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A novel carbon composite electrode modified with bismuth oxide nanoparticles and the ionic liquid n-octylpyridinium hexafluor-
ophosphate was fabricated and used to simultaneously determine cadmium and lead levels using square wave anodic stripping
voltammetry. This electrode combines the unique advantages of nanomaterials and ionic liquid with the low cost and easy fabrica-
tion of the carbon composite electrode. Compared with the traditional binder based composite electrode, our electrode exhibited
well-defined and separate stripping voltammetric peaks for cadmium and lead. Furthermore, the antifouling capacity of the bis-
muth film electrode was significantly improved by the ionic liquid. Under optimized conditions, the linear range of the composite
electrode was from 3.0 to 30.0 ug L™ for both metal ions with a detection limit of 0.15 pg L™ for cadmium and 0.21 pg L™" for
lead. Trial milk sample analyses showed that the modified electrode was sensitive, reliable and effective for the determination of

trace heavy metals, holding great promise for routine analysis applications.
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In recent years, there has been an increasing demand to as-
sess the damage caused by heavy metal pollution [1,2]. This
pollution, which arises from industrialization, has led to a
variety of problems for land-use, in groundwater, and ter-
restrial and aquatic ecosystems [3]. Heavy metals accumu-
late in the food chain, so all foodstuffs, especially products
of animal origin, become unsafe as heavy metal pollution
increases [4,5]. Milk is an important food of animal origin;
it has most of the nutrients necessary for a healthy diet, and
is an important food for some consumer groups, such as
infants and the elderly. Therefore, the determination of lev-
els of toxic heavy metals in milk is of great importance.

The traditional procedure for heavy metal determination
is based on spectroscopic methods, such as atomic absorp-
tion spectrometry and X-ray fluorescence spectrometry
[6,7]. These methods, however, require complex sample
pretreatment processes and expensive instrumentation and
are therefore not ideal for routine applications [8]. Thus, the
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development of a sensitive and simple method for the rapid
evaluation of heavy metals levels is highly desirable for
environmental monitoring and food safety applications.
Electrochemical methods, especially electrochemical strip-
ping analysis (ESA), are widely recognized as a powerful
tool for the simultaneous determination of multiple types of
metal ion, because of the combination of an effective pre-
concentration step with advanced electrochemical meas-
urements of the accumulated analytes [5,9]. ESA instru-
ments are portable, compact and inexpensive compared to
spectroscopic equipment, and are thus practical for on-site
measurements for biomedical, environmental and industrial
monitoring [10].

Mercury electrodes have high reproducibility and sensi-
tivity, are therefore preferred for stripping analysis [11].
However, the toxicity of mercury makes it undesirable for
certain sensing applications, particularly those involving
food contact. Considerable efforts have been made to find
suitable alternative electrode materials for stripping analysis.
Recently, bismuth film electrodes (BiFEs) have been
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proposed in view of their low toxicity and comparable per-
formance to mercury [12—15]. There are two methods for
the preparation of the bismuth film: in situ and ex situ plat-
ing. However, the deposition conditions of these methods
must be carefully controlled to obtain proper analytical per-
formance, especially in the in sifu film generation technique
[16,17]. Moreover, BiFEs have a serious limitation because
of insufficient adhesion of the film to the electrode surface
which causes degradation of the electrode [18].

Chemically modified carbon paste electrodes (CPEs) are
cheap, easy to make, and have a low background current,
and so have been incorporated into BiFEs [19,20]. Metallic
bismuth or bismuth precursors have been successfully em-
ployed to modify CPEs for stripping analysis [19-22].
However, the inherent disadvantages of CPEs such as low
mechanical stability and reproducibility limit their practical
application. Moreover, the use of nonconductive binders
such as paraffin oil may weaken the electrochemical per-
formance of CPEs [23]. Therefore, new electrode material
developments are still needed to meet the growing demands
for on-site monitoring of trace heavy metal ions.

The use of conductive solid materials as binders in CPEs
to replace traditional binder systems shows promise to im-
prove performance [24]. Ionic liquids (IL) [25], triphenyla-
mine [26] and molecular wires [27], have been used to pre-
pare CPEs with improved conductivity, high mechanical
stability, and fast electron transfer rates. Nano-structured
materials are also candidates because of their large specific
surface area, good biocompatibility, and ease of preparation
[28]. Nanomaterial modified CPEs exhibit many favorable
characteristics for electroanalysis, including fast response,
high sensitivity and selectivity [29,30].

