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Abstract—This study reports the simultaneous voltammetric determination of Cd and Pb by square wave vol-
tammetry (SWV) using carbon paste electrode modified with bismuth film. For the ex situ film formation,
the influence of Bi concentration, time and deposition potential was evaluated. Regarding the SWV param-
eters, frequency, amplitude, deposition time and deposition potential were evaluated. The ideal conditions of
film formation were achieved with 1 mg/L Bi applying –0.6 V during 300 s (0.01 M acetate buffer, pH 4.6).
The highest current values of Cd and Pb were obtained in 0.01 M acetate buffer (pH 4.6) with deposition
potential of –1.1 V, time deposition of 180 s, frequency of 40 Hz, amplitude of 40 mV and potential step of
0.005 V. The detection limits calculated for Cd and Pb were 0.5 and 0.3 μg/L, respectively, and the method
was successfully applied to the analysis of commercial potable water.
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Metallic compounds are known as potentially
highly toxic metals, they can cause serious health
problems representing a great threat to living organ-
isms due to their non-biodegradability and persistence
in the environment [1–3]. The presence of metals in
the environment comes mainly from anthropogenic
sources such as industrial eff luents, crops and mining,
and this contamination is highly harmful, being able to
compromise the quality of several products as well as
the aquatic environment [1–3]. Among these metals,
Cd and Pb deserve special attention, since they do not
have any known biological functions and can be harm-
ful when present in organisms (even at low concentra-
tions) [4, 5]. Cadmium intoxication occurs mainly
through the respiratory, oral or parenteral route affect-
ing the liver, kidney, lung, bones, central nervous sys-
tem and reproductive organs [3, 5]. The main routes of
Pb contamination are respiratory, oral and cutaneous,
causing anemia, neurological dysfunction, renal
weakening and nerves paralysis [4]. According to Bra-
zilian legislation, the maximum concentrations
allowed for Cd and Pb in drinking water are 5 and
10 μg/L, respectively [6]. The Environmental Protec-
tion Agency also recommends maximum Cd concen-
tration in water for human consumption of 5 μg/L [7].

Therefore, the development of a simple, sensitive and
low-cost method for Cd and Pb determination in
potable water is important. Spectrometric methods
are commonly used for this purpose [8]. However,
they demand sophisticated expensive instrumentation
and long-time analysis. Among the electroanalytical
methods, voltammetry has been increasingly used for
metals determination, since it is highly sensitive, low-
cost, allowing the direct analysis of liquid samples and
simultaneous and/or sequential determination of sev-
eral compounds [9, 10]. Among the electrodes used in
voltammetry, the mercury and solid electrodes have
the highest application [11]. However, due to Hg tox-
icity and the consequent concern about the environ-
ment quality, the Hg electrode is falling into disuse
[12]. On the other hand, solid electrodes have a high
cost and often low reproducibility [13], which makes
their use more difficult. In view of these problems, the
application of carbon paste electrodes (CPE) modi-
fied or not has grown [10, 13, 14]. One type of CPE
modification that improves the sensitivity and repro-
ducibility of the voltammetric methods is the metal
film formation by electrodeposition on the CPE sur-
face [15]. Since 2000, the bismuth film electrode
(BiFE) has been widely applied not only due to similar
369
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characteristics to the Hg electrode such as high H+

reduction potential and amalgam formation with met-
als (such as Cd and Pb) [16, 17], but also because BiFE
deserves special attention related to the decrease in
interference caused by the reduction of dissolved O2
[18]. In addition, BiFE can be easily prepared (ex or
in situ), it is considered eco-friendly and is obtained in
a low-cost way generating sensitive methods, well-
defined and symmetrical peaks with excellent resolu-
tion [18]. Despite BiFE could be obtained on the solid
surface such as glassy carbon [19], its obtaining on
CPE surface can present some advantages such as low
background current, easy surface renovation and high
reproducibility [13].

Here, we describe for the first time the construc-
tion of a bismuth film sensor deposited on a carbon
paste composed of the carbon black nanomaterial
(BiFE-CPE). This carbonaceous material has high
electronic transfer capacity due to its high surface area
and low cost compared to other carbonaceous materi-
als such as graphene [20], multiwalled carbon nano-
tubes [21–23] and graphite [24–26]. In this context,
this study aims to develop a voltammetric method for
the simultaneous determination of Cd and Pb using a
chemically modified electrode based on carbon black
and bismuth film.

