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a b s t r a c t

An environment friendly electrode for determining Cd2þ and Pb2þ levels in an automated flow system

was successfully developed. Cyclic voltammetry and square wave anodic stripping voltammetry

(SWASV) coupled with sequential injection analysis (SIA) were employed to study the electrochemical

behavior of the electrode. The in situ bismuth-modified graphene-carbon paste electrode (Bi-GCPE)

exhibited excellent electrooxidation of Cd2þ and Pb2þ in the automated flow system with a

significantly higher peak current for both metal ions compared with the unmodified CPE. The limits

of detection from this method were 0.07 and 0.04 mg L�1 for Cd2þ and Pb2þ , respectively, with a linear

oxidation peak current response for Cd2þ and Pb2þ in the range of 0.10–50.0 mg L�1 under optimum

conditions. The Bi-GCPE was also applied for the determination of Cd2þ and Pb2þ in low- (tap water)

and high- (sea bass fish and undulated surf clam tissues) matrix complexity samples by automated flow

system. The recoveries were acceptable and ranged from 70.4% to 120% for Cd2þ and 65.8% to 113.5%

for Pb2þ .

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

Graphene, a new class of promising carbon material, is of great
interest. Graphene is a two-dimensional (2D) material that is
composed of a planar monolayer of sp2 carbon atoms bonding in a
hexagonal configuration [1]. The unit cell of graphene contains
two carbon atoms with an inter-atomic length of 0.142 nm. In
addition, it exhibits good electrical conductivity and optical
properties, is lightweight, and has a large specific surface area
and chemical stability. Because of these properties, a widespread
range of novel materials and applications [2,3] have already
been generated in various fields, including biomedical sensors,
nanoelectronic devices, transparent electrodes, photodetectors,
hydrogen storage, solar cells, fuel cells, electrical batteries [4–8]
and supercapacitors [9]. Furthermore, compared to carbon nano-
tubes (CNTs), graphene provides the advantages of low cost and
low metallic contamination levels [10,11]. Therefore, graphene
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has begun to be exploited as an alternative choice for electrical
sensors, especially during the fabrication of electrochemical-
sensing devices [12]. The first graphene-based electrochemical
sensor was reported by Papakonstantinou and co-workers [13].
To improve the sensitivity, the use of metal–graphene nanocom-
posites, such as with Hg [14], Au [15,16], Co [17], Pd [16,18], Pt
[18,19], Ag [18] and Cu [18], has been widely reported. In
addition, Wu et al. [20] used a b-cyclodextrin–graphene-modified
glassy carbon electrode for the ultra-high sensitive detection of
methyl parathion and achieved a limit of detection (LOD) of
0.05 mg L�1.

Recently, the analysis of transition heavy metal ions, especially
cadmium (Cd2þ) and lead (Pb2þ), in the food and environment of
humans has gained considerable interest because Cd2þ and Pb2þ

