to contractive force within
the film. Through these openings in the polymer structure the oxi-
dized species can diffuse away from the electrode surface before
significant replating occurs so that the redox cycling mechanism is
impeded [25].

3.2.3. Thickness of bismuth

The thickness of the bismuth film could be controlled by vary-
ing the Bi3* concentration in the sample, which had a profound
effect on the electrochemical responses of the modified electrodes.
High concentration of Bi3* did not affect the peak position of Pb2*
and Cd?* but influenced the stripping currents of Pb2* and Cd%*.
The stripping currents of Pb%* and Cd2* rapidly increased with
the concentration of Bi3* increasing from 50 to 200 pgL~! and
then decreased at the concentration of Bi3* more than 200 pgL-!
(Fig. 4C). This may be attributed to the formation of bismuth multi-
layers on the electrode surface at high concentration of Bi3*, which
is not favorable for metal ions diffusing out of the bismuth film
during the stripping step [39].

3.2.4. pH of buffer solution

The effect of pH of buffer solution on the electrochemical
responses of Pb2* and Cd?* was also studied. Fig. 4D shows that
the optimal pH range for the determination of the two metal ions
is between pH 3.6 and 5.3. Under pH 4.5 the smaller response of
the BINMSDE can be interpreted with the competition between
the analytes and the hydrogen ions for the ion-exchange sites on
the surface of BINMSDE. The pH dependence of the voltammet-
ric responses also suggest that the electrode may be effectively
renewed in acid solution. Increasing the pH above 4.5 the reason for
the decline of the stripping responses may also be due to the com-
petition between the analytes and the sodium ions of the buffer
solution for the binding sites besides the hydrolysis [40]. There-
fore, pH 4.5 of acetate buffer solution was found to be the most
suitable “medium” for stripping analysis.

3.2.5. Deposition potential

The influence of the deposition potentials on metal stripping sig-
nals were tested. As shown in Fig. 4E, when the accumulation time
was first set at 60 s and the deposition potential changed from —0.8
to —1.4V for 100 pgL-! of Cd?* and 10 pgL-! Pb%*, the negative
shifts of deposition potential can obviously improve the reduction
of Pb2* and Cd2* on the surface of BINMSDE and increase the peak
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Fig. 4. Effects of (A) amount of medical stone, (B) concentration of Nafion, (C) thickness of bismuth, (D) pH of buffer solution, (E) deposition potential, (F) accumulation time
(G) potential amplitude, (H) frequency and (I) step potential on the SWASV peak heights for 100 gL' of Cd** and 10 wgL~! of Pb?* in 0.1 mol L~ sodium acetate buffer

solution at modified electrode.

current. When the deposition potentials applied become more neg-
ative potential than —1.2 V, the reproducibility of stripping currents
of Pb and Cd become poor, because hydrogen evolution is beginning
to be significant in acetate buffer at such negative potential [41].
The hydrogen bubbles might damage the metal alloys deposited
on the electrode surface and lead to decrease in current signals
at very negative potentials. Therefore, —1.2V was adopted for the
following experiments due to the sensitivity and reproducibility.

3.2.6. Accumulation time

The preconcentration time for metal was also studied from
605 to 420s in 0.1 mol L-1 pH 4.5 acetate buffer solution contain-
ing 100 wgL-! of Cd2* and 10 wgL~! Pb2* (Fig. 4F). The stripping
currents of Cd and Pb increased respectively along with the accu-
mulation time prolonged. As accumulation time longer than 300,
the curves of peak current versus time began to leave off. This can be
attributed to the thickness of the composite film would be increased
as the accumulation time prolonged, which would affect the elec-
tron transfer rate of metal stripping [42]. Therefore, the stripping
currents increased slowly. Therefore, 300 s was adopted as optimal
accumulation time for the following experiments.

3.2.7. Voltammetric parameters

In order to obtain well-defined SWASV response signals, the
voltammetric measurement parameters (potential amplitude, fre-
quency and step potential) have also been optimized (Fig. 4G-1). The
heights of Pb2* and Cd%* increased almost linearly with the increas-

ing pulse amplitude (Fig. 4G) but the resolution and the shape of
the metal peaks also deteriorated above 50 mV. In the beginning the
increase of the SW frequency resulted in a relatively fast increase in
the peak heights of Pb2* and Cd?* owing to the increase in the effec-
tive scan rate up to 50 Hz. (The SW frequency together with the step
potential defines an effective scan rate.) However, above 50 Hz the
peak currents started to level off and the peaks to distort (Fig. 4H).
The increase of the step potential did not significantly enhance the
peak heights of Pb2* and Cd?* despite of the dramatic increase in
the effective scan rate (Fig. 41). At first the peak currents raised with
the step potential increasing then reached a maximum and started
to decrease. Therefore, the well-shaped SWASV current peaks for
quantitative measurements at low metal ion concentrations were
obtained at 50 mV potential amplitude, 50 Hz frequency and 8 mV
step potential.