EXPERIMENTAL

Chemicals and instrumentation. All reagents used in
this work were of analytical grade. Ultrapure water was
purified by a Direct-Q UV3® purification system
(resistivity of 18.2 MΩ cm, Millipore, USA).
1000 mg/L standard solutions of Pb (Merck) and Cd
(Assurance) were used, and a working standard solu-
tion was prepared daily (1.0 mg/L Cd and 1.5 mg/L
Pb) with ultrapure water. Bismuth solution (50 mg/L)
was prepared by dissolving Bi(NO3)3·5H2O (Synth) in
0.04 M HNO3 (Merck). The electrolyte (0.01 M ace-
tate buffer, pH 4.6) was made by mixing appropriate
quantities of acetic acid (Synth) and sodium acetate
(Merck). Carbon black (VXC72R) was kindly supplied
by Cabot Corporation. The mineral oil was commer-
cially acquired (Synth). All materials used in this work
were previously cleaned by immersion in 10% (v/v)
HNO3 (Merck) solution for 24 h and rinsed with ultra-
pure water.

The electrochemical measurements were per-
formed using Palmsens EmStat2 (Palm Instruments)
connected to a computer controlled by PSTrace 4.6.
All electrochemical experiments were carried out in a
three-electrode configuration employing a modified
electrode based on carbon black and bismuth film as
the working electrode, platinum wire as the counter
electrode and Ag/AgCl (3.0 M KCl) as the reference
electrode. All the experiments were performed in a
30 mL glass cell at room temperature and without
JOURNAL O
removing oxygen. A Hanna pH-meter (model pH21,
Brazil) was used to check the solution pH.

Preparation of the working electrode. The prepara-
tion of carbon paste was performed by mixing carbon
black and mineral oil in the ratio of 80 : 20 (w/w). The
mixture was manually homogenized for 40 min. Next,
the paste was inserted into a cylindrical plastic tube
(syringe: o.d. 8 mm, i.d. 6 mm) equipped with a cop-
per rod to provide the external electric contact. The
paste was subsequently pressed with the copper rod,
and the surface was polished by rubbing it using a
clean sheet of paper. The influence of Bi concentra-
tion (0.2 to 10 mg/L), time (60 to 420 s) and potential
deposition (–0.6 to –1.2 V) on the film formation was
evaluated. BiFE on CPE was deposited ex situ (–0.6 V
during 300 s) in 0.01 M acetate buffer (pH 4.6) con-
taining 1 mg/L Bi.

Optimization of voltammetric parameters and sam-
ple analysis. The analytical procedure for the simulta-
neous determination of Pb and Cd was performed by
square wave voltammetry (SWV). After Bi film forma-
tion on CPE, the electrode was carefully rinsed with
ultrapure water and introduced into the electrochemi-
cal cell. The ideal conditions of frequency (10 to
100 Hz), amplitude (10 to 70 mV), deposition time
(120 to 540 s) and deposition potential (–1.4 to –1 V)
were obtained systematically in 0.01 M acetate buffer
(pH 4.6). For the sample analysis, the electrochemical
cell contained 3 mL of 0.01 M acetate buffer (pH 4.6)
and 27 mL of sample. The deposition potential applied
was –1.1 V during 180 s. After that, the voltammo-
grams were recorded from –1.1 to 0 V by SWV (fre-
quency of 40 Hz, amplitude of 40 mV, Estep of 0.005 V).
The quantification of Cd and Pb was achieved by stan-
dard addition of 5 to 15 and 7.5 to 22.5 μg/L, respec-
tively. All voltammetric measurements were per-
formed at 22(±2)°C, and the samples were analyzed in
replicate (n = 3). The BiFE-CPE was applied to Pb
and Cd determination in ten water samples (with and
without gas) purchased in a supermarket in Rio
Grande City (Rio Grande do Sul, Brazil).

