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Na-doped WO3; nanorods were successfully prepared via a hydrothermal synthesis method and further
characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM) and energy dispersive
X-ray spectroscopy (EDS). A novel and sensitive electrochemical sensor has been fabricated for determi-
nation of bisphenol A (BPA) based on the as-synthesized nanomaterials modified carbon paste electrode
(CPE). Electrochemical impedance spectroscopy (EIS), cyclic voltammetry (CV) and differential pulse
voltammetry (DPV) were applied to demonstrate the electrochemical performances of the Na-doped
WO3; modified CPE (Na-doped WOs3/CPE). By using the DPV technology, the linear calibration curve was
obtained within a wide concentration range from 0.0810 wmol L-! to 22.5 wmol L~ with the low detec-
tion limit of 0.028 wmol L~! (S/N=3) for BPA. Moreover, the sensor also showed good anti-interference
ability in the interference study and satisfactory recovery between 95.70% and 105.3% in the practical
sample analysis. Thus, the proposed sensor could be advantageously employed for the determination of
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1. Introduction

Bisphenol A (BPA) [4,4’-(propane-2, 2-diyl) diphenol] is one of
the widely used industrial raw materials during the production of
polycarbonate plastics, epoxy resins, flame retardants and other
specialty products [1]. However, a great attention has been paid
to the toxicity of BPA for its sustained release from polycarbon-
ate flasks [2], food cans [3,4] and dental products [5] during use.
Previous studies have found that BPA has estrogens-like function-
ality and is an environmental endocrine disrupting chemical (EDC).
Even small amount of BPA exposure will induce diverse harmful
health effects including diabetes [6], hepatic disease [7], cancer [8],
metabolic disease [9] and reproductive health [10]. Therefore, it
is urgently needed to develop a highly sensitive and rapid deter-
mination method for trace amount of BPA in the environmental
monitoring and food safety related fields.

Until now, various analytical methods based on capillary
electrophoresis [11], gas chromatography coupled with mass spec-
trometry (GC-MS) [12], high performance liquid chromatography
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(HPLC) [13], high performance liquid chromatography coupled
with mass spectrometry (HPLC-MS) [14], chemiluminescence
detection [15] and enzyme linked immunosorbent assay [16] have
been built to determinate BPA. Although the aforementioned tech-
niques are sensitive and effective enough for the determination
of BPA, there still are several drawbacks to overcome, such as
expensive instrumentation, time-consuming process, strict pre-
treatments requirements and well-trained operators. Compared
with these methods, nowadays, electrochemical sensors have
attracted considerable attentions due to their high sensitivity, good
selectivity, low cost, fast response, timesaving, convenient opera-
tion and on-site monitoring [17]. Nevertheless, the bare electrodes
can’t attain sensitive detection of BPA because of the poor elec-
tron transfer capacity between the sensing interface and BPA. To
address this issue, it is very essential to develop favorable materials
for surface modification of bare electrodes.

In recent years, with the rapid development of nanoscience,
nanomaterials exhibited unique photonic, magnetic, electronic
and catalytic properties [18-20] for their particular morpholo-
gies and large surface area. Therefore, a wide variety of
nanomaterials have been successfully employed to enhance
the electrochemical properties of bare electrodes in sensing
and catalysis, such as boron-doped diamond nanorods [21],
platinum-polydopamine@SiO, nanocomposite [22], chitosan/ionic
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liquid/multiwall carbon nanotubes composite 23], Fe304 nanopar-
ticle/multiwall carbon nanotube [24], etc. Among the numerous
nanoscaled materials, nanostructured tungsten oxides (WO3) has
caused extensive concern on account of its large surface areas, high-
aspect-ratio structure, low cost and high electrical conductivity
[25,26]. Furthermore, WO3 presented in several different mor-
phologies with different properties and was extensively applied
in various fields including photocatalysts [27], gas sensors [28],
field-emission devices [29], electrochromic devices [30], and
solar-energy devices [31,32]. However, studies showed that the
performance of pure WO3 was relatively poor. Dong et al. pre-
pared the Pt/WOj3-carrier and successfully improved photocatalytic
property of WO3 [33]. Sn doping effectively enhanced the opti-
cal, electrical and anticancer properties of W03 [34]. So various
strategies, including passivation layer modifying [35], coupled with
conducting polymers [36], morphologies controlling [37] and ion
doping [38], have been tried to further reinforce the activity of
WOs3. Among the above methods, the ion doping was very note-
worthy for its easy-operation and remarkable effect. Based on this, a
spate of reports on doping some metal ions to achieve the desirable
properties of WO3 emerged [39,40].

Researches have revealed that the alkali metal ions, especially
for sodium (Na) doping, can significantly improve the physical and
chemical properties of materials. The participation of Na can gen-
erate the superbase sites, and the obtained electrons by Na to the
oxide lattice usually reside in defect sites [41]. Wang et al. found
that Na-doped Cu,;ZnSnS4 increased the conductivity and conver-
sion efficiency of Cu,ZnSnSy4 solar cells [42]. Wang et al. showed
that Na-doped electrodes possessed of higher initial coulombic
efficiency, superior rate capability and better capacity retention
by electrochemical testing [43]. From these researches, it can be
seen clearly that Na doping is able to greatly strengthen the cat-
alytic and electrochemical properties of nanomaterials. Therefore,
the Na-doped WOs3 has great potential to be employed as a better
catalytic active material.