can accumulate in the kidney, liver, lung and central nervous
system, allowing sub-toxic exposure levels to accumulate to
toxic levels over time [21–23]. They have also been classified
as carcinogenic agents by the WHO International Agency for
Research on cancer. An increased risk of cancer has been
attributed to an increased distribution and concentration of these
metal ions in the environment, in terms of exposure time and
their concentration levels. Moreover, the long-term exposure to
low concentrations of these metals causes adverse health effects.
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Typically, once Cd2þ and Pb2þ are released into the soil or air,
they accumulate in both terrestrial and marine groundwater
sources. Although humans might consume the water, it is the
bioaccumulation and concentration within the food web, and
subsequently the consumption of the contaminated organisms,
that is the more serious problem. These organisms can include
marine products, such as fish, crabs, crustaceans and seaweeds, as
well as freshwater agricultural food products. Thus, a method for
the careful monitoring of heavy metals, including Cd2þ and Pb2þ ,
that is capable of high-throughput applications but is still highly
sensitive is a necessary development for on-site screening. Elec-
trochemical methods have been developed for the detection and
determination of Cd2þ and Pb2þ levels because these approaches
typically do not require expensive equipment. They also provide
high specificity and sensitivity while retaining their simplicity.
In recent years, various types of modified electrodes have been
developed to overcome the problems of trace metal contamina-
tion. Carbon nanotube (CNT)-modified electrodes have been
investigated to enhance the signals of target analyte metals.
The notable properties of CNTs here are that they increase the
electron-transfer kinetics and reduce the overpotential [24,25].
For example, a highly sensitive bismuth (Bi)–Nafion–graphene
electrode for the determination of Cd2þ and Pb2þ levels has been
successfully reported by Li et al. [26], with a relatively low LOD of
0.02 mg L�1 for both metal ions. A graphene nanosheet electrode
was shown to also have a high sensitivity for Cd2þ and Pb2þ with
LODs of 0.11 and 0.027 mg L�1, respectively, but it was also able to
detect Cu2þ ions with a LOD of 0.63 mg L�1 [27]. Although these
results revealed much lower LODs compared with the results
from the CNT-modified electrode, the requirement for the devel-
opment of flow-automation-compatible electrodes for heavy
metal ion detection is still needed to permit the required rapid,
flexible, reliable and simultaneous analysis of samples. In this
work, sequential injection analysis (SIA) was coupled with a
developed graphene electrode because SIA is automatable, fast
and simple, and it allows a low reagent consumption and the
flexibility to be used in a stopped flow method. To date, only one
publication has demonstrated the use of a graphene/Nafion
hybrid electrode in a continuous flow system, which is a flow
injection-based amperometric glucose biosensor [28]. Therefore,
this work reports on the development of the first SIA system that
incorporates a graphene electrode for the determination of Cd2þ

and Pb2þ .
The in situ Bi film combination with the graphene nanocom-

posite-modified carbon paste electrode (Bi-GCPE) was chosen to
simultaneously determine Cd2þ and Pb2þ levels in an automated
SIA system. A wider cathodic potential window, higher over-
potential towards the hydrogen evolution reaction, a better long-
term stability and reproducibility in the hydrochloric acid (HCl)
electrolyte, and a good sensitivity compared to CNT-based elec-
trodes [29–31] were obtained. The fabrication of the Bi-GCPE and
optimization of its performance in the SIA system was examined
with respect to the simultaneous determination of Cd2þ and Pb2þ

levels.
2. Experimental

2.1. Instrumentation

The electrochemical measurements were performed using a
PalmSens potentiostat (PalmSens BV, The Netherlands). All mea-
surements were performed at room temperature in a transparent
in-house flow cell with the test Bi-GCPE (or other test electrode,
such as GCPE, CPE or Bi-CPE) as the working electrode, a stainless
steel tube counter electrode and an Ag/AgCl (3 mol L�1 KCl)
reference electrode. A SIA system (MGC auto-Pret MP-014s,
MGC, Japan) consisting of an eight-port selection valve, a 2.5 mL
syringe pump and 3.0 mL holding coil was used. This system was
computer-controlled by the MGC LMPro program ver. 2.5.

2.2. Chemicals and reagents

All chemicals and reagents were of analytical reagent grade.
Ultrapure water was used to prepare all solutions and was
purified by the Milli-Q unit (Millipore, Bedford, USA). Graphene
was obtained from SkySpring Nanomaterials (USA). HCl, nitric
acid (HNO3), perchloric acid (HClO4) and 2-propanol were pur-
chased from Merck (Merck, Germany). The Bi3þ , Cd2þ and Pb2þ

solutions were diluted from their respective 1000 mg L�1 stan-
dard solutions (BDH, England). Graphite powder (particle size
o20 mm) and mineral oil were purchased from Sigma-Aldrich.

2.3. Graphene dispersion

Commercial graphene nanopowder was used for the prepara-
tion of the graphene-carbon paste electrode (GCPE). The gra-
phene-induced aggregation is crucial for the electrochemical
signal [32]. Due to the small size and flat shape of graphene,
graphene nanopowder is sensitive to van der Waal’s interactions
and conglomerates in the dry state, leading to poor electrical
conductivity [33–35]. Therefore, to obtain the unique and desired
properties of graphene-based electrodes, the prevention of gra-
phene aggregation is an important process [36].