We have devised a novel carbon composite electrode
modified with bismuth oxide nanoparticles (BONPs) and IL
n-octylpyridinum hexafluorophosphate (OPFP). Such a
composite electrode brings new capabilities for electro-
chemical devices by combining the unique advantages of
nanomaterials and IL with the characteristics of a bulk
composite electrode. Under the optimized conditions, our
electrode exhibited good analytical performance determin-
ing cadmium ion (Cd(II)) and lead ion (Pb(Il)) levels. Fur-
thermore, the performance of the proposed electrode for
Cd(I) and Pb(II) measuring heavy metal contamination in
milk was examined in detail. This is a novel application of a
BONPs and IL modified carbon composite electrode.

1 Experimental

1.1 Reagents

All chemicals were of analytical grade and used without any
further purification. Bismuth oxide nanoparticles (BONPs),
99.8%, particle size 90-210 nm, were purchased from Sig-
ma (USA). Ionic liquid n-octylpyridinium hexafluorophos-
phate (OPFP, 99.0%) was obtained from Shanghai Chengjie
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Co., Ltd. (Shanghai, China). Graphite powder (size < 30 um,
spectral pure grade) and paraffin oil were purchased from
Sinopham Chemical Reagent Co., Ltd. (Shanghai, China).
Standard solutions of Bi(IIT), Cd(II) and Pb(II) (1000 mg
L") were prepared and diluted as required. An acetate buff-
er solution (0.1 mol L™, pH 4.5) was used as the supporting
electrolyte. Millipore-Q (18.2 MQ cm) water was used for
all experiments.

1.2 Apparatus

All the electrochemical measurements were carried out on a
CHI 440 electrochemical workstation (CH Instruments,
USA). The electrochemical cell was assembled with a con-
ventional three-electrode system: a saturated Ag/AgCl ref-
erence electrode, a Pt wire auxiliary electrode, and the pre-
pared working electrode. Voltammetric experiments were
carried out in a one-compartment 10-mL cell. A magnetic
stirrer was used to stir the test solution during the pretreat-
ment and deposition steps. All the experiments were per-
formed at 25 + 1°C.

1.3 Electrode preparation

An established method [24] was used to prepare the bismuth
oxide nanoparticles and ionic liquid modified carbon paste
electrode (BONPs-IL-CPE). The 0.49 g graphite powder,
0.49 g OPFP and 0.02 g BONPs were hand-mixed in a
mortar and pestle for 30 min. A portion of the resulting
paste was packed firmly into the electrode cavity (1.8 mm
diameter) of a glass sleeve with a spatula. The electrode was
then heated in an oven to a temperature higher than the
melting point of OPFP (mp 65°C). Electrode contact was
established via a copper wire introduced into the back of the
sample. For comparison, IL-CPE (without BONPs) with a
1/1 (w/w) graphite to OPFP was prepared in a similar way.
The bismuth oxide nanoparticle modified traditional carbon
paste electrode (BONPs-PO-CPE) was fabricated by mixing
0.02 g BONPs, 0.69 g graphite powder and 0.29 g paraffin
oil. The working electrodes were polished using weighing
paper, then washed with distilled water and dried under ni-
trogen atmosphere.

1.4 Milk sample extract preparation

Retail packaged milk was obtained from a local supermar-
ket (Hangzhou, China). The treatment of the milk samples
was performed using an established method [31]. Briefly, 6
mL of milk was added into 10 mL tubes and centrifuged at
4000xg (Thermo Scientific Biofuge Stratos, Germany) for 5
min and then the lipid phases were precipitated. The upper
phase including lipids was removed. The lower layer con-
taining the minerals was transferred into another tube, and
100 pL of concentrated hydrochloric acid (HCI) and 100 pL.
of glacial acetic acid were added. Then the mixture was
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centrifuged at 6000xg for 10 min. The supernatant includ-
ing the metal ions Cd(IT) and Pb(II) was collected and fil-
tered at a pore size of 0.22 um. Before transferring to elec-
trochemical cells, the pH of the obtained extract solutions
was adjusted to 4.5 by using 0.1 mol L™ NaOH solution.

1.5 Measurement procedure

The reduction of bismuth oxide to bismuth was performed
at —1.2 V (vs. Ag/AgCl) for 300 s in 0.1 mol L™' KOH solu-
tion. Square wave anodic stripping voltammetry was em-
ployed to simultaneously determine Cd(II) and Pb(Il) in the
buffer solution and the sample solution. The method used an
electrochemical pre-concentration step usually at —1.2 V for
180 s, an equilibration period of 10 s, and a square wave
stripping scan from —1.2 to —0.3 V. The parameters for the
square wave measurement are: square wave amplitude, 20
mV; potential step, 5 mV; frequency, 20 Hz. Before each
measurement, a pre-condition/“clean” step at potential of
—0.3 V was applied for 30 s.

