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nanoparticles and chitosan as a sensor for Pb(II) and Cd(II)
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Abstract A glassy carbon electrode (GCE) modified with bis-
muth oxide nanoparticles (BiONPs) and the chitosan (CS) was
fabricated, and used to simultaneously determine lead and cad-
mium by differential pulse anodic stripping voltammetry.
This modified electrode can be self-designed and prepared at
low-costs. Scanning electron microscopy image shows that the
mean diameter of BiONPs is about 235 nm. The sensitivity
of the BiONPs-CS-GCE is much better than that of the bare
GCE and the CS-GCE. The effects of deposition potential, pH
of the solution, and deposition time were optimized. Under the
optimized conditions (pHABS = 5.0, Edep = −1.7 V, tdep = 180 s),
the composite film electrode was then applied to the analysis of
lead (II) and cadmium (II). The linear range of the elec-
trode was 0.4–2.8 μM for Pb (II) and 0.8–5.6 μM for
Cd (II), with a limit of detection of 0.15 μM for Pb (II)
and 0.05 μM for Cd (II), respectively. The determina-
tion of Pb (II) and Cd (II) in spiked tap water was
performed and gave recoveries ranging from 99 to 122
% for Pb (II), and from 96 to 120 % for Cd (II).
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Introduction

The detection of metal ions, such as lead and cadmium is of
importance [1, 2]. A variety of problems were caused by this
pollution, such as ground water [3], tap water [4], and rice [5].
Lead is present in tap water primarily from household plumb-
ing systems containing lead in pipes, solder, and so on [6]. At
present, there are several methods for the determination of
lead and cadmium in tap water. Modern testing analysis tech-
niques, like atomic absorption spectroscopy [7] and X-ray
fluorescence [8] are all widely adopted. As one of the cheapest
ways to detect heavy metal ions, electrochemical methods
have numerous advantages due to its easy operation and high
sensitivity [9].

A sensitive DPASV method was used for the simultaneous
determination of lead and cadmium on the self-designed bis-
muth film electrode. Compared with mercury, bismuth and
bismuth salt are low toxicity and have satisfactory electro-
chemical performance (relatively wide potential window and
easy to form alloys with lots of metal), and therefore bismuth
and bismuth salt as alternatives to mercury have been
employed for measurement of stripping voltammetry
[10–11]. Furthermore, bismuth film exhibits numerous ab-
sorbing properties, including simple self-designing, high sen-
sitivity, excellent peak resolution, insensitivity to dissolved
oxygen and ability to employ in highly alkaline media
[12–14]. The nanostructure materials play key roles in the
detection of heavy metal ions because of the high ratios of
surface area to volume, the high detection sensitivity for the
target ions, and efficient acceleration of electron transfer for
electrical current signal [15].
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There are three main kinds of nanostructure electrode
materials about bismuth: bismuth film, bismuth alloys, and
bismuth oxide. Firstly, the bismuth film deposited on the
bismuth film electrode, usually was fabricated by three
ways: Bin situ^, Bex situ^ depositions, and bulk modification
with a bismuth compound (Bi2O3, or a bismuth salt) [16] or
a mixture of bismuth nanoparticles [17, 18]. Secondly, bis-
muth alloys like bismuth/antimony were simultaneously de-
posited on the surface of the GCE, which exhibited more
excellent current response than the single metal film of elec-
trode [19]. Thirdly, some bismuth precursor compounds [20]
modified electrodes, like the carbon paste electrode was pro-
duced by mixing Bi2O3 [21] or bismuth salt [22] with graph-
ite powder and ionic liquid.

Chitosan is regarded as a promising material for mod-
ification of the electrode because of its excellent stability,
fine film-forming property and the good adhesion on
surfaces [23, 24].

There are few reports on the electrochemical sensor based on
the composite of nano Bi2O3 and CS. To the best of our knowl-
edge, there is only one paper referred to the composite material
applied to the determination of DNA [25]. We have fabricated a
composite electrode by using chitosan and bismuth oxide nano-
particle which is synthesized by ourselves. Then, a bismuth film
electrode (BiF-CS-GCE) was formed by electrochemical reduc-
tion of bismuth oxide. As far as we know, the method for pre-
paring the BiF-CS-GCE by electrochemical reduction has, until
now, not been found to be reported. Different parameters during
the measurement procedure were investigated and optimized.
Subsequently, under the optimized conditions, the bismuth film
sensor prepared from Bi2O3 was applied to determine the trace
Pb (II) and Cd (II) ions by DPASV.