A well-dispersed graphene suspension was prepared by ultra-
sonic dispersing 1 mg graphene in 1 mL of 15% (v/v) isopropanol
for 60 min. Next, the dispersed suspension was sonicated for 1 h
before graphite powder was added and sonicated for an addi-
tional hour, to give a more homogeneously dispersed graphite–
graphene suspension. The well-dispersed graphite–graphene sus-
pension was dried by evaporation of solvent in a vacuum oven at
60 1C for 30 min.

2.4. Preparation of the GCPEs and CPEs

The GCPEs were prepared by mixing the graphite powder with
various amounts of graphene powder and blending this mixture
with mineral oil (60%:40% w/w) in an agate mortar to form a
homogeneous paste [37,38]. This paste was then filled into the
electrode-holder, and a copper wire was inserted into the oppo-
site end for the electrical connector. Prior to use, a fresh and
smooth electrode surface was obtained by polishing with weigh-
ing paper. The CPEs were prepared by the same procedure
without addition of graphene powder. The Bi-GCPEs and Bi-CPEs
were prepared by the in situ plating of a Bi film from a Bi3þ

plating solution.

2.5. Sample preparation

Water samples for analysis were prepared by diluting 1.0 mL
of tap water with 4.0 mL of supporting electrolyte. Additionally,
sea bass fish and undulated surf clam samples were also inves-
tigated by mincing the tissue into small pieces and then grinding
for a few minutes in a blender machine. After that, known
amounts of Cd2þ and Pb2þ were spiked into a portion of the
homogenized sample tissue. Then, 1.0 mL of 13.42 mol L�1 HNO3

and 2.0 mL of 11.87 mol L�1 HClO4 were added to 1.0 g of this
sample homogenate [39], and the sample was heated at 100 1C for
5 h. Next, the solid residue was filtered with filter paper, and the
resulting solution was clear. The pH was then adjusted with
NaOH and HCl close to pH of the supporting electrolyte before
being diluted with the supporting electrolyte to a final volume of
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25 mL. The recovery and precision of the extraction method were
evaluated by the calibration method for the analysis of water
samples following spiking with both metal ions at final concen-
trations of 7 or 20 mg L�1 each. The complex matrix samples (sea
bass fish tissues and undulated surf clam) were evaluated after
spiking with both metal ions at 25 and 125 mg kg�1 prior to
extraction by the standard addition method.
3. Results and discussion

3.1. Structural characterization of graphene and graphite

The Fourier transform infrared (FT-IR) spectra of the as-used
graphite and graphene samples are shown in Fig. 1. The spectra of
graphite and graphene showed similar band positions, except that
the transmission band of graphite exhibited much stronger bands
for the O–H (3400 cm�1), the CQO (1736 and 1641 cm�1) and
the C–O groups (1473 to 1379 cm�1) compared to graphene
[14,40–43]. Thus, the oxygen group was observed to be at a much
higher density on the graphite than on the graphene. Therefore, a
lower background current might be obtained from the graphene,
while the oxide groups on the graphite electrode surface would
most likely decrease the sensitivity of the analyte peak during
electrochemical detection.

3.2. Optimization of the parameters for the GCPE measurement of

Pb2þ and Cd2þ levels

The key factors that influence the performance of the GCPE
electrode were evaluated as detailed below as a sequential
univariate approach to optimize the Bi-GCPE-based electrode for
the simultaneous measurement of the Cd2þ and Pb2þ ion levels.
Because a univariate approach assumes that all of the evaluated
factors are independent (which was not established), we there-
fore refer to these steps as ‘‘optimizations’’ in this manuscript to
reflect the limited evaluated range of each variable. Note that for
all of these optimization stages (Sections 3.2.1–3.2.3 and 3.3), a
10 mg L�1 solution of Cd2þ and Pb2þ was used.