2 Results and discussion

Figure 1(A) shows the typical cyclic voltammogram from a
BONPs-IL-CPE recorded in 0.1 mol L™ KOH solution. It
can be seen that two obvious reduction peaks were found at
—0.95 V (peak C) and —1.1 V (peak C,) during the cathodic
scan. In alkaline solution a chemical reaction between bis-
muth oxide and OH™ occurred (eq. (1)), whilst the electro-
chemical reduction of BiO,™ occurred at —0.95 V (peak C,)
(eq. (2)) [32]. Another reduction peak C, occurred at —1.1 V
represented the reduction process of Bi(Ill) to Bi (eq. (3))
[18]. Thus, the potential of —1.2 V, which was more nega-
tive than the reduction potential of bismuth oxide, was cho-
sen for reducing bismuth oxide to form bismuth film at the
electrode surface.

Bi,04(s) + 20H™ — 2BiO,” + H,0 (1)
BiO,” + 2H,0 + 3e — Bi(s) + 40H" )
Bi,05(s) + 3H,0 + 6e — 2Bi(s) + 60H" 3)

Before studying the stripping performance of the
BONPs-IL-CPE, the process of hydrogen evolution at the
electrode surface was investigated, since this has a profound
effect on the stripping analysis results [13,14]. As shown in
Figure 1(B), the background current of the IL-CPE in-
creased rapidly below —1.0 V (Figure 1(B)-a), whilst a
pre-conditioned BONPs-IL-CPE (Figure 1(B)-b) exhibited a
lower background current and more negative hydrogen
evolution potential than the IL-CPE, because of the for-
mation of a bismuth film at the electrode surface. The back-
ground of the BONPs-IL-CPE was extremely stable during
the repetitive scans. These results demonstrated that the
proposed composite electrode could be used to determine
Cd(II) and Pb(II) with a reduction potential, more negative
than -1.2 V.
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Figure 1 (A) Cyclic voltammogram of the BONPs-IL-CPE in 0.1 mol
L' KOH solution. (B) Cyclic voltammograms of an IL-CPE (a) and the
BONPs-IL-CPE (b) in 0.1 mol L™ acetate buffer solution (pH 4.5). Scan
rate: 20 mV s\

Figure 2 shows the square wave anodic stripping volt-
ammograms (SWASVs) of 30.0 pg L Cd(II) and Pb(Il) at
the BONPs-PO-CPE, bare IL-CPE, bismuth film modified
IL-CPE (BiF/IL-CPE) and BONPs-IL-CPE. As can be seen
in Figure 2 curve a, the response of the bare IL-CPE was
very poor, with two small peaks. However, after the addi-
tion of BONPs into the bulk composite electrode and pre-
treatment in alkaline solution, the electrode exhibited high
sensitivity toward Cd(II) and Pb(Il) detection with
well-defined, sharp and separate stripping peaks (Figure 2-
e). This phenomenon can be attributed to the fact that bis-
muth can form an “alloy” with Cd and Pb that more readily
reduces Cd(II) and Pb(Il). The peak current of Cd(Il) and
Pb(II) measured using the BONPs-IL-CPE was comparable
with those of a BiF/IL-CPE (Figure 2-b), however our elec-
trodes are easier to prepare and more stable. Furthermore,
the stripping response at the BONPs-IL-CPE was better
than that of BONPs-PO-CPE (Figure 2-c). This improved
performance can be ascribed to the enhanced conductivity
of the BONPs-IL-CPE with a conductive ionic liquid as the
binder, while poor conductivity was found on the surface of
the BONPs-PO-CPE using nonconductive paraffin oil as the
binder [24,25].
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Figure 2 SWASVs of 30.0 pg L™ Cd(II) and Pb(II) by different working
electrodes. Curves a, IL-CPE; b, BiF/IL-CPE; ¢, BONPs-PO-CPE, and e,
BONPs-IL-CPE. Curve d is the stripping response of the BONPs-IL-CPE
in the absence of any metal ions. Deposition time: 180 s. Deposition poten-
tial: —1.2 V. Supporting electrolyte: 0.1 mol L™ acetate buffer solution (pH
4.5).