Experimental

Chemicals

All unspecified chemicals were analytical grade without fur-
ther treatment. Chitosan (biochemical reagent), sodium hy-
droxide and Bi(NO3)3·5H2O were obtained from Sinopharm
Chemical Reagent Co., Ltd. Sodium lignin sulfonate (SLS)
was obtained from Tianjin Fuchen Chemical Reagents
Factory. Ethanol was obtained from Shanghai Chemical
Reagent CO,.LTD. Deionized water (DW) (with a resistivity
of 15.01 MΩ·cm) was used for all experiments.

Apparatus

Cyclic voltammetry (CV) and DPASV experiments were per-
formed on the electrochemical workstation CHI660 (Shanghai
Chenhua Instrument). Three-electrode system was conventional:
a saturated calomel electrode (SCE) reference electrode, A Pt

wire auxiliary electrode, and the modified disposable electrode.
The inside diameter of GCE is 4 mm, and the out diameter is
8 mm. The whole experiments were carried out in one electro-
chemical cell (10 mL). All the experiments were performed at
room temperature. No deaeration of the solutions was applied to
remove the oxygen at any stage of this study.

The morphologies of the Bi2O3 nanoparticles were observed
by using a field emission scanning electron microscope (SEM;
JSM-7001F). The crystal structures analysis of the samples
were conducted with a Bruker-AXSD8Advance X-ray diffrac-
tometer (Cu Kα radiation, λ = 0.15406 nm).

Preparation of the bismuth oxide nanoparticles

14 g NaOH and 1.5 g SLS were weighted and dissolved into
175 mL of deionized water to form a homogeneous solution in
the 500 mL beaker. The mixture solution was stirred with 20 r·
s−1, heated to 80 °C in water bath. Then 25 mL 0.2 mol·L−1

Bi(NO3)3·5H2O solution was added to the beaker slowly with
continuous stirring to generate a white precipitate which is quick-
ly changed to yellow precipitate [26]. After 1 h, the solid precip-
itate was filtered and then dried in the oven at 60 °C for 1 h, the
solid product was roasted in the box resistor-stove at 500 °C for
3 h.

Preparation of Bi2O3/CS emulsion

0.5 % CS solution was prepared by dissolving CS into 1 %
acetic acid, and then sonicated for 6 h at room temperature
until it was completely dissolved [25]. the Bi2O3 nanopar-
ticle was dispersed into the chitosan solution by ultrasonic
dispersion for 0.5 h. experiments showed that the low con-
tent of Bi2O3 is not conducive to the formation of Bi film,
and the film-forming is poor when the content of CS is low.
for these reasons, the appropriate mass ratio of Bi2O3 and
CS was determined to be 4:1
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Fig. 1 Typical XRD patterns of the Bi2O3 sample (top) and the reference
diffraction graph (bottom)
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Preparation of the modified electrodes

The surface of the GCE was polished with fine metallo-
graphic sandpaper, 0.1 μm alumina slurry over a wool
cloth till mirror-like. For each process, the electrode

would be rinsed thoroughly with deionized water (DW).
Besides, the GCE is immersed in a DW, ethanol, DW for
1–2 min, respectively. Then the electrode was activated
in 1 M H2SO4 solution by CV from −1.0 to 1.0 V. After
the electrode surface drying in the air, 5 μL CS-Bi2O3
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Fig. 2 SEM image of (a)
BiONPs-CS and (b) histogram of
size distribution for BiONPS;
SEM image of (c) Bi-CS and (d)
histogram of size distribution for
Bi nanoparticles before
determination of Pb(II) and Cd(II)
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Carbon 18.0 53.7

Oxygen 15.6 34.9

Bismuth 66.4 11.4

TOTAL 100.0 100.0

Fig. 3 SEM of Bi nanoparticles
after determination of Pb(II) and
Cd(II) (a); SEM image obtained
from a zone with well dispersed
Bi flake (b); The corresponding
EDS spectrum in S3 square area
(c) and EDX analysis data (d)
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emulsion was dropped on the surface, and then the mod-
ified electrode was dried at room temperature.