3.2.1. The graphene and graphite mass ratio

The amount of graphene that is mixed with the graphite
powder during the GCPE fabrication affects the electrical
conductivity [38,44]. Thus, the effect of the weight fraction of
graphene in the GCPE was evaluated from 0.5 to 8.0 mg of
graphene at a constant weight (150.0 mg) of graphite nanopowder.
Fig. 1. FT-IR spectrum of the as-used (a) graphite and (b) graphene samples.
The electrochemical responses of the Cd2þ and Pb2þ solutions
were used to investigate the electrical conductivity of the different
inclusion amounts of graphene in the CPE using 0.1 M HCl as the
electrolyte, a deposition potential of �1.25 V, a SW frequency of
50 Hz and a step potential of 0.01 V. The anodic peak current
Fig. 2. Effect of the (a) graphene:graphite mass ratio, (b) Bi3þ concentration in the

plating solution, and (c) HCl concentration in the electrolyte solution on the

anodic current that was obtained from a 10 mg L�1 solution of Cd2þ (dashed line)

or Pb2þ (solid line). The data are shown as the mean7SD and are derived from

four independent repeats.
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responses of Cd2þ and Pb2þ were both higher with the GCPE than
with the CPE, and they varied slightly with different graphene:-
graphite mass ratios in the GCPE, with an optimal ratio of
graphene:graphite of 5.0:150 (w/w) for both Cd2þ and Pb2þ ions
(Fig. 2a). At higher graphene levels a decrease in the anodic peak
current signals for both Cd2þ and Pb2þ was observed. Thus, to
obtain the best electrochemical responses, the amount of graphene
was chosen at 5.0 mg per 150.0 mg of graphite for all further work.
3.2.2. The optimal Bi3þ concentration used to modify the GCPE

The coating of electrodes with a Bi film is a well-known
method that is used to prevent the electrode surface from
degradation by chlorine gas in the supporting electrolyte (HCl)
during oxidation, which results in a more reproducible peak
current [45]. Therefore, a Bi film was selected to modify the
GCPEs in this work. The Bi film thickness on the GCPE was first
optimized because the diffusion process of the analyte onto the
electrode surface is reported to be influenced by the film thick-
ness [46]. To obtain a satisfactory mechanical film stability and
current signal, the influence of the Bi3þ ion concentration in the
plating solution was evaluated from 1.0 to 5.0 mg L�1 for a fixed
plating time, and the resulting Bi-GCPEs were evaluated using a
deposition potential of �1.25 V, a SW frequency of 50 Hz and a
step potential of 0.01 V (Fig. 2b). The mean anodic peak current
height for the 10 mg L�1 Cd2þ solution increased as the Bi3þ

concentration in the plating solution increased up to 4.0 mg L�1

and then decreased at 5.0 mg L�1, whereas the mean anodic peak
current height for the 10 mg L�1 Pb2þ solution continuously
increased and was maximal at 5.0 mg L�1 (the highest tested
Fig. 3. Influence of square wave (SW) parameters on the anodic peak current obtained f

the (a) deposition potential, (b) SW frequency, and (c) step potential. The data are sho
concentration). The high concentration of the Bi3þ solution may
cause different forms of Cd–Bi and Pb–Bi intermetallic com-
pounds that result in the partial or full dissociation of metal
complex compounds during the stripping step. This phenomenon
is likely to be the mass transfer limitation of Cd2þ diffusing out of
the film during the stripping step, whereas Pb2þ continued to
diffuse out. Therefore, an optimum concentration of 4.0 mg L�1

for the Bi3þ plating solution was chosen for all further works as a
compromise between the best sensitivity for both Cd2þ and Pb2þ

detection and the minimum measurement error.
3.2.3. The influence of HCl concentration in the electrolyte