RESULTS AND DISCUSSION
Optimization of film formation parameters. Bismuth

concentration. The effect of Bi concentration in the
range of 0.2 to 10 mg/L on the film formation was
investigated using fixed Cd and Pb concentrations
(100 μg/L), and their current intensities were evalu-
ated. As it can be observed in Fig. 1, the highest oxida-
tion peak intensities for Cd and Pb were determined
using 1 mg/L Bi. At Bi concentrations higher than
1 mg/L, a decrease in the current values of Cd and Pb
was observed, making evident the dependence
between the analyte peak intensity and the film thick-
ness, since the deposition time and Bi concentration
can influence the process [27]. Additionally, a thick
layer of bismuth can compromise the electrical prop-
erties of the electrode surface, resulting in mass trans-
F ANALYTICAL CHEMISTRY  Vol. 77  No. 3  2022
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Fig. 1. The relation between Bi concentration used in the
film formation at CPE and Cd (100 μg/L) and Pb
(100 μg/L) current intensities by square wave voltamme-
try. Supporting electrolyte: 0.01 M acetate buffer solution
(pH 4.6); Estart: –1.1 V; Eend: 0 V; Estep: 0.005 V; deposi-
tion E: –1.2 V; deposition time: 60 s; frequency: 30 Hz;
amplitude: 0.04 V.
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Fig. 2. The relation between deposition potential used in
the Bi film formation at CPE and Cd (25 μg/L) and Pb
(50 μg/L) current intensities by square wave voltammetry.
Supporting electrolyte: 0.01 M acetate buffer solution
(pH 4.6); Estart: –1.1 V; Eend: 0 V; Estep: 0.005 V; Bi con-
centration: 1 mg/L; deposition time: 60 s; frequency:
30 Hz; amplitude: 0.04 V.
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Fig. 3. Square wave voltammetry response of Bi film at
CPE in 0.01 M acetate buffer solution (pH 4.6). Voltam-
metric conditions: Estart: –1.1 V; Eend: 0 V; Estep: 0.005 V;
Bi concentration: 1 mg/L; deposition potential: P1.1 V;
deposition time: 300 s; amplitude: 0.04 V; frequency:
40 Hz.
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fer limitations of the metal ions diffusing out of the
film during the stripping step [28, 29]. Therefore, the
optimum concentration of Bi is 1 mg/L which was
chosen for the following experiments.

Influence of the deposition potential and deposition
time on the film formation. The deposition potential for
the film formation was evaluated from –1.2 to –0.4 V
(Fig. 2). It was verified that the highest current peak
for Cd (25 μg/L) and Pb (50 μg/L) was obtained when
the applied deposition potential was –0.6 V. Applying
–0.4 V, the current intensity for Cd and Pb decreased,
and it can occur due to the proximity of their oxidation
potentials. On the other hand, applying potentials
more negative than –0.8 V, the current intensity of tar-
get analytes also decreases, probably because this
region does not favor the reduction of Cd and Pb.
Additionally, it is known that hydrogen is formed on
the electrode surface when negative potentials are
applied, and it can damage the metallic alloys depos-
ited on the electrode surface affecting the electrode
sensitivity [30, 31]. Hence, a deposition potential of -
0.6 V was adopted. The deposition time evaluated for
the film formation was from 60 to 420 s (not shown
here), and Pb current intensity was not altered with
time variation, while for Cd, when deposition time
greater than 300 s was applied, the signals became
almost constant, inferring the complete accumulation
of Cd on the sensor surface [21]. Therefore, the depo-
sition time chosen for the film formation was 300 s.

To confirm the formation of bismuth film on the
carbon paste electrode surface, the sweep from 0 to
0.2 V was performed. As can be seen in Fig. 3, it is pos-
sible to observe oxidation of Bi at 0.08 V, which was in
JOURNAL OF ANALYTICAL CHEMISTRY  Vol. 77  N
agreement with studies published in the literature
[24, 25].