Measurement procedure

The DPASV were performed in 0.2 M sodium acetate buffer
(ABS, pH 5.0), if not stated otherwise. The reduction of bismuth
oxide to bismuth on the electrode was employed at −1.2 V (vs.
SCE) for 360 s, in 0.2 M NaOH solution with current time
methods. DPASV was performed to simultaneously determine
Pb2+ and Cd2+ in the ABS and the tap water. With the method,
the pre-concentration step is at −1.7 V for 180 s. The parameters
of DPASVare as follows: Edep = −1.7 V, tdep = 180 s; teq = 2 s,
Ebegin = −0.9 V, Eend = −0.4 V, Estep = 4 mV, Eampl = 25 mV.
Before eachmeasurement, a clean step at potential of−0.4Vwas
employed for 30 s.

Results and discussion

Characterization

Figure 1 presents the XRD patterns of the sample. From
this figure, almost all of the peaks can be indexed to the mono-
clinic crystal (JCPDS no. 41–1449). In addition, the diffraction
peaks indicate that the Bi2O3 samples are well crystallized.
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Fig. 4 Cyclic voltammogram of the BiONPs-CS-GCE in 0.2 M NaOH
solution, scan rate: 1 v·s−1
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electrodes (bare GCE, CS-GCE and BiF-CS-GCE). Deposition time:
180 s. Deposition potential: −1.2 V. Supporting electrolyte: 0.2 M
acetate buffer (pH 5.0)
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Fig. 6 a Stripping voltammograms and calibration plots for b lead and c
cadmium using BiF-CS-GCE electrode in 0.2 M ABS, pH 5.0.
Deposition potential: −1.7 V; deposition time, 180 s. Other conditions
were same as the Fig. 5. (down to up: 0.4, 0.8, 1.2, 1.6, 2.0, 2.4,
2.8 μM for lead, 0.8, 1.6, 2.4, 3.2, 4.0, 4.8, 5.6 μM for cadmium,
respectively)
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Fig. 2a is the SEM image of BiONPs-CS, which reveals
that the morphology is largely consisted of irregular particles
and membranes. Fig. 2b shows the size distribution graph for
BiONPS obtained by manual counting of at least 200 times.
From the statistical data, its mean particle size is 235.4 nm.
Besides, most particles size is in the range of 173–274 nm. As
can be seen in Fig. 2c, the morphology of Bi nanoparticles is
different from that of the bismuth oxide nanoparticle due to
the smaller size of the former. Fig. 2d shows the size distribu-
tion of bismuth nanoparticles, which indicates an average size
of 109.8 nm. Moreover, in some areas in Fig. 2c, the size of
the most of Bi nanoparticles is less than 100 nm, ranging from
47.1 to 87.2 nm.

After the determination of Pb(II) and Cd(II), the morphol-
ogy of Bi is changed greatly, which is illustrated in Fig. 3a.
During the determination of the two metal ions, the Bi nano-
particles changed from the irregular particle (Fig. 2c) to regu-
lar flake (Fig. 3a). EDS area (S 3) in the whole surface of
regular flake Bi is shown in Fig. 3b and its EDS spectrum is
shown in Fig. 3c. From the data analysis of the EDX spec-
trum, we can see that there is no residual lead and cadmium on
the surface of GCE. Moreover, the result of analysis may
illustrate that the clean potential of −0.4 V and the clean time
of 30 s are enough to meet experimental requirements.

As shown in Fig. 4, the cyclic voltammogram from a
BiONPs-CS-GCE was recorded in 0.2 M NaOH solution.
During the anodic scan, the only one oxidation peak was
found at −0.44 V, and two obvious reduction peaks found at
−0.82 Vand −0.98 Von the cathodic scan. The explanation of
the three peaks had been given in the corresponding reference
[27, 28].

To ensure the Bi film on the surface of GCE totally been
produced by above reduction reaction, the potential of −1.2 V
and the time of 360 s were chosen for reducing bismuth oxide
at the electrode surface [28].