HCl has been widely recommended as the electrolyte
solution for the determination of several metals by anodic
stripping voltammetry (ASV) in flow systems. HCl has previously
been shown to be the most suitable electrolyte for the determina-
tion of Cd2þ and Pb2þ levels using a SIA–SWASV system [47].
In addition, the use of HCl as the electrolyte is convenient because
the same acid is typically used to dissolve the residues after the
digestion process during the sample preparation. Therefore, we
selected HCl as the supporting electrolyte and evaluated the
optimal concentration between 0.01 and 1.0 mol L�1 (Fig. 2c),
using the Bi-GCPE (as optimized from Sections 3.2.1 and 3.2.2), a
deposition potential of �1.25 V, a SW frequency of 50 Hz and a
step potential of 0.01 V. The maximum anodic peak current was
achieved at a concentration of 0.05 and 0.01 mol L�1 HCl for Cd2þ

and Pb2þ , respectively, which decreased sharply thereafter with
increasing HCl concentrations above 0.05 mol L�1. However,
because the sensitivity of Pb2þ (anodic peak current) decreased
rom a 10 mg L�1 solution of Cd2þ (dashed line) or Pb2þ (solid line) as a function of

wn as the mean7SD and are derived from four independent repeats.
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at 0.1 mol L�1, an HCl concentration of 0.05 mol L�1 was chosen
as the optimum electrolyte concentration for use in the subse-
quent work.
3.3. Optimization of Bi-GCPE electrochemical parameters

The current signal that is obtained in SIA–SWASV is dependent
on the operational parameters, including the deposition potential,
SW frequency and the step potential. Therefore, these three
parameters were optimized next using the optimized Bi-GCPE
and 0.05 M HCl as the electrolyte. First, the influence of the
Fig. 4. Representative (from four independent samples) voltammograms of

10 mg L�1 solutions of Cd2þ and Pb2þ that were obtained from (a) CPE, (b) GCPE,

(c) Bi-CPE, and (d) Bi-GCPE.

Fig. 5. Representative (from four independent replicates) voltammograms of Cd2þ an

optimized conditions and (inset) the calibration plot between the anodic current peak
deposition potential, or accumulation potential, was evaluated
from �1.3 to �0.9 V with a SW frequency of 50 Hz and a step
potential of 0.01 V (Fig. 3a). For both Cd2þ and Pb2þ detection, a
maximum anodic peak current was observed with a depositional
potential of �1.2 V vs. Ag/AgCl. Higher or lower deposition
potentials resulted in a lower current and a poor standard
deviation (worse reproducibility). Thus, a deposition potential of
�1.2 V vs. Ag/AgCl was selected.

The SW frequency is related to the scan rate of the method
[46,48] and was evaluated from 30 to 90 Hz using a deposition
potential of �1.2 V vs. Ag/AgCl and a step potential of 0.01 V
(Fig. 3b). The anodic peak currents for both Cd2þ and Pb2þ

increased as the SW frequency increased up to 80 Hz and then
decreased with a larger standard error at 90 Hz. Thus, a SW
frequency of 80 Hz was selected.

Finally, the effect of varying the step potential was investi-
gated from 5.0 to 20 mV, with a depositional potential of �1.2 V
vs. Ag/AgCl and a SW frequency of 80 Hz. The analytical signal
was found to increase as the step potential was increased up to
15 mV for both Cd2þ and Pb2þ detection and then decreased at
higher step potential values (Fig. 3c). Thus, a step potential of
15 mV was selected for use in all subsequent experiments.
3.4. Electrochemical characteristics of the electrode

The comparison between the voltammograms of the electro-
lyte solution containing 10 mg L�1 of Cd2þ and Pb2þ that were
obtained with the Bi-GCPE, GCPE, Bi-CPE and CPE under the
optimized conditions is shown in Fig. 4. The anodic peak currents
of both metal ions exhibited well-defined peaks, with the highest
peak current being observed with the Bi-GCPE, followed by that
d Pb2þ at different concentrations measured by SWASV with Bi-GCPE under the

height and the heavy metal ion concentration.
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from the Bi-CPE and then GCPE and CPE. These data illustrate the
importance of the Bi film and also suggest that the high con-
ductivity, surface area and the electron-transfer rate between the
analyte molecule and the electrode surface of graphene could
enhance the sensitivity. Thus, for the determination of Cd2þ and
Pb2þ by an automated flow system, the Bi-GCPE appears to be
more sensitive than the other types of carbon electrodes that have
previously been applied in flow systems.
3.5. Analytical parameters