Optimization of parameters for Cd and Pb determi-
nation by square wave voltammetry. Influence of the
deposition potential and deposition time. The deposition
potentials evaluated for voltammetric determination
of Cd and Pb were between –1.0 and –1.4 V. As it can
be seen in Fig. 4, among the deposition potentials
evaluated, –1.1 V provided the highest current inten-
sity for Cd and Pb. It is possible to observe that for
o. 3  2022
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Fig. 4. The relation between the deposition potential
applied in BiFE-CPE and current responses of Cd
(25 μg/L) and Pb (50 μg/L) by square wave voltammetry.
Supporting electrolyte: 0.01 M acetate buffer solution
(pH 4.6); Estart: –1.1 V; Eend: 0 V; Estep: 0.005 V; deposi-
tion time: 60 s; frequency: 30 Hz; amplitude: 0.04 V.
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Fig. 5. The relation between the deposition time applied in
BiFE-CPE and current responses of Cd (0.5 μg/L) and Pb
(3 μg/L) by square wave voltammetry. Supporting electro-
lyte: 0.01 M acetate buffer solution (pH 4.6); Estart: –1.1 V;
Eend: 0 V; Estep: 0.005 V; deposition potential: –1.1 V; fre-
quency: 30 Hz; amplitude: 0.04 V.
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Fig. 6. The relation between the frequency applied in
BiFE-CPE and current responses of Cd (25 μg/L) and Pb
(50 μg/L) by square wave voltammetry. Supporting elec-
trolyte: 0.01 M acetate buffer solution (pH 4.6); Estart:
‒1.1 V; Eend: 0 V; Estep: 0.005 V; deposition potential:
‒1.1 V; deposition time: 180 s; amplitude: 0.04 V.
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potentials more negative and more positive than
‒1.1 V the current response was lower for both com-
pounds. Therefore, –1.1 V was chosen as the ideal
potential. Generally, the analyte concentration is pro-
portional to the deposition time used. Thus, according
to the analyte concentration, the deposition time can
be altered to obtain the most sensitive response. The
deposition time was evaluated from 120 to 540 s, and
the results are shown in Fig. 5. As expected, when
using longer deposition time, the current intensity
obtained for Cd and Pb was higher. However, the peak
resolution was reduced at deposition time greater than
180 s (not shown here). It should be noted that under
these conditions (180 s), the quantification limits cal-
culated for Cd and Pb were below those established by
Brazilian law. Thus, the deposition time of 180 s was
adopted for the studies shown below.

Influence of the frequency and amplitude. The rela-
tionships between Cd and Pb oxidation peak intensi-
ties and the evaluated frequencies are represented in
Fig. 6. It can be observed that as the frequencies
increase, the current intensities increase as well. How-
ever, when frequencies higher than 40 Hz were
applied, there was a loss in the peak resolution (not
shown here). The amplitude influence was also evalu-
ated. As it can be observed in Fig. 7, Cd and Pb current
intensities increase gradually with the increase in the
amplitude until reaching a maximum at 40 mV. There-
fore, the frequency of 40 Hz and the amplitude of
40 mV were chosen as ideal for this method.

Method validation and sample analysis. Calibration
curves were obtained by standard addition in the con-
centration range of 5 to 15 μg/L for Cd and 7.5 to
22.5 μg/L for Pb, and the correlation coefficients
obtained were 0.994 and 0.998, respectively. The
JOURNAL O
detection limits (LOD) calculated as 3s/S (where s is
the standard deviation of electrolyte, and S is the
angular coefficient of calibration curve) for Cd and Pb
were 0.5 and 0.3 μg/L, respectively. The quantification
limits (10 s/S) calculated for Cd and Pb were 1.6 and
1.0 μg/L. In order to determine the method accuracy,
mineral water sample (A1) was fortified at two con-
centration levels (5 and 10 μg/L for Cd, 7.5 and
15 μg/L for Pb), and the recoveries obtained were
between 70 and 96% with the relative standard devia-
tion (RSD) values smaller than 8% (Table 1). There-
fore, this method can be considered accurate. Figure 8
depicts the voltammogram obtained from the fortified
F ANALYTICAL CHEMISTRY  Vol. 77  No. 3  2022
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Fig. 7. The relation between the amplitude used in BiFE-
CPE and current responses of Cd (25 μg/L) and Pb
(50 μg/L) by square wave voltammetry. Supporting elec-
trolyte: 0.01 M acetate buffer solution (pH 4.6); Estart:
‒1.1V; Eend: 0 V; Estep: 0.005 V; deposition potential:
‒1.1 V; deposition time: 180 s; frequency: 40 Hz.
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Fig. 8. Voltammograms of natural water sample fortified
with 5 μg/L Cd and 7.5 μg/L Pb obtained using BiFE-CPE
by square wave voltammetry. Voltammetric conditions:
27 mL of sample, 3 mL of 0.01 M acetate buffer solution
(pH 4.6); Estart: –1.1 V; Eend: 0 V; Estep: 0.005 V; deposi-
tion potential: –1.1 V; deposition time: 180 s; amplitude:
0.04 V; frequency: 40 Hz. (1) Sample fortified with Cd
(5 μg/L) and Pb (7.5 μg/L) and (2–4) standard addition of
Cd (5 to 15 μg/L) and Pb (7.5 to 22.5 μg/L).
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sample (5 μg/L Cd and 7.5 μg/L Pb) using the pro-
posed electrode (BiFE-CPE) and the optimized SWV
method.