To optimize the BONPs content in the composite elec-
trode, electrodes with different BONPs contents ranging
from O to 5% (w/w) were prepared. Figure 3 shows the ef-
fect of the amount of BONPs on the stripping response of
30.0 pg L Cd(II) and Pb{I). The response increased
quickly with the increase of BONPs content from 0 to 2%.
Further increasing the BONPs content, the sensitivity of the
developed composite electrode followed a decreasing trend,
probably due to a decrease in conductivity of the working
electrode surface. Hence, an electrode containing 2% of
BONPs was used for subsequent measurements.

To further optimize the performance of the BONPs-IL-
CPE for the determination of Cd(II) and Pb(Il), the deposi-
tion conditions including the deposition time and deposition

Current (nA)

0 , . ,

0 1 2 3 4 5
BONPs content (%)

Figure 3 Effect of BONPs content on the stripping response of 30.0
ug L' Cd(II) and Pb(II). Other conditions are as in Figure 2.
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potential were investigated. Figure 4 (A) illustrates the in-
fluence of deposition time (30 to 300 s) on the stripping
response of Cd(II) and Pb(Il). As the deposition time in-
creased from 30 to 180 s, the stripping peak current of Cd(II)
and Pb(Il) increased linearly. However, the linear trend was
not obvious with further increasing deposition time. Only a
slight increase of the stripping response was found due to
the saturation loading of the electrode surface. So a deposi-
tion time of 180 s was selected. The effect of deposition
potential on the stripping peak current is shown in Figure 4
(B). When the deposition potential was —0.8 V, the response
of Cd(I) was negligible. After applying more negative po-
tential, the stripping peak current increased significantly.
The highest peak current was achieved when the potential
of —1.2 V was applied. As the deposition potential further
negatively shifted, both the peak currents decreased because
of the reduction of certain other chemicals interfering with
the determination. Furthermore, the reproducibility at these
potentials was very poor because of hydrogen evolution at
the electrode surface. Consequently, —1.2 V was used as the
optimal deposition potential for subsequent experiments.
Calibration for the simultaneous determination of Cd(II)
and Pb(Il) using square wave anodic stripping voltammetry
was performed. Figure 5 illustrates the stripping response of
the BONPs-IL-CPE without any cross interference as the
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Figure 4 Effects of deposition time (A) and deposition potential (B) on
the stripping response of 30.0 pg L™' Cd(IT) and Pb(Il) obtained at the
BONPs-IL-CPE with a BONPs loading of 2%.
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Figure 5 SWASVs for the successive additions of Cd(IT) and Pb(IT) in 3.0 pg L™" steps at the BONPs-IL-CPE. Inset shows the calibration curves for the

determination of Cd(II) and Pb(II). Other conditions are as in Figure 2.

concentrations of both metal ions were increased from 3.0
to 30.0 pug L™" in 3.0 pg L™" increments, the inset shows the
corresponding calibration curves. The response was linear
within the above range with linear correlation coefficients
of 0.9927 and 0.9924 for Cd(II) and Pb(II), respectively.
The BONPs-IL-CPE also demonstrated satisfactory detec-
tion limits (S/N = 3) of 0.15 pug L™ for Cd(II) and 0.21 pg
L™ for Pb(Il) in combination with a 180 s deposition time.
Lower detection limits for both metal ions could be
expected by prolonging the deposition time. Repetitive
measurements of 30.0 ug L' Cd(II) and Pb(II) exhibited
good reproducibility with relative standard deviations
of 29% and 2.1% for Cd(II) and Pb(II), respectively
(n =10).

To determine the storage stability of the BONPs-IL-CPE,
the electrodes were stored in air at ambient conditions, and
the sensitivity was checked daily. The response of the elec-
trode exhibited no obvious changes after 60 d, indicating the
long-term stability of the composite electrode. The opera-
tional stability of the electrode during continuous monitor-
ing in solutions was also evaluated. When not in use, the
electrode was kept in an acetate buffer solution. After each
hour, the stripping response to 20 ug L™ of Cd(II) and Pb(II)

was recorded. As expected, no obvious changes were ob-
tained during the 24 h measurement, suggesting that the
composite electrode was highly stable in an aqueous phase
environment.

Surface-active macromolecules have a significant effect
on the stripping response of BiFEs [14-16]. The effect of
different type of surfactants on the developed electrode was
evaluated and compared with those of a BONPs-PO-CPE.
Table 1 summarizes normalized current, I/l . data, ob-
served at different concentrations of surfactants for both
electrodes. It can be seen that the cationic surfactant
cetyltrimethylammonium (CTAB) exhibited the most obvi-
ous decrease in the stripping currents owing to the electro-
static repulsion of Cd(II) and Pb(II). Triton X-100 produced
moderate interference on the current signal. Sodium dodecyl
sulfate (SDS) which is an anionic surfactant induced the
least significant decrease in stripping current. Nevertheless,
compared with the BONPs-PO-CPE, it is obvious in most
cases that the BONPs-IL-CPE was much more tolerant to
the presence of the surface-active macromolecules. Such a
minimization on the fouling effect of surfactant was in
agreement with the observed good antifouling ability of an
IL constructed carbon composite electrode [14,24,25].

