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Abstract: The fabrication and evaluation of a glassy
carbon electrode (GCE) modified with ordered mesopo-
rous carbon (OMC), 2-mercaptoethanesulfonate (MES)-
tethered polyaniline (PANI) and bismuth for simultane-
ous determination of trace Cd*" and Pb?" by differential
pulse anodic stripping voltammetry (DPASV) are pre-
sented here. The morphology and electrochemical proper-
ties of the fabricated electrode were respectively charac-
terized by scanning electron microscopy (SEM) and elec-
trochemical impedance spectroscopy (EIS). Experimental
parameters such as PANI disposition, preconcentration

potential, preconcentration time and bismuth concentra-
tion were optimized. Under optimum conditions, the fab-
ricated electrode exhibited linear calibration curves
ranged from 1 to 120 nM for Cd*" and Pb**. The limits
of detection (LOD) were 0.26 nM for Cd*" and 0.16 nM
for Pb*>" (S§/N=3), respectively. Additionally, repeatabili-
ty, reproducibility, interference and application were also
investigated, and the proposed electrode exhibited excel-
lent performance. The proposed method could be extend-
ed for the development of other new sensors for heavy
metal determination.
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1 Introduction

Cadmium and lead are highly toxic heavy metals which
have linked to various adverse effects on human health
and ecosystem. The World Health Organization (WHO)
recommends threshold limit values (TLV) of 3 pg/L and
10 pg/L for Cd*>" and Pb*" in drinking water, respectively
[1,2]. Several analytical techniques, including flame
atomic absorption spectrometry (F-AAS), atomic emis-
sion spectrometry (AES) and inductively coupled plasma-
mass spectrometry (ICP-MS) [3] have been used in the
determination of trace heavy metals. However, the wide
utilization of these techniques is limited due to the expen-
sive instrumentation cost, time-consuming and labor in-
tensive process, and the difficulty to be deployed on site
[4,5]. On the other hand, electrochemical stripping analy-
sis has been widely recognized as a powerful tool for
measuring trace heavy metals because of its low cost, re-
markable sensitivity, reliability and simplicity of measure-
ment [6-10]. Recently, the bismuth-based chemically
modified electrodes (CMESs) have been widely studied for
the determination of Cd*" and Pb*" in association with
anodic stripping voltammetry (ASV) in place of mercury-
based electrodes, owing to its environment friendly prop-
erty, low toxicity, wide potential window, and easy alloy
formation ability with heavy metal ions [11-14].

Ordered mesoporous carbon (OMC) has attracted con-
siderable attention as a chemically modifying material
due to its extremely ordered and uniform pore structure,
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high specific surface area, fast electron transfer rate and
excellent electrocatalytic activity [15]. OMC based CMEs
have been used in electrochemical analysis of many or-
ganic and inorganic analytes, e.g., phenols [16], glucose
[17], morphine [18] and heavy metals [19]. In addition,
conducting polymers (CPs), such as polyaniline (PANI),
polypyrrole and polyacetylene, have superior electrical
conductivities, good electrochromic property, redox rever-
sibility and suitable structural characteristics [20,21],
which aroused more interest among researchers. Electro-
chemical analysis of trace heavy metals using the con-
ducting polymer modified electrodes has attracted in-
creasing attention because of the enrichment of target
heavy metals and improvement of analytical performance
[22]. Interestingly, these conducting polymers in oxidized
states of alkenes-like electron-conjugate structure can in-
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teract with thiols, which can be considered as a new re-
searching branch of the thiol-ene chemistry [20,23,24].
The thiol-ene chemistry generally refers to the addition
of an S-H bond across a double bond by either a free rad-
ical or ionic mechanism [25]. The introduction of thiol en-
hances CPs’ stability, electroactivity and enrichment of
heavy metals. Although CPs were widely used in electro-
chemical sensor, the thiolated CPs have been rarely used.
Until recently, Chen et al. [20] have reported the synthe-
sis of thiolated CPs for electrochemical analysis of heavy
metals. The application of the thiolated CPs on heavy
metal analysis is an attractive research.