3.3. Calibration curve

Calibration curves for the simultaneous determination of Pb2*
and Cd?* at BINMSDE were achieved by SWASV under optimal
conditions. The SWASVs of the different concentrations of Pb2*
and Cd%* were illustrated in Fig. 5. The resulting calibration plots
are linear over the range from 2.0 to 12.0 gL' for both Pb%*
and Cd?*. The calibration curves and correlation coefficients are
y=0.12+3.26x, r=0.9980 and y=6.22+6.99x, r=0.9981 for Cd?*
and Pb?*, respectively. The detection limits of 0.47 pugL~! for Cd%*
and 0.07 pgL-! for Pb%* are obtained at a signal-to-noise ratio of
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Table 1
Comparison of present work and other modified electrode for the determination of Pb?* and Cd?*.
Electrode Modifier Method LOD? of Cd (wmol L-1) LOD? of Pb (wmol L) Ref.
CPEP Si0,-Al; 03 mixed-oxide DPASV® - ~0.0011 [43]
CPEP Diacetyldioxime DPASV¢ 0.04 0.01 [44]
CPEP Antimony film SWASV4 ~0.0071 ~0.00097 [45]
Pt Kaolin SWASV4 0.0054 - [46]
Pt Kaolin SWASVY - 0.0036 [47]
CILE® Hydroxyapatite SWASV4 0.0005 0.0002 [7]
BINMSDE Bismuth-Nafion-medical stone SWASV4 0.0042 0.00034 This work
2 Limit of detection.
b Carbon paste electrode.
¢ Differential pulse anodic stripping voltammetry.
d Square-wave anodic stripping voltammetry.
¢ Carbon ionic liquid electrode.
Table 2
Measurement results of Pb2* and Cd?* in real wastewater sample (n=3)2.
Analyte AAS (mgL-1) This method (mgL-1) Added (mgL-1) Found (mgL-1) R.S.D. (%) Recovery (%)
Pb%* 0.2435 0.2512 0.1 0.3489 3.1 97.7
0.0117 0.0113 0.01 0.0211 2.8 98.0
0.0039 0.0041 0.0015 0.0058 3.6 1133
cd** 0.4431 0.4365 0.1 0.5346 23 98.1
0.0089 0.0092 0.01 0.0203 3.2 111.0
0.0045 0.0043 0.0015 0.0059 3.9 106.7

2 n is the repetitive measurements number.
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Fig. 5. SWASVs and respective calibration curves of Pb%* and Cd?* in 0.1 molL~!
sodium acetate buffer solution (pH 4.5) at BINMSDE. Voltammograms are for 2, 4,
6, 8,10, and 12 pgL~! from bottom to top. Eqeposition = — 1.2V, tgeposition = 300's, step
potential =8 mV, potential amplitude =50 mV, frequency =50 Hz.

3 which are lower than that reported [43-47], which is shown in
Table 1. Though, the detection limits of Cd%* and Pb2* is worse than
that reported [7], the proposed method shows excellent selectiv-
ity for Cd2* and Pb2* in 50-fold mass ratio of CTAB, Triton X-100
and 100-fold mass ratio of SDS due to the effect of Nafion film, in
addition, the fabricated electrode is more stable, convenient and
inexpensive.

3.4. Stability and reproducibility

The reproducibility of one hundred twenty modified electrodes
of same batch was studied under optimized conditions. One-sixth
of them were randomly chosen for reproducibility assay and each
modified electrode was performed three times in the standard
solution containing 8.0 ugL~! Pb2* and Cd?*. The result indicated
that the change of peak heights were less than 2.7%. However, the
reproducibility of the renewed electrode surfaces was difficult to
control by the reported [7]. The stripping voltammograms of the
same modified electrode were also recorded every other day over a
month, and the maximum deviations obtained were 3.3% and 3.6%,
respectively. The results indicate that the BINMSDE has good repro-

ducibility and long-time stability, which is better than that reported
[7].

3.5. Interference of foreign species

The interference of some substances on the stripping voltam-
metric measurements was examined in 0.1 molL~! acetate buffer
solution containing 10.0 wg L~! Pb?* and Cd%*. Each substance was
considered as interfering agent when the electrochemical signal
exhibited a deviation more than +5%. A 500-fold mass ratio of SCN—,
Cl-,F~,S042-,NO3~, NH,", Li*, K*, Na*, Ca2*, Mg2*, Ba*, AI3*, 300-
fold mass ratio of MnZ*, 200-fold mass ratio of Zn%*, Co%*, Ni2*,
100-fold mass ratio of SDS, 50-fold mass ratio of CTAB and Triton
X-100 had no influence on the signals of Pb2* and Cd2*. However,
Cu?* and Ag* with more positive reduction potential competed
with Bi3*, Pb2* and Cd2* for electrodeposition on the surface of elec-
trode, which had a significant influence on the stripping response.
In addition, Hg?* could increase the stripping peak current of Pb2*
and Cd2* due to the formation of amalgam on the electrode surface
at—1.2V.

3.6. Analysis of real sample

In order to illustrate its application in real samples analysis, the
BINMSDE was employed to detect Pb2* and Cd?* in wastewater. The
pretreated real wastewater samples were diluted with 0.1 mol L~!
acetate buffer solution when the analyte concentration was beyond
the linear range. As can be seen from Table 2, the result of the elec-
trochemical experiment accorded very well with those obtained by
AAS, which confirmed the accuracy and reliability of the approach.
It has a great potential for the practical determination of Pb2* and
Cd?* in wastewater.

4. Conclusion

In this work, a novel BINMSDE is proposed for determina-
tion of trace Pb%* and Cd%*. Due to the synergistic effect of the
medical stone, Nafion and bismuth film, the BINMSDE exhibits
ultra-sensitivity and excellent selectivity. Compared to the expen-
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sive atomic spectroscopy (AAS, ICP-MS) and the traditional mercury
film electrodes, the proposed BINMSDE-based SWASV method
is environment-friendly, stable, convenient and inexpensive. The
assay results of heavy metals in wastewater with the proposed
method were consistent with the AAS method. The fabricated BIN-
MSDE can be used as a promising alternative for determination of
heavy metals at trace levels in real samples.
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