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The present work reports the development and application of bismuth-film electrode (BiFE), obtained by in situ method on
the pencil-lead graphite surface, for simultaneous Cd(II) and Pb(II) determination at trace levels, as alternative to replace the
mercury-film electrodes. Experimental factors, deposition time (t;), deposition potential (E,;), and Bi(III) concentration (Cp,),
were investigated by applying a 2° factorial design using 0.10 mol/L acetate buffer solution (pH 4.5) as supporting electrolyte. The
analysis conditions of the differential pulse technique were ¢, = 250 s, E; = -1.40 V, and Cj, = 250 mg L. The validation of the
method employing BiFE was accomplished by determination of merit figures. The detection limits were of 11.0 ug L™" for Cd(II)
and 11.5 yg L™ for Pb(II), confirming that proposed method is attractive and suitable for heavy metals determination. Additionally,

the BiFE developed was successfully applied for the Cd(II) and Pb(II) determination in wastewater sample of battery industry.

1. Introduction

Trace elements, such as Cu, Mo, Mn, and Zn, are considered
essential for human health, while others as Hg, Pb, and Cd
may accumulate in body tissues causing problems due to their
toxicity [I, 2]. This accumulation is due to anthropogenic
activities, associated with disposal of solid and liquid waste
without proper treatment [3]. Considering the increasing
industrial use of these heavy metals and their serious environ-
mental and toxicological impacts, it is necessary to develop
new analytical methods to determine them at trace levels
(4, 5].

The analytical methods used for heavy metals determina-
tion include spectrometry and electroanalytical techniques.
Atomic absorption spectrometry (AAS) is the most applied
technique for metals determination, since it provides sat-
isfactory sensitivity, high selectivity, and relatively low cost
equipment. However, this technique has the disadvantage of
not allowing simultaneous determination of chemical ele-
ments [6]. The inductively coupled plasma optical emission
spectrometry (ICP-OES) and inductively coupled plasma

mass spectrometry (ICP-MS) are techniques which allows
multielement analysis; however, the high cost of installation
and maintenance has restricted their use in research and
routine analysis [7-10].

Anodic stripping voltammetry (ASV) is a versatile elec-
troanalytical technique for the trace metals determination in
various environmental, clinical and industrial samples [6].
Stripping methods are important in trace analysis because the
electrodeposition step concentrates the analyte on the elec-
trode surface, enabling its determination even in extremely
low quantities with reasonable accuracy [11, 12].

During the past five decades, mercury-based electrodes
were often applied in ASV for presenting an excellent analyt-
ical performance [13, 14]. However, due to the high toxicity
of mercury and its compounds, the use of this metal in
electrodes was restricted. Consequently, an intense research
for less toxic and environmentally friendly materials than
mercury has been promoted [15-17].

Bismuth-film electrodes were introduced in the last
decade to replace the mercury-based electrodes used for the
determination of trace heavy metals and organic compounds,
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due to very similar electrochemical properties of Bi and
Hg, including alloying heavy metals with bismuth as an
analogy to amalgamation at mercury [10, 18]. The bismuth-
film electrode consists of a bismuth film deposited on a
substrate, which can be Au [19], Pt [20], carbon paste [21],
glassy carbon [22], carbon fiber [23], pyrolytic graphite [24],
and oxides [3, 25, 26]. Moreover, different combinations
also are possible as Bi, Te;-graphene oxide hybrid film [27]
and bismuth-dispersed xerogel-based composite film [28],
besides new methods for Bi,O;-electrode modification as
spark discharge [29], proving that there are still issues to be
explored in the development of bismuth-based electrodes.
Performance of bismuth-film electrodes is similar to tra-
ditional mercury electrodes, in addition to the advantage
of having negligible toxicity compared to them [30]. The
bismuth-film electrode has been applied in voltammetric
studies from the ex situ or in situ method, at potential range
of -1.2 to 0 V. Positives potentials are not applied, since
bismuth is completely removed from the substrate surface by
oxidation under these conditions [14].

Carbon electrodes are used extensively as voltammetric
sensors in various applications [31]. Mechanical pencils are
inexpensive and alternative material to produce carbon elec-
trodes, since they are commercially available with different
diameters and hardness. This type of graphite has the advan-
tage of not being fragile as the pyrolytic or paste carbon
electrodes but is not hard as the glassy carbon electrode.
In addition, graphite has good characteristics such as high
electrical conductivity, quick and easy pretreatment, low
cost, wide availability, minimum trace metals residue in its
composition, and low background current [18].