The aim of this work is to combine the excellent char-
acteristics of OMC and thiolated PANI to develop a sensi-
tive CME for electrochemical analysis of trace Cd** and
Pb’" through differential pulse anodic stripping voltam-
metry (DPASV). OMC, PANI and 2-mercaptoethanesul-
fonate (MES) were modified on the glassy carbon elec-
trode (GCE) surface in sequence to obtain a PANI-MES/
OMC/GCE. Scanning electron microscopy (SEM) and
electrochemical impedance spectroscopy (EIS) were used
to study the morphology and properties of the above
electrode. The performance of the electrode was evaluat-
ed in acetate buffer solution containing Cd**, Pb**, Bi*,
and compared to the similar modified electrodes. Practi-
cal application has been examined in three different real
samples.

2. Experimental
2.1 Apparatus

All electrochemical experiments were carried out with
CHI 760D electrochemical workstation (Chenhua Instru-
ment, Shanghai, China). Conventional three-electrode
system was used in this work: a modified glassy carbon
electrode (GCE, 3 mm diameter) as the working elec-
trode, a KCl-saturated calomel electrode (SCE) as the
reference electrode and a platinum wire as the counter
electrode. Scanning Electron Microscopy (SEM) was car-
ried out by S-4800 scanning electron microscope (Hitachi
Ltd, Japan). Model PHSJ-3F laboratory pH meter (Leici
Instrument, Shanghai, China) was used for pH measure-
ments.

2.2 Reagents

OMC was synthesized in our lab according to the method
reported by Ryoo and co-workers [26] with slight altera-
tions [27]. SBA-15 as a silica template, sucrose was used
as a carbon source. The OMC was synthesized by insert-
ing carbon source into SBA-15, carbonizing at high tem-
perature and removing silica template. Stock solutions of
Cd**, Pb*" and Bi*" were prepared by dissolving
Cd(NO;),, Pb(NO;), and Bi(NO;);-5H,0 into ultrapure
water and stored at 4°C. Acetate buffer solution (0.1 M,
pH 4.5) was prepared by CH;COOH and CH;COONa
and used as supporting electrolyte. Aniline was purchased
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from the Sinopharm Chemical Reagent Co, Ltd (Shang-
hai, China) and purified twice under reduced pressure
and then stored in refrigerator prior to use. MES was pur-
chased from Aladdin (China). All chemicals were of ana-
lytical grade and used as received; all the solutions were
prepared with ultrapure water.

2.3 Fabrication of the Working Electrode

The bare GCE was first polished sequentially with 1, 0.3
and 0.05 pm alumina powders on a soft cloth, and then
sonicated in ethanol and ultrapure water for 3min, re-
spectively. Then, the GCE was scanned by cyclic voltam-
metry in 0.5M H,SO, between —0.4V and 0.8V (vs.
SCE) at 100 mV/s to reach a steady state. Different sol-
vents (N,N-dimethylformamide (DMF), pure water) were
tried for OMC dispersion, and the mixture was sonicated
for 1 h. The results showed that OMC can be dispersed
with DMF to form a 0.5 mg/mL stable and homogeneous
suspension. The fabrication of PANI-MES/OMC/GCE
was carried out as follows. First, 5.0 uL. OMC suspension
was dripped onto GCE surface and dried in air to form
an OMC/GCE. The resulted “OMC film” has good adhe-
sion and will not peel off. Then, the OMC/GCE was
scanned by cyclic voltammetry in the mixed solution of
0.1 M aniline and 0.1 M H,SO, (under nitrogen atmos-
phere) between —0.2 V and 0.85 V (vs. SCE) with a scan
rate of S0 mV/s for 6 cycles to form a PANI/OMC/GCE.
Finally, the PANI/OMC/GCE was scanned by cyclic vol-
tammetry in a solution of 5 mM MES and 0.1 M H,SO,
between —0.2V and 0.85V (vs. SCE) at 50 mV/s for 4
cycles to form a PANI-MES/OMC/GCE. The modified
electrode was then washed with ultrapure water and
dried in air before use. The OMC/GCE and PANI/OMC/
GCE were similarly prepared. The schematic diagram of
the electrode preparation was illustrated in Scheme 1.