Fig. 5 shows that the DPASV of 1 μM Pb(II) and 2 μM
Cd(II) at the bare GCE, CS modified GCE (CS-GCE) and
Bismuth film modified GCE(BiF-CS-GCE). As is shown in

Fig. 5a, the stripping peaks for Pb(II) and Cd(II) at the bare
GCE(0.5 μA at −0.562 V for Pb(II) and 1.3 μA at −0.798 V
for Cd(II)) were very poor. In contrast, the CS-GCE (Fig. 5b,
1.9 μA at −0.574 V for Pb(II) and 2.9 μA at −0.821 V for
Cd(II)) and the BiF-CS-GCE (Fig. 5c, 5.4 μA at −0.565 V for
Pb(II) and 9.0 μA at −0.818 V for Cd(II)) obtained better
significant in stripping process. The signals of Pb(II) and
Cd(II) of the BiF-CS-GCE were nearly nine times and six
times larger than the ones at bare GCE, respectively. The
improved response of the CS-GCE electrode can be contrib-
uted to the absorption capacity of the chitosan for the metal
ions. Furthermore, the current response of the BiF-CS-GCE is
excellent, which can be ascribed to the ability of bismuth
combining metal ions.

Optimization of method

The following parameters were optimized: (a) pH of
supporting electrolyte; (b) deposition potential and (c) de-
position time. Respective data and Figures are given in
the Electronic Supporting Material. The following exper-
imental conditions were found to give best results: (a) the
pH 5.0 of ABS (Fig. S1a); (b) -1.7 V as the optimal de-
position potential (Fig. S1b); (c) 180 s as the best condi-
tion of deposition time. (Fig. S1c).

Performance analysis

Calibrations for the simultaneous determination of Pb (II) and
Cd (II) at the BiF-CS-GCE electrode were obtained by
DPASV under the best conditions described above. The per-
formance of the assemble electrode for the determination of
two metal ions over the concentration range 0.4–2.8 μM for
Pb2+ and 0.8–5.6 μM for Cd2+ were illustrated in Fig. 6b and
c, respectively. The result shows that both metal ions have a
good linear relationship with concentration. For lead, the lin-
ear regression equation is IPb (current/μA) = −2.489 +
9.288CPb (concentration/μM) (Cpb:0.4–2.8) with the

Table 1 Comparison of different electrodes for determination of lead and cadmium

Material used Method Linear range(μM) LOD(μM) Reference

Nafion-coated Bi film SWASV Pb: 0.01–0.1; Cd: 0.01–0.1 Pb: 0.003; Cd: 0.006 30

Bi/PAN/GC LSSV Pb: -; Cd: 0.179–1.607 Pb: -; Cd: 0.0132 31

Bi nanotubes SWASV Pb: 0.4–6.0; Cd: 0.4–6.0 Pb: 0.001; Cd: 0.005 15

Bi/Graphene SWASV Pb: 0.3–1.7; Cd:- Pb: 0.03; Cd:- 32

Bi/CNT/SPE SWASV Pb: 0.024–1.220; Cd: 0.018–0.893 Pb: 0.002; Cd: 0.007 33

Bi film on MWCNT DPASV Pb: 0.0002–0.48; Cd: 0.0007–0.89 Pb: 0.00012; Cd:0.00036 34

GA-CS-CNTPE SWASV Pb: 0.0099–2.00; Cd:- Pb: 0.057; Cd:- 35

Bi2O3/SPE CCSCP Pb: 0.244–3.659; Cd: 0.179–2.679 Pb: 0.195; Cd: 0.071 36

BiONPs-CS-GCE DPASV Pb: 0.4–2.8; Cd: 0.8–5.6 Pb: 0.15; Cd: 0.05 This work

Microchim Acta (2016) 183:1823–1830 1827



R = 0.9943. For cadmium, the linear regression equation is
ICd = −3.317+ 8.114CCd (concentration/μM) (CCd:0.8–5.6)
with the R = 0.9951. The LOD was 0.15 μM for Pb2+ and
0.05 μM for Cd2+.