Under the optimized Bi-GCPE composition (Sections 3.2.1 and
3.2.2) and electrochemical analytical conditions (Sections 3.2.3
and 3.3), the calibration data of the Cd2þ and Pb2þ anodic peak
current that were obtained at different metal ion concentrations
(0.1–100 mg L�1 for both metal ions) was collected (Fig. 5). From
the results, the stripping peak currents were found to be propor-
tional to the concentration of Cd2þ and Pb2þ within the range of
0.1–50.0 mg L�1, with good linear regression correlation coeffi-
cients (r2) of 40.995. The LOD, evaluated as the concentration
that gave a response equivalent to three times the SD of the blank
(n¼10), the limit of quantification (LOQ), evaluated as the
concentration that gives a response equivalent to ten times the
SD of the blank, and the precision of the procedure, expressed by
the relative standard deviation for three measurements of each
metal ion, are summarized in Table 1. We conclude that the Bi-
GCPE under these optimized automated flow conditions gives a
satisfactorily high sensitivity, an acceptable level of precision and
a rapid analysis.
3.6. Applications

To evaluate the application of this Bi-GCPE, it was applied
under these optimized conditions for the determination of Cd2þ

and Pb2þ levels in both non-complicated (tap water) and com-
plicated (sea bass fish and undulated surf clams) matrix samples.
Table 1
The analytical performance of Cd2þ and Pb2þ determination by SIA–SWASV with

the Bi-GCPE under the optimized conditions.

Metal ion Linearity range (mg L�1) r2 LOD (mg L�1) LOQ (mg L�1)

Cd2þ 0.1–50.0 0.9988 0.07 0.23

Pb2þ 0.1–50.0 0.9962 0.04 0.15

Table 2
Determination of (spiked) Cd2þ and Pb2þ levels in a non-complicat

clam tissues) matrix with the Bi-GCPE under SWASV (n¼4).

Spiked level

(mg L�1)

Found7S

Cd2þ

Non-complicated matrix sample

Tap water 0 ND

7 6.1370.0

20 18.470.2

Complicated matrix sample

Sea bass fish 0 ND

25 25.2570.

125 76.2570.

Undulated surf clams tissue 0 ND

25 28.1370.

125 147.870.

ND¼not detectable.
3.6.1. Non-complicated matrix: tap water sample

The concentrations of Cd2þ and Pb2þ in the tap water sample
were evaluated by the calibration method without pretreatment or
filtration. No signal peak current of Cd2þ and Pb2þ was obtained in
the unspiked tap water sample. The average concentrations of
Cd2þ and Pb2þ in the spiked tap water samples were found to be
slightly lower than the spiked amount, with a 79–86% and 87–92%
recovery when spiked at 7.0 and 20.0 mg L�1, respectively
(Table 2). However, the standard deviations were relatively small,
which suggested a reasonable level of reproducibility.
3.6.2. Complicated matrix: sea bass fish and undulated surf clams

After the sample preparation, the ability to detect and quantify
trace levels of Cd2þ and Pb2þ ions in sea bass fish and undulated
surf clam tissues under the optimized conditions were evaluated
by the standard addition method, which is used for samples when
matrix effects could influence the analytical method. The accuracy
of the SIA–SWASV procedure with the Bi-GCPE was evaluated by
the recovery assay using Cd2þ and Pb2þ additions (spiking levels)
of 25 and 125 mg kg�1 into the sea bass fish and undulated surf
clam tissues before starting the extraction process. The voltam-
metric curves that were obtained are presented in Fig. 6, and the
obtained results in these heavy metal ion determinations are
summarized in Table 2. The shapes and widths of the peaks were
ed (tap water) or complicated (sea bass fish and undulated surf

D (mg L�1) Recovery7SD (%)