2.4 Analytical Procedure

DPASV was carried out for simultaneous determination
of trace Cd** and Pb*" in 0.1 M acetate buffer solution
(pH 4.5) containing 1 uM Bi*". The DPASV method in-
cludes two processes: preconcentration and stripping. In
the preconcentration process, the preconcentration poten-
tial of —1.2 V and preconcentration time of 150 s were ap-
plied to the working electrode under stirring conditions,
so that the target metals and bismuth were deposited on
the electrode surfaces. After the preconcentration, the
stirring was stopped to reach an equilibration for 30s. In
the stripping process, the DPASV was recorded between
—1.0 Vand 0.2V, and the voltammograms were recorded
automatically. The electrode was cleaned at 0.3 V for 60 s
under stripping conditions to remove the residual metals
and bismuth film on the surface. Different concentrations
of Cd** and Pb*" ranged from 1 to 120 nM were mea-
sured in the experiment. The optimization of experimen-
tal parameters (e.g., PANI disposition, preconcentration
potential, preconcentration time, and bismuth concentra-
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Schematic diagram of the preparation of the working electrode and analysis of Cd** and Pb**.

Scheme 1.

tion) was performed in acetate buffer solution with addi-
tion of 20 nM Cd** and 20 nM Pb**. A series of interfer-
ence ions were adding to the acetate buffer solution to
make interference study. All experiments were performed
at room temperature.

3 Results and Discussion

3.1 Characterization of the Composite Materials on the
Electrode

SEM images of OMC/GCE (A), PANI/OMC/GCE (B)
and PANI-MES/OMC/GCE (C) are shown in Figure 1.
Figure 1 A shows that OMC was made up of carbon nano-
rods with highly ordered structure, and the average
length was about 1 pm. The GCE surface was evenly cov-
ered with OMC. Then PANI was electrochemically de-
posited on OMC by cyclic voltammetry method. The
PANI with special space grid structure consist of nano-
rods and grows around the OMC are shown in Figure 1B.
Figure 1C displays a typical morphology of PANI-MES/
OMC/GCE, and MES completely covers the electrode
surface.
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3.2 Electrochemical Behavior

Electrochemical impedance spectroscopy (EIS) and
DPASV were used to investigate the characteristics of
different modified electrodes (bare GCE, OMC/GCE,
PANI/OMC/GCE and PANI-MES/OMC/GCE).

EIS of [Fe(CN),J*™ is used to provide information
about the interface properties and impedance changes in
the process of electrode modification [28]. The interface
can be modeled by an equivalent circuit which includes
the electron-transfer resistance (R,), the Warburg impe-
dance (Z,), the ohmic resistance of the electrolyte (R,),
and interfacial capacitance (Cy) [27,29]. The Nyquist plot
of impedance spectra includes two portions, a semicircle
portion at higher frequencies corresponds to the electron-
transfer resistance, and a linear portion at lower frequen-
cies corresponds to the diffusion process [30]. As seen in
Figures S1 and S2 (Supporting Information), the good
agreement between the measured data and the fitting
curve indicates that this equivalent circuit (Figure S3) is
suitable and meaningful for this electrochemical system.

Figure 2 exhibits the Nyquist diagrams of the different
modified electrodes, and the inset depicted the equivalent
circuit. The bare GCE has a relative large R, value
(412.4 Q, Table S1, Supporting Information). After the
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Fig. 1. SEM images: OMC/GCE (A), PANI/OMC/GCE (B),
PANI-MES/OMC/GCE (C).

modification of OMC, the Nyquist plot presented an
almost straight line which indicated a very small R, of
OMC/GCE. Superior electrical conductivity of OMC that
can accelerate the electron transfer on the electrode was
proved here. The R value had a very small increase after
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Fig.2. Nyquist diagrams of bare GCE, OMC/GCE, PANI/
OMC/GCE and PANI-MES/OMC/GCE wusing a 5.0mM
[Fe(CN)s]>*~ solution containing 0.1 M KCI, with frequency
range of 0.01-100 Hz, a bias potential of 0.2 V vs. SCE and an
AC amplitude of 5 mV.

modification of PANI. Further deposition of MES slightly
raised the R,. This increase indicated that the MES was
successfully bound to PANI chains. Although the intro-
duction of PANI film and MES did not further increase
electrical conductivity of modified electrode, they provid-
ed large surface area and more binding sites with heavy
metal ions, and these were the most important.