The response of the electrodes started to decrease
gradually after used around eight successive stripping.
Consequently, these electrodes can be used as semi-
disposable dual sensors [29]. The electrode prepared in
our work is comparable with or better than many works
summarized in Table 1

Interference studies

The formation of metal alloy is a serious interference in the
determination of lead and cadmium by DPASV on the

electrode [9]. Therefore, in the major interference on the an-
odic striping voltammetry of Pb(II) and Cd(II) at bismuth
electrode, the Cu(II) is usually been studied [37, 38]. As
shown in Fig. 7, different concentrations of copper (0–
16 μM) have a negative impact on the signal of the two metal
ions at BiF-CS-GCE. Figure 7a clearly shows that Both Pb(II)
and Cd(II) peaks decreased very quickly. And the peak of
Cd(II) was more sensitive compare with the Pb(II) when the
concentration of copper increased. Especially, the 16 μM cop-
per seriously interferes with the current stripping of the lead
and cadmium, at which the peak of lead is disappeared and
cadmium is ignored.

The interference of Cu(II) widely distributed in the water
sample is becoming one of the most important interference
factors. Hence, a good recovery of Pb(II) and Cd(II) stripping
signal in the solution which contained large amounts of Cu(II)
is a meaningful matter when adding ferrocyanide. Figure 7b
shows that the stripping responses current value of lead and
cadmium were partially recovered by adding to potassium
ferrocyanide in presence of 16 μM Cu(II) after the above
experiment [37]. It is clearly seen that the peak value of cad-
mium increased faster than the lead peak by ferrocynide con-
centration less than 1.3 × 10−4 M. Then the peak was de-
creased slowly but the lead peak increased gradually in
the range of ferrocynide concentration between 1.3 × 10−4

and 9.3 × 10−4 M possibly due to the competition process
between the two metal ions on the stripping response.
Additionally, as the copper iron still increased, the both
current value inclined. The results show that 11.3 mM
ferrocyanide was enough in alleviating the Cu (II) inter-
ference, with the two metal ions’ peak recovered at 83 %
and 39 %, which is compared to the original stripping
signal, respectively.

Tap water analysis

All values are the mean of three measurements.
The BiONPs-CS-GCE electrode was then applied to detect

the Pb(II) and Cd(II) in tap water sample by using the standard
addition method. The heavy metal content detected is reported
in Table 2. The ability of the electrode for the tap water anal-
ysis was further investigated by the recovery experiment, with
an average result of 107.3 % for Pb (II) and 106.7 % for Cd
(II), respectively.

Table 2 Recovery test for the
determination of Pb (II) and Cd
(II) in tap water

Pb(II) /μM Cd(II)/μM

Added/μM Founded/μM Recovery/% Added/μM Founded/μM Recovery/%

0.50 0.61 122 1.0 1.20 120

0.90 0.91 101 1.8 1.87 104

1.30 1.31 99 2.6 2.49 96
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Fig. 7 a Effect of Cu (II) at different concentration on the stripping
response currents of 1.0 μM Pb (II) and 2.0 μM Cd (II) at the BiF-CS-
GCE. b Influence of different ferrocyanide concentrations on the
stripping response currents of 1.0 μM Pb (II) and 2.0 μM Cd(II) in the
present of 16.0 μM Cu (II)

1828 Microchim Acta (2016) 183:1823–1830



Conclusions

A composite film modified electrode was prepared from
BiONPs, and chitosan for heavy metal ions sensing.
Because of the good absorption capacity of chitosan, and the
superior electrochemical property of bismuth oxide nanopar-
ticles, the self-made electrode demonstrated excellent analyt-
ical performance. Under the optimized conditions, the bis-
muth film (BiF-CS-GCE) sensor obtained through electro-
chemical reduction of the BiONPs-CS-GCE was applied to
determine the trace Pb (II) and Cd (II) ions by DPASV. The
sensor displayed relatively low detection of limits. The Cu (II)
interference can be partially eliminated to a certain degree
when adding 11.3 mM ferrocyanide to the solution which
contained large amounts of Cu (II). Furthermore, a satisfactory
result is obtained from the detection of the trace Pb (II) and Cd
(II) in tap water with the BiF-CS-GCE electrode. Our works
put forward a semi-disposable sensor based on a composite of
Bi2O3 nanomaterials and chitosan. The method of fabricating
the Bi-CS-GCE sensor with the aid of an electroreduction is
an attempt. Though it remains to be further improved, the
properties of the self-designed bismuth film sensor are com-
parable with those of the reported in literature.
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