Pb2þ Cd2þ Pb2þ

ND ND ND

6 6.1170.03 87.670.82 88.170.44

0 19.370.30 91.871.0 96.371.4

ND ND ND

05 27.5070.05 101.075.5 110.075.0

01 81.570.06 61.070.2 65.271.1

ND ND ND

02 28.7570.01 112.571.6 115.071.2

11 135.370.30 118.272.3 108.276.0

Fig. 6. Representative (from four independent samples) voltammograms of Cd2þ

and Pb2þ in undulated surf clam tissues spiked with 125 mg kg�1 of Cd2þ and

Pb2þ , including the sample blank solution after changing the initial scan. Also

shown is the voltammogram for Bi3þ from the Bi-GCPE.



Table 3
Concentration of Cd2þ and Pb2þ in complicated matrix samples (sea bass fish and undulated surf clams) spiked with 250 mg Kg�1 of both metal ions found by SIA–SWASV

and ICP-OES methods (n¼3, P¼0.05, tcritical¼4.30).

Sample SIA–SWASV method ICP-OES method tcalulated

found7SD (mg kg�1) found7SD (mg kg�1)

Cd2þ Pb2þ Cd2þ Pb2þ Cd2þ Pb2þ

Sea bass fish 228.370.25 246.570.46 267.070.25 252.870.87 1.88 0.40

Undulated surf clams 227.570.49 295.370.27 251.371.63 280.570.93 3.93 2.07
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similar to those that were obtained for the standard solution.
However, when the samples contained a low concentration of
Cd2þ or Pb2þ , a significant level of interference from the matrix
was obtained, and the current peak of Cd2þ disappeared (data not
shown). This problem was overcome by changing the initial scan
during the stripping step to �1.10 V vs. Ag/AgCl to improve the
resolution of Cd2þ , as has previously been reported [49]. The
current from the matrix diffusion was then eliminated from the
voltammograms, and the recovery percentages for both metal ions
when spiked at either 25 or 125 mg Kg�1 were very satisfactory
(Table 2).

Moreover, the method described in this work was compared
with the standard ICP-OES method on the complicated matrix
(sea bass fish and undulated surf clam) samples spiked with 125.0
and 250.0 mg kg�1 of Cd2þ and Pb2þ . At the spiked concentration
of 125.0 mg kg�1, neither Cd2þ nor Pb2þ could be detected using
the ICP-OES method, but they were detected using the SIA–
SWASV method with the Bi-GCPE (Table 2). The concentrations
of Cd2þ and Pb2þ found in the complicated matrix samples after
spiking with 250.0 mg kg�1 of Cd2þ and Pb2þ are shown in
Table 3. A paired t-test at the 95% confidence level was applied,
and the tcalculated was below tcritical (4.30 at 2 degrees of freedom),
which suggested no significant difference between the two
methods. Therefore, the proposed SIA–SWASV method using a
Bi-GCPE is useful for the simultaneous determination of Cd2þ and
Pb2þ in complicated matrix samples.
4. Conclusions

A highly enhanced sensing electrode, a Bi-GCPE composite
film, was successfully established for the automated simulta-
neous determination of trace levels of the heavy metal Cd2þ and
Pb2þ ions using SWASV in a SIA system. This report is the first
demonstration of the application of a Bi-GCPE to SIA for the
SWASV measurement of trace levels of Cd2þ and Pb2þ in real-
world samples. This method can be used for the determination of
trace levels of Cd2þ and Pb2þ in high matrix samples, which was
exemplified by sea bass fish and undulated surf clam tissues.
It offers the significant advantage of an excellent electrical
conductivity and increased surface area from the graphene that
was mixed with graphite nanopowder. This use of the graphene
composite film electrode in a flow system, combined with a Bi
film, enabled the LODs of only 0.07 and 0.04 mg L�1 for Cd2þ and
Pb2þ , respectively, which are lower than those that were pre-
viously obtained by CNT-based electrodes at 0.80 and 0.20 mg L�1

for Cd2þ and Pb2þ , respectively [50].
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