Figure 3 shows the DPASV response of different modi-
fied electrodes in 0.1 M acetate buffer solution (pH 4.5)
containing 1 uM Bi**, 20nM Cd*" and Pb*". The strip-
ping peak current of the modified electrodes increased in
the order of Bi/GCE, Bi/OMC/GCE, Bi/PANI/OMC/
GCE, and Bi/PANI-MES/OMC/GCE. Bi/GCE got the
minimum response. The response of Bi/OMC/GCE was
about two times larger than that of Bi/GCE, which is as-
cribed to the large surface area of OMC. The striping
peak current of Bi/PANI-MES/OMC/GCE was enhanced
by 60% comparing with Bi/PANI/OMC/GCE, which
would be interpreted as the addition of MES. On the Bi/
PANI-MES/OMC/GCE surface, the sulfonic group of
MES with negative charge could electrostatic adsorption
of Cd** and Pb*" ions (electrostatic factor), meanwhile,
the sulfur atom could coordinate with Cd** and Pb**
ions (coordination factor) [19]. The thiolated PANI ex-
hibited better enrichment ability of Cd** and Pb*" than
PANI. The highest peak current observed from the Bi/
PANI-MES/OMC/GCE indicated that the combination of
OMC and PANI-MES achieved a good effect and was
suitable for trace Cd*" and Pb** determination.

3.3 Optimization of Experimental Parameters

All the optimal experiments were carried out by changing
one parameter while keeping all other parameters con-
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Fig. 3. Differential pulse anodic stripping voltammograms of 20 nM Cd** and Pb?* in 0.1 M acetate buffer solution (pH 4.5) contain-
ing 1 uM Bi** using different modified electrodes. Preconcentration potential —1.2 V, preconcentration time 150 s, increment potential

Full Paper

0.004 V, amplitude 0.05 V, pulse width 0.2 s, sample width 0.0167 s, pulse period 0.5 s.

stant. The concentrations of Cd** and Pb** were kept at
20 nM.

3.3.1 Optimization of Supporting Electrolyte

A suitable supporting electrolyte is important for electro-
chemical determination. The supporting electrolyte can
influences the electrochemical response of the analyte as
well as the electrochemical activity of the working elec-
trode [31]. PANI has a good electrical conductivity in
acid solution, therefore, KCL(HCL), phosphate buffer so-
lution and acetate buffer solution were selected (each
0.1 M) as the candidate electrolyte. The results showed
that the highest peak current was obtained in 0.1 M ace-
tate buffer solution (pH 4.5 as optimized). Therefore, ace-
tate buffer solution (0.1 M, pH 4.5) was employed as sup-
porting electrolyte.

3.3.2 Optimization of Preconcentration Potential and
Preconcentration Time

Because the stripping potential of Cd*" was found
around —0.83 V and a more negative potential (< —1.3 V)
would cause hydrolysis, the optimization of preconcentra-
tion potential was selected between —1.0 V to —1.3 V. In
Fig. 4 A, the stripping peak current increased gradually
for both Cd*" and Pb** when the potential shifted from
—1.0V to —1.2 V and reached a relative higher peak cur-
rent at —1.2 V. As the potential became more negative,
the stripping peak current decreased because the hydro-
gen evolution was beginning. The generated hydrogen
bubble could damage the electrode surface and hinder
the heavy metals enrichment [32]. Therefore, preconcen-
tration potential of —1.2 V was employed for subsequent
measurements.

In addition, preconcentration time was also optimized
(Figure 4B). It was found that the stripping peak current
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increased rapidly with preconcentration time from 50 s to
150s. A longer preconcentration time could accumulate
more heavy metals on electrode surface, led to the in-
crease of stripping peak current. After 150 s, the effect of
preconcentration time was insignificant, and the peak cur-
rent almost remained constant. This phenomenon was as-
cribed to electrode surface saturation, attainment equilib-
rium [33,34], and probable exhaustion of solution-state
target metals [11]. Therefore, 150 s was selected as the
optimal preconcentration time and used in subsequent
studies.