Bond et al. [12] reported the use of a graphite electrode,
which was optimized to anodic stripping analysis using
mercury thin-film for Cd and Pb determination and the
results were consistent with those obtained by analysis with
glassy carbon electrode. The use of bismuth-film electrode
supported on pencil graphite (BiFE) has been reported in
the literature [3, 15, 32, 33]; however, investigation of manu-
facturing settings can provide better responses for analytical
determination of metal ions.

The present work aimed to prepare a BiFE, investigating
the experimental parameters by 2° fractional factorial design,
for the simultaneous determination of Pb(II) and Cd(II) ions
by differential pulse anodic stripping voltammetry (DPASV).
Additionally, the applicability of BiFE in DPASV was evalu-
ated by the analytical figures of merit.

2. Materials and Methods

2.1. Reagents, Chemicals, and Samples. All chemicals used
were of analytical grade and milli-Q water was used
in the preparation of solutions. The Bi(III), Pb(II), and
Cd(II) stock solutions (1000 mg L!) were prepared from
Bi(NO;),.4H,0, Pb(NO;), and Cd(NOs;),.4H,0O acquired
from Sigma-Aldrich. The powder graphite, H,SO,, HNOj;,
K,Fe(CN),, and CH,COOH were purchased from Merck. A
0.20 mol L™" H,S0, solution and a 0.10 mol L™" acetate buffer
(pH 4.50) were prepared as substrates electrolytes for the
cyclic voltammetry studies of the prepared electrode and for
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Cd(II) and Pb(II) determination from DPASYV, respectively.
To evaluate the applicability of the electrode, wastewater
samples of battery industry without any previous preparation
were analyzed.

2.2. Apparatus. Voltammetric measurements were per-
formed using a potentiostat (Autolab potentiostat/galvan-
ostat GPES IME 663, PGSTAT302n 247V 50/60 Hz). The
electrochemical cell coupled to potentiostat was composed of
pencil-lead graphite working electrode (GE) or bismuth-film
electrode supported on pencil-lead graphite (BiFE), Ag/AgCl
as reference electrode and counter electrode of Pt wire.

2.3. Preparation of BiFE. Pencil-lead rods (Pentel Super, 2B,
0.7 mm in diameter) were used to prepare the GE and its
assembly scheme is shown in Figure 1. Pencil-lead pieces of
2.5 cm were fitted to the micropipette tips, which were filled
with carbon paste prepared by mixing graphite powder and
mineral oil (Nujol) to promote the electric contact between
the GE and copper wire. This wire was fixed in a glass
tube that was connected to the micropipette tip, forming
the electrode body. All connections were isolated using paste
(cyanoacrylate), Teflon tape, and nonconductive epoxy resin.
Due to this assembly, only the lower extremity of the pencil-
lead rod (approximately 3.0 mm) is out of the micropipette
tip and then available to act as the contact surface for film
formation and determination of cations of interest. Since
this surface was completely isolated with cyanoacrylate, a
polishing step was necessary prior the experiments. Then,
the polishing and the surface renewal of the electrodes were
done by polishing them on a silk paper, until the base of the
electrodes remained with metallic appearance.

The BiFE was prepared from the Bi(III) film formation on
the GE surface by the cathode potential application (versus
Ag/AgCl,) by the in situ method. In this, the bismuth
deposition occurred simultaneously with the electrochemical
deposition of analytes. Moreover, the in situ procedure was
chosen because it allows better adhesion of the Bi film to
the GE surface, besides the obtaining of higher and better
resolved peaks in the voltammograms, along with the higher
sensitivity to Cd(II) and Pb(II) when compared to the ex situ
method [34, 35].

2.4. Procedure. The cyclic voltammetry analysis was per-
formed as a performance test of the GE prepared as work-
ing electrode, using 2.0 mol L™ H,SO, as the supporting
electrolyte. Differential pulse anodic stripping voltammetry
(DPASV) was carried out using standard Bi(III) solution (150
to 250 mg L") in the electrochemical cell to form the Bi
film. The deposition time, deposition potential and Bi(III)
concentration were investigated using acetate buffer solution
(0.1 mol L") as supporting electrolyte and potential step of
1.95 mV, while the solution was stirred. Before each cycle
a 30 s conditioning step at 300 mV (under stirring) was
used to remove the bismuth excess and/or the target metals
on the electrode surface. The DPASV measurements were
performed from equilibrium time of 15 s, time modulation of
0.05 s, pulse interval time of 0.25 s, amplitude modulation of
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TABLE 1: Factors and respective lower and superior levels values.