Table 1 Normalized current, I,/I,max, expressed as a percentage, for 30.0 pg L Cd(II) and Pb(II) with different concentrations of surfactants (mg L’l)

obtained from the BONPs-IL-CPE and BONPs-PO-CPE

Ip/lpmax (%)
Metal ion Electrode Triton X-100 (mg L™) SDS (mg L™) CTAB (mgL™)
5 10 20 5 10 20 5 10 20
cdan BONPs-IL-CPE 81 72 58 89 82 68 76 64 51
BONPs-PO-CPE 73 61 50 84 75 61 69 58 46
Pb(I) BONPs-IL-CPE 79 70 57 88 82 67 77 66 53
BONPs-PO-CPE 72 62 51 82 71 62 71 59 47
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Table 2 Recovery test for the determination of Cd(II) and Pb(II) in extracted milk samples

Sample No Cd(In) Pb(1I)
) Added (ug L™) Found (ug L™) Recovery (%) Added (ug L™) Found (ug L™) Recovery (%)
1 20.0 19.63 + 1.03" 98.15 20.0 19.55  0.97 97.75
50.0 48.06 + 1.98 96.12 50.0 47.93 + 1.64 95.86
2 25.0 26.17 +1.21 104.68 25.0 25.73 +1.06 102.92
60.0 63.08 = 2.02 105.13 60.0 62.86 = 1.91 104.77
3 30.0 31.15+1.85 103.83 30.0 30.68 + 1.24 102.27
80.0 84.98 +2.17 106.23 80.0 83.57 £ 2.25 104.46

a) Value is the mean of six measurements + standard deviation.
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Figure 6 SWASYV of the extracted milk sample prepared with 5.0 pg L™
Cd(II) and Pb (II) (dashed line) together with three SWASVs recorded
after consecutive standard additions of 15.0 ug L™ Cd(IT) and Pb(II) (full
lines). Inset shows the corresponding standard addition plot. Other condi-
tions are as in Figure 2.

To evaluate the feasibility of our composite electrode for
routine analysis, the BONPs-IL-CPE was used to detect
heavy metal ions in extracted milk samples. Before the de-
termination, the extracted milk samples were prepared by
dosing to 5.0 pug L' Cd(1I) and Pb(Il). The determination of
these two metal ions at the BONPs-IL-CPE was performed
by standard addition method. A typical analysis from these
tests is shown in Figure 6, the square wave anodic stripping
response of the prepared sample is shown with three con-
secutive standard additions of 15.0 pg L™ Cd(II) and Pb(II).
The feasibility of the developed electrode for the determina-
tion of heavy metal ions in extracted milk sample was fur-
ther examined by the recovery test. The results (summarized
in Table 2) showed that the BONPs-IL-CPE possessed rea-
sonable sensitivity and produced satisfactory recovery re-
sults with an average recovery of 102.36% for Cd(Il) and
101.34% for Pb(II) and the relative standard deviation for
both metal ions was less than 6.7%. All of these results in-
dicated that the present BONPs-IL-CPE could be used for
the detection of trace heavy metal ions in food samples.

3 Conclusions

In this work, a novel composite electrode for heavy metal
ions sensing made from BONPs, IL and graphite powder
was developed. Combining the high conductivity and good
antifouling capacity of OPFP and the unique features of
BONPs, the developed electrode exhibited very good ana-
lytical performance. Several experimental parameters were
optimized and the influence of surfactants on the stripping
behavior was investigated. Our composite electrode exhib-
ited a wide linear response range from 3.0 to 30.0 ug L™ for
both metal ions, and lower detection limit of 0.15 and 0.21
ng L™ for Cd(IT) and Pb(II), respectively. In addition, the
proposed electrode was applied to detect trace metal ions in
milk samples with satisfactory results. This work introduces
a highly sensitive, reproducible and stable heavy metal ion
sensor by using nanomaterials and an IL modified carbon
composite electrode, which holds great promise for wide
application in environmental and food analysis.

This work was supported by the National High Technology Research and
Development Program of China (2011AA100704).
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