3.3.3 Optimization of Bismuth Concentration

Bismuth ion is easy to form binary-or multicomponent
(low-temperature melting) ‘fusible’ alloys with various
heavy metals, including cadmium and lead [35]. The
thickness of bismuth film influences the formation of Bi
alloys (with Cd**, Pb*") and enrichment of Cd*" and
Pb’", and thus further influence the DPASV-analysis sen-
sitivity. In this optimization experiment, the thickness of
bismuth film can be controlled by its ion concentration in
buffer solution. As Figure 4C shows, the stripping peak
current of Cd*" and Pb*" linearly increased with Bi*"
concentration ranging from 250 nM to 1 puM. We could
observe that the peak current increase of Pb*" is smaller
than Cd*", that is because Pb?" has more positive strip-
ping voltage and can be determined at lower Bi*" concen-
tration [14]. Then, no obvious increase of peak current
was found over 1 uM of Bi®" concentration which was
considered as the saturation of bismuth film. Meanwhile,
the higher Bi*" concentration would also cause competi-
tive enrichment between Bi’* and target metals on elec-
trode surface. Synthesizing the above analysis, optimal
bismuth concentration of 1 uM was selected.
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Fig. 4. Effects of (A) preconcentration potential, (B) preconcentration time, (C) Bi** concentration and (D) PANI deposition cycles
on stripping peak current of 20 nM Cd** and Pb**. Other conditions are the same as Figure 3.

3.3.4 Optimization of PANI and MES Deposition

The thickness of PANI film is related to the aniline con-
centration and deposition time. In this study, cyclic vol-
tammetry was used for electrochemical deposition of
PANT film on electrode surface. The aniline concentration
was certain, thus the thickness depended on the cycles of
cyclic voltammetry. Therefore the thickness of PANI film
increased with cycles increasing. A thinner PANI film
would limit electrical conductivity and decrease the sur-
face area, while, a thicker PANI film would also decrease
the conductivity. An appropriate PANI film thickness was
shown in Fig. 4D. The highest stripping peak current was
obtained at 6 cycles for Pb** and 8 cycles for Cd*". We
selected 6 cycles as the PANI deposition cycles and both
Cd** and Pb?* could achieve a relative higher current re-
sponse. Optimization of MES deposition was also investi-
gated (not shown) and 4 cycles of MES deposition could
achieve the best response.
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3.4 DPASYV Analysis of Cd** and Pb**

Simultaneous determination of Cd*" and Pb*" with con-
centrations increase in the range of 1-120 nM was record-
ed to evaluate the electrochemical performance of Bi/
PANI-MES/OMC/GCE under optimum conditions. The
analysis procedure was described in Section 2.4. As
shown in Figure 5, the stripping potential was —0.83 V for
Cd** and —0.58 V for Pb*". The peak currents increased
linearly with the increase concentration of both Cd*" and
Pb?* with a slope of 0.4454 pAnM™" and 0.5707 pAnM ',
respectively. The sensitivities (slope) is desirable. The
linear fitting regression equations for Cd*" and Pb*" de-
termination were obtained as Ip (uA)=0.7073+0.4454c
(nM) and I, (uA)=1.7746+0.5707¢ (nM), respectively.
And the correlation coefficients were 0.9990 (Cd**) and
0.9988 (Pb*"). Detection limits were estimated to be
0.26 nM (Cd*") and 0.16 nM (Pb*"), according to the 3-
sigma method (based on independent blank measure-
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Fig.5. Differential pulse anodic stripping voltammograms at different concentrations (1, 2, 5, 10, 20, 40, 60, 80, 100 and 120 nM) of
Cd** and Pb*" using Bi/PANI-MES/OMC/GCE under optimum conditions. The insets show the calibration plots. Other conditions

are the same as Figure 3.

ments). Compared with the reported results by Chen
etal. [20], the resulted LODs of both Cd*" and Pb**
here have been improved. Table 1 showed the perfor-
mance comparison of some modified carbon and CPs
electrodes reported for the determination of Cd*" and
Pb’". The proposed electrode was the lowest one among
them.

3.5 Repeatability, Reproducibility, and Interference

The repeatability of the proposed electrode was investi-
gated by successive measurements (N =5) in the presence
of 20nM Cd** and Pb*" under optimum conditions.
After each measurement, the working electrode was
transferred into the blank electrolyte, scanned at 0.3V
for 60 s to remove any adsorbed species. A satisfied re-
peatability was received with RSD of 2.8% for Cd*" and
3.4% for Pb*". Reproducibility was studied by preparing

five proposed electrodes based on the above mentioned
procedure and applied to the determination of 20 nM
Cd*" and Pb**. Under optimum conditions, the RSDs of
five independent electrodes were 3.1% for Cd*" and
4.1% for Pb*", indicating that the fabrication procedure
was reliable and the proposed electrode had good repro-
ducibility. The electrode also had good long-term-storage
stability after one week of storage. All the results showed
the good performance of the proposed sensor.