Factors

Lower level (-)

Superior level (+)

Bi(III) concentration (mg L™
Deposition potential (V)
Deposition time (s)

150 250
-1.50 -1.10
100 250

FIGURE I: The assembly of pencil-lead graphite working electrode and bismuth-film formation.

25 mV, scan rate of 10 mV s}, and being with different Cd(II)
and Pb(II) concentrations.

2.5. Experimental Design. The 2° factorial design was applied
to investigate the factors: deposition time (), Bi(III) solution
concentration (Cy;), and deposition potential (E,;), repre-
sented in Table 1. The responses to the proposed design were
the current peak areas of the ASV for Cd(II) and Pb(II)
at concentrations of 48.3 to 233 ug L. The selection of
the experimental domain for each factor was determined by
previous experiences and literature. Experimental design and
data processing were performed using Design Expert 71.3
software.

3. Results and Discussion

3.1 Cyclic Voltammetry. The GE electrochemical perfor-
mance was investigated from cyclic voltammetry measure-
ments of the potassium ferroferricyanide (K,[Fe(CN)4] /
K;[Fe(CN)g]) redox process. Figure 2 shows the cyclic
voltammograms of different K,[Fe(CN),] concentrations. It
can be seen that cathodic and anodic peaks occur in a short
potential interval, indicating the reversibility of redox system.

Current values for anodic and cathodic peaks were
proportional to the increase of the K,[Fe(CN),] concentra-
tion. From the voltammograms of the cyclic voltammetry,
it can be seen that the performance of the developed GE
is comparable with the glassy carbon [12]. Additionally, a
linear relationship between the peak current intensity and
K, [Fe(CN)¢] concentration was obtained and showed a linear
regression equation of I = 3.16x1077 + 4.18x107° Crare(cns]

and determination coefficient (R?) of 0.9992.

3.2. Anodic Stripping Voltammetry (ASV) with BiFE. During
the electrodeposition step in ASV method with BiFE, the
codeposition of metallic ions present in the solution along
with Bi’ on the graphite surface is possible [36]. Therefore,

the film formation on the GE surface contributes to the
improvement of the analytical signal corresponding to such
ions, as shown in the Figure 3. It can be seen that the
measurement performed with GE showed low current signals
at -0.77 and -0.57 V, which are corresponding to Cd(II)
and Pb(II), respectively. Applying BiFE, an increase in the
analytic signal for the metal species present in solution can
be observed, indicating a high sensitivity in the analysis.
The highest current peak observed at -0.10 V corresponds to
oxidation of bismuth film. According to the results, it can be
inferred that other species with characteristic potential values
higher than -0.10 V can be analyzed by the method.

3.3. Effect of the Factors Time (t;), Deposition Potential (E;),
and Bi(IlI) Concentration (Cg;) on ASV Analyses. In order to
investigate the effects of the factors ¢, E;, and Cg; on current
measured for Cd(II) and Pb(II) determination using BiFE, a
2 factorial design was carried out. Table 2 shows the lower
and superior levels values of the factors and its responses
(current) obtained from the 8 ASV experiments.

Current measurements were made from the voltammo-
grams obtained in potential values of -0.70 and -0.49 V for
Cd(II) and Pb(II), respectively. As can be seen in Table 2,
the lowest current values were observed for Cd(II), which
ranged from 18.4 to 1.79 nA. The current peaks for Pb(II)
determination ranged from 3.23 to 29.3 nA. Effects analyses
were investigated by Pareto chart (Figure 4), showing the
statistic t-test for each effect, where each bar represents
the standard effect, i.e., the estimated effect divided by its
standard error and the t-critical value [37].

The factors represented by the bars that extend beyond the
line are considered significant. According to the results, the ¢,
factor was significant for both metals causing a positive effect
on the response. The other factors, E; and Cp;, as well as the
interaction effects between the factors, were not significant.
This indicates that metal and film saturation on the electrode
surface is not achieved at low time values. Therefore, ¢, is
the most important factor for the sensitivity of the technique
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FIGURE 2: Cyclic voltammograms of potassium ferroferricyanide in 2.0 mol L™" H,SO, using GE (scan rate: 100 mV s™').
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F1Gure 3: Differential pulse anodic stripping voltammograms obtained for Cd(II) and Pb(II) in 0.10 mol L™ acetate buffer solution (pH 4.5)
as supporting electrolyte; (a) 250 mg L™! of Bi(III) dissolved in supporting electrolyte, (b) without Bi(III), determined with GE containing
142 ug L™ of Cd(IT) and Pb(II) (E4p = -1.40 Vs £, = 250 s; potential step =1.95 mV; amplitude = 25 mV).
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FIGURE 4: Pareto chart to evaluate the peaks area for Cd(II) (a) and Pb(II) (b), where Cy; (A) and ¢, (C).

using BiFE, which is in agreement with other works that
reported the development of bismuth electrodes [18, 37,
38]. Thus, the optimized conditions selected for subsequent
studies were those frequently reported in the literature: 250
s deposition time, Bi(III) concentration of 250 mg LY, and
-1.40 V deposition potential [3, 26, 38-40].