This chemically modified electrode was applied to
determine Cd and Pb in ten water samples available in
the supermarket of Rio Grande City (Brazil). How-
ever, the compounds were not detected in the analyzed
samples. Therefore, these samples are considered suit-
able for the human consumption.

Some works describing modified electrodes for Cd
and Pb determination in water [17, 27, 32–34],
including well [26] and tap [20, 21, 23, 25, 26, 35–37]
water, by voltammetry are given in Table 2. Nanopar-
ticles [17, 27, 32], biopolymer [33] and different car-
bon types [21, 23, 25, 26, 34–37] were used for the
electrode construction. Despite the low detection lim-
its obtained, most of these works involve several
preparation steps and materials with high cost. Addi-
tionally, in most of the cases, the deposition time
applied and the detection limits calculated were higher
than those obtained using the method proposed here.

As a result, the combination of carbon paste elec-
trode modified with bismuth film and SWV allows to
JOURNAL OF ANALYTICAL CHEMISTRY  Vol. 77  N

Table 1. Recovery levels of Cd and Pb in water (n = 3)

Component
Concentration, μg/L

added determ

Cd 5.0

10.0

Pb 7.5

15.0 1
monitor the water quality in relation to Cd and Pb

contamination with accuracy, simplicity, high sensi-

tivity and low cost.

CONCLUSIONS

In this work, we showed the development of chem-

ically modified electrode based on carbon black and

bismuth film applied to the simultaneous voltammet-

ric determination of Cd and Pb. The proposed method

was accurate (recovery values between 70 and 96%

with RSD values below 8%), with low limits of detec-

tion and quantification for the analytes. Additionally,

it is important to mention that the developed electrode

is very cheap compared to solid electrode and not toxic

(like the Hg electrode normally used for Cd and Pb

determination). Therefore, the proposed chemically

modified electrode can be used for determining Cd

and Pb in water.
o. 3  2022

Recovery, % RSD, %
ined

4.5 90 4.0

8.0 80 7.5

7.2 96 6.4

0.5 70 5.8
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Table 2. Different electrodes applied for Cd and Pb quantification in water by voltammetry

SWASV is square-wave anodic stripping voltammetry, ND is not determined, GC is glassy carbon electrode, DPASV is differential
pulse anodic stripping voltammetry, GO is graphene oxide, DPV is differential pulse voltammetry.

Sample tdep, s Working electrode and technique
LOD, μg/L

Reference
Cd Pb

Water 180 Bi film on carbon paste electrode by SWASV 0.5 0.3 This work

Water 300 GCE modified with Bi nanoparticles by SWASV 0.4 0.8  [17]

Tap water 120 Bi-film modified graphite-polyurethane composite electrode by 

SWASV
0.25 0.23

 [20]

Tap water 200 Bismuth-modified multiwalled carbon nanotubes doped carbon 

paste electrode by SWASV
0.3

ND  [21]

Tap water 240 Carbon paste electrode modified with a nanocomposite consist-

ing of functionalized multiwalled carbon nanotubes, polypyrrole 

film and bismuth particles by SWASV

0.157 0.099

 [23]

Tap water 300 Bismuth-powder modified carbon paste electrode by SWASV 1.2 0.9  [25]

Well and tap 

water

120 Carbon paste electrode modified with poly(1,8-diaminonaph-

thalene) and bismuth film by SWASV
ND 0.3

 [26]

Water 120 Modified GCE based on Bi film coated mesoporous silica 

nanoparticles by SWASV
0.6 0.2

 [27]

Water 800 Gold nanoparticle-graphene-cysteine composite modified Bi 

film GCE by SWASV
0.1 0.05

 [32]

Water 180 Modified electrode based on incorporating Bi doped meso-

porous carbonxerogel, confined in a chitosan matrix and depos-

ited on a GCE by SWASV

5.06 × 103

70.0

 [33]

Water 420 GCE modified with multi-walled carbon nanotube/poly(pyro-

catecholviolet)/Bi film by DPASV
0.2 0.4

 [34]

Tap water 150 Nitrogen-doped microporous carbon/Nafion/Bi-film elec-

trode by DPASV
1.5 0.05

 [35]

Tap water 200 Phytic acid functionalized polypyrrole/GO modified electrode 

by DPV
2.13 0.41

 [36]

Tap water 300 Electrochemical deposition of Bi on activated graphene-nafion 

composite by DPASV
0.07 0.05

 [37]
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