The anti-interference ability of modified electrode is
crucial for the electrode’s practical application. In order
to examine the anti-interference ability of the proposed
sensor, various cations and anions were added to the ace-
tate buffer solution containing 20 nM Cd** and Pb** for
DPASYV analysis under optimum conditions. The results
showed that 100-fold concentration ratio of Ca*", Mg*™,
Cl-, PO, K* and SO,>, 50-fold concentration ratio of
Co**, CO,>", Zn**, and 20-fold concentration ratio of

Table 1. Comparison of some carbon and CPs modified electrodes reported for the determination of Cd** and Pb** using anodic

stripping voltammetry.

Electrode Method Limit of detection (LOD) (nM) Reference
Cd2+ Pb2+

Bi/GCE SWASV - 531 [36]
Bi/PANI/GCE SWASV 1.10 16.50 [21]
SWNTs-Nafion/GCE DPASV 4.00 - [37]
Nafion/OMC/GCE DPASV - 4.60 [38]
Bi/Nafion/2,2-bipyridyl/GCE SWASV 1.10 0.37 [39]
Bi/Nafion/GCE SWASV 0.89 0.48 [40]
Bi/Nafion/PANI-MES/GCE SWASV 0.35 0.24 [20]
Bi/Nafion/OPPy-MES/GCE SWASV 0.44 0.33 [11]
Bi/PANI-MES/OMC/GCE DPASV 0.26 0.16 Present study
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Samples Original (nM) Added (nM) Proposed sensor nM) Recovery (%) ICP-MS (nM)
Cd** Pb*" Cd** Pb** Cd** Pb*" Cd** Pb*" Cd** Pb*"
Tap water - 6.23 20.00 20.00 20.83 26.35 104.15 100.46 20.29 26.07
River water 19.46 25.78 20.00 20.00 39.29 4417 99.57 96.48 38.08 46.11
Lake water 14.50 17.92 20.00 20.00 34.02 37.45 98.60 98.76 33.45 38.53

Fe’*, Hg*" and Ni*" presented less than 5% of peak cur-
rent decrease. Copper has a relative large influence. 20-
fold concentration ratio of Cu®" presented 11 % peak cur-
rent decrease. While 10-fold concentration ratio of Cu**
resulted in less than 5% peak current decrease. There-
fore, the proposed sensor has a good anti-interference
ability, and most of the common ions had little influence
on the determination of Cd*" and Pb**.

3.6 Application to Real Samples

In order to evaluate the application of the proposed
sensor in real sample analysis, three different real samples
(tap water, fresh river water from Xiangjiang and lake
water from Taozi Lake) were collected, and the proposed
sensor was employed for the determination of Cd*™ and
Pb*". The real samples were filtered with a 0.45 um mem-
brane (purchased from Millipore), adjusted to pH 4.5
using acetate buffer solution with 1 pM Bi** added. The
recovery was found to be from 96.48 % to 104.15%, and
measurement results obtained by proposed sensor were
also in good agreement with ICP-MS method (Table 2).
The comparative result showed that the proposed sensor
has good accuracy and recovery, suggesting the great ap-
plication potential in real samples.

4. Conclusions

A Bi/PANI-MES/OMC/GCE has been successfully devel-
oped and used for simultaneous voltammetric determina-
tion of trace Cd’" and Pb** by DPASV method. The ex-
cellent properties of OMC (uniform pore structure, high
specific surface area and fast electron transfer rate) and
PANI-MES (high electrical conductivity, enhanced en-
richment ability) contributed to the superior performance
of the proposed electrode, such as high electrochemical
sensitivity, lower detection limit and good capability of
anti-interference. Applicability in real samples of pro-
posed electrode was also verified. Novel materials based
on thiolene chemistry would be an interesting research
topic, and the combination of carbon materials and thio-
lated-CPs in electrode fabrication would give us an alter-
native route to develop new type of electrodes for heavy
metals determination.
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