3.4. Analytical Method Development. Analytical figures of
merit were determined using the selected conditions (¢,, E,,
and Cg;) to evaluate the applicability of BiFE (film obtained by
the in situ method) on the Cd(II) and Pb(II) determination.
Figure 5 shows differential pulse anodic stripping voltammo-
grams for simultaneous determination of these ions using the
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TaBLE 2: Experiments of 2° factorial design and response values.

Cpgi E t I I
Order Bi d d cd(In) Pb(IT)
(mg L) V) ) (nA) (nA)
1 150 -1.50 100 5.31 7.92
2 150 -1.50 250 16.8 29.3
3 250 -1.50 100 4.71 9.26
4 150 -1.10 250 18.4 29.3
5 250 -1.50 250 7.02 14.9
6 250 -1.10 250 6.97 14.9
7 150 -1.10 100 2.75 3.23
8 250 -1.10 100 1.79 6.37
1.0
Cd(In)
0.8 1
<
=
0.6 J Pb(II)
0.4 1
T T T T T T
-1.0 -0.8 -0.6 -0.4
E (V) vs Ag/AgCl,

FIGURE 5: Differential pulse anodic stripping voltammograms for increasing concentrations (ranging from 48.3 to 233 ug L") of Cd(II) and
Pb(II) in 0.10 mol L ™! acetate buffer solution (pH 4.5) as supporting electrolyte using BiFE.

BiFE. According to the figure, the two peaks corresponding
to metal ions are well resolved and increase with increasing
concentrations.

From the calibration curve of each chemical species, it
can be demonstrated linearly between the current values and
concentrations within the range of 48.3 to 233 ug L' by the
linear regression equation and determination coeflicient of
experimental data: I; = 2.44x10 Ccy + 4.29x10° and R* =
0.9964 for Cd(II) and I, = 8.35x10* Cyp;, - 5.02x10~* and R?
= 0.9954 for Pb(II).

3.4.1. Detection and Quantification Limits. To evaluate the
limit of detection (LOD) and limit of quantification (LOQ),
five different blank solutions were used, which were analyzed
in triplicate and the standard deviation (Sy) of the means was
calculated. The measurements were performed in 5.0 mL of
blank solutions with 5.0 mL of acetate buffer solution, under
the optimized conditions. The LOD and LOQ values were
determined from the 3S,/m and 10S,/m relations, respec-
tively, where m is the slope of the calibration curve of each
chemical species. For Cd(II), the calculated values of LOD
and LOQ were of 11.0 ug L' and 36.8 ug L™, respectively. For
Pb(II), the LOD was 11.5 ug L' and LOQ was 38.2 ug L™". The

LOD values obtained at levels of g L™" are comparable with
other studies involving modified electrodes. Serrano et al.
[41] prepared modified graphite-epoxy composite electrodes
which showed LOD of 2.40 and 4.70 ug L ™" for Cd(1I) and of
1.50 and 3.30 pg L' for Pb(II), simultaneously determined.
Kadara and Tothill [42] found LOD of 8.00 and 16.0 g L ™" for
Pb(II) and Cd(II), respectively, using a screen-printed Bi, O5-
modified electrode. Lezi et al. [43] employed screen-printed
electrodes modified with five bismuth precursor compounds
in Pb(II) and Cd(II) determination, obtaining LOD values
of 0.90-1.40 and 1.10-3.20 ug L', respectively. Therefore, low
LOD values could be achieved by increasing the deposition
time during the Bi film formation in the proposed method,
once the deposition time showed a positive effect on the
response by increasing the current intensity, as demonstrated
in Table 2. Some studies in the literature corroborate this
fact, as an example: Zhang et al. [35] employed a deposition
time of 300 s during the in situ Bi deposition on working
electrode and LOD of 0.02 g L™" for Pb(II) and 0.01 ug L™
for Cd(II) were obtained; Demetriades et al. [18] prepared a
bismuth-film electrode supported on pencil graphite with Bi
deposition time of 600 s and LOD of 0.30 g L™" for Cd(II)
and 0.40 ug L' for Pb(II) were determined.
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FIGURE 6: Differential pulse anodic stripping voltammograms for 1.00 mL wastewater sample in 9.00 mL acetate buffer solution (pH 4.5) with
increasing Cd(II) and Pb(IT) concentrations (48.3 to 233 g L") using BiFE.
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FIGURE 7: Calibration curves of standard addition method for Cd(II) (a) and Pb(II) (b).

3.4.2. Repeatability. The repeatability (intraday) was eval-
uated from five measurements (in triplicate) of solutions
containing 150 g L™ Cd(II) or 150 ug L™ Pb(II) with 10.0
mL of acetate buffer solution, with just one BiFE. The mean of
triplicates and the corresponding relative standard deviation
(RSD) were calculated to obtain the analytical parameter. The
repeatability values obtained, expressed as % RSD, were of
9.07% for Cd(II) and 11.6% for Pb(II), which are acceptable
with respect to trace level determination of heavy metals.

3.4.3. Reproducibility. The reproducibility was determined
from measurements (in triplicate) of five different BiFEs for
solutions of 150 pg L™ Cd(II) or 150 ug L' Pb(II) with
10.0 mL of acetate buffer solution. This analytical parameter
was calculated from RSD obtained from the mean value of
measurements. The reproducibility values (expressed as the
% RSD) achieved in this work were of 9.72% for Cd(II) and
7.87% for Pb(II) determination.

3.4.4. Standard Addition Method. The BiFE was applied in the
determination of Cd(II) and Pb(II) in a wastewater sample
from a battery industry. The sample was analyzed without any
previous preparation and ions determination was performed
by DPASV under optimized conditions. Figure 6 shows the
voltammograms obtained by the standard addition method
for Cd(II) and Pb(II) determination in the sample. The curve
was constructed using concentrations of Cd(II) and Pb(II)
ranging from 48.3 to 233 ug L.

The calibration curves for the standard addition method
of each chemical species are shown in Figure 7. According
to the figure, a good linearity between current signals and
analytes concentrations can be observed. The linear regres-
sion equation and determination coefficient obtained were
I; =136x107° Cey - 1.05x107% and R? = 0.9873 for Cd(II)
and I; = 1.35x10 Cp, + 1.79x107% and R* = 0.9706 for
Pb(II). The Cd(II) was not detected in the sample, while
the Pb(II) determined concentration was of 48.8 ug L™". To
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TABLE 3: Recovery of Cd(IT) and Pb(II) in battery industry wastewater sample fortified in two concentration levels: (I) 190 ug L' and (II) 235

ug L
Cd(I1) Recovery Pb(II) Recovery
(ugL™) (%) (gL™) (%)
Blank ) (ID) 0)) (1) Blank (D) (ID) 0)) (1)
ND 205+ 74 228 £ 8.5 108 £ 3.9 96.9 + 3.6 15.1 190 +10.4 239 +12.2 100 £ 5.5 102 £5.2

compare these results with a reference method the wastewater
sample was analyzed by graphite furnace atomic absorption
spectrometry (GFAAS); Cd(II) was not detected and the
Pb(II) determined concentration was 50.1 ug L ™", consistent
with the measurements using BiFE.

3.4.5. Recovery Test. The recovery method was used in the
battery industry wastewater sample, which was fortified with
190 ug L' Cd(11) and 235 ug L' Pb(II) solutions. Table 3
shows the results of the recovery study in wastewater sample
using BiFE and optimized experimental conditions. From the
table, it can be noticed that the recovery for both metals was
close to 100%, ranging from 96.9 to 108% for the addition
levels studied. This indicates adequate precision and accuracy
of the method employing BiFE for determination of heavy
metals at trace levels.

4. Conclusions

The BiFE developed by in situ method for Pb(II) and
Cd(II) simultaneous determination at trace levels showed
an efficient analytical performance. Among the parameters
investigated for differential pulse anodic stripping voltamme-
try, the deposition time was the most important factor for
the technique sensitivity. From the optimized conditions, the
BiFE exhibited a linear response in the range between 48.3
and 233 ug L~" with a detection limit of 11.0 ug L™ for Cd(II)
and 11.5 ug L' for Pb(II). Repeatability and reproducibility
showed acceptable values for trace level determination of
heavy metals. A wastewater sample of battery industry was
used in the recovery method to evaluate the analytical appli-
cation of BiFE on real samples. The recovery for both metals
was close to 100%, demonstrating the precision and accuracy
of the electrode developed. In this way, the results imply that
BiFE can be useful in trace level determination of Cd(II)
and Pb(II) in heavily polluted samples (industrial waste
waters, aqueous sources from mining areas, etc.), thanks to
its analytical performance, low cost, wide availability, easy
preparation, and less time consuming.
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