In the present work, we synthesized the Na-doped WOj;
nanorods by a hydrothermal synthesis method and developed
a sensitive and convenient electrochemical sensor based on as-
prepared nanomaterials modified carbon paste electrode (CPE) for
the determination of BPA. The electrocatalytic properties of the
sensor were characterized by electrochemical impedance spec-
troscopy (EIS), cyclic voltammetry (CV) and differential pulse
voltammetry (DPV). The proposed Na-doped W03 modified CPE
(Na-doped WO3/CPE) sensor provides a novel method for sensitive
detection of BPA, and has potential applications in determination
of environmental samples.

2. Experimental
2.1. Reagents and materials

Sodium tungstate dehydrate (Na,WO4-2H,0) and oxalic acid
(H,C,04) were purchased from Sinopharm Chemical Reagent
Co., Ltd. (Shanghai, China). Sodium chloride (NaCl) was gained
from Tianjin Kermel Chemical Reagent Co., Ltd. (Tianjin, China).
K3[Fe(CN)g] and K4[Fe(CN)g] were purchased from Tianjin Hongyan
Chemical Reagent Factory (Tianjin, China). BPA was purchased from
Tianjin Fuchen Chemical Reagent Factory (Tianjin, China). The stan-
dard stock solution of 2.00 mmolL-! BPA was prepared by 50%
(v/v) ethanol solution. 0.1 molL~! phosphate buffered solutions
(PBS) with different pH values (3.0-9.0) were prepared by mix-
ing KH,PO4 and Ky HPO4 stock solution and adjusting the pH with
1mol L1 H3PO4 and 1 molL-! KOH. All reagents were of analyt-
ical grade and used without further purification. Solutions were
prepared using double distilled water except where indicated.

2.2. Apparatus

All electrochemical measurements were performed using
a CHI660D electrochemical workstation (Chenhua Instruments,
Shanghai, China) with a conventional three-electrode system. A
modified (bare) CPE was used as a working electrode, with a satu-
rated calomel electrode and a platinum wire electrode as reference
electrode and counter-electrode, respectively. Measurements of pH
were carried out by Mettler Toledo Delta 320 pH meter (Shang-
hai, China). The morphologies of materials and electrodes were
obtained using a Hitachi S-3400 scanning electron microscope
(SEM). X-ray diffraction (XRD) patterns of WO3 and Na-doped W03
were collected by a Rigaku D/max 2550.

2.3. Synthesis of the pure WO3 and Na-doped WOs3

The pure WO3 and Na-doped WO3 were synthesized by referring
to the reported literature [44]. Typically, the synthesis procedure
was completed as below. 0.02 mol Na;WO,4-2H,0 was dissolved
in distilled water under constant stirring and pH was tuned to 1.0
with dilute hydrochloricacid solution by drops. After stirring for 1 h,
mixed 0.02 mol H,C,0,4 and the white precipitate was redissolved.
Then, 0.0117 g NaCl was added to as-obtained solution. The final
solution was transferred into teflon lined steel autoclave and kept
the sustaining stirring at 180 °C for 24 h. The resulting product was
centrifuged and washed with double distilled water several times.
Finally, the Na-doped WO3 sample was obtained by drying at 80°C
for 12 h in the atmosphere of N, gas. The synthesis procedures of
the pure WO3 were the same as those for the Na-doped W03 except
for the absence of NaCl.

2.4. Preparation of modified carbon paste electrode

The bare CPE (®=3.0mm) was prepared according to the
method described in our previous literature [45]. Graphite pow-
der and paraffin oil were hand-mixed at the ratio of 5:0.7 (w/w) to
form a homogeneous paste. And then the prepared carbon paste
was packed into a PVC tube (®=3.0mm). A copper wire was
inserted into the carbon paste for electrical contact. After fabri-
cation, the CPE was polished mechanically with weighing paper
and then cleaned by doubly distilled water. The bare CPE should be
scanned at a scan rate of 100mVs~! in pH 7.0 PBS until a steady
state voltammogram appeared for the subsequent preparation of
modified electrodes. The electrochemical pre-treatments of WO3
modified CPE (WO3/CPE) and Na-doped WO3/CPE were the same
as that of the bare CPE. These two modified electrodes were fabri-
cated according to the procedure of Zheng and his co-workers [46].
Briefly, 0.5 mg Na-doped WO3; powder was placed on a piece of
weight paper, and then made the CPE gently rub over the samples
until all of the powder adhered to the CPE surface. The WO3/CPE
was prepared under the same experimental process.

2.5. Electrochemical measurements procedure

EIS measurements were carried out in
5.0 mmol L-! K3[Fe(CN)g]/K4[Fe(CN)s] mixture by a ratio of 1-
to-1 containing 0.1 mol L~1 KCI, with the frequencies swept from
10mHz to 100 kHz. The applied perturbation amplitude in experi-
ment was 5 mV. CV measurements were applied from —0.4 to 0.8V
in [Fe(CN)g]3>~/4- solution and performed from 0.1 to 0.9V in BPA
solution at the scan rate of 100mVs~!. DPV was measured from
0.1 to 0.8 V at pulse width of 0.05 s and amplitude of 50 mV. All the
electrochemical experiments were implemented in a very clean
environment to keep the qualities of nanomaterials, electrodes
and solutions. Each electrode was stored at room temperature.
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Fig. 1. XRD pattern of the W03, Na-doped WO3 samples and the JCPDS peak for the
WOs3 (no.33-1387).

3. Results and discussion
3.1. Crystal structure analysis

The crystal structures of pure WO3 and Na-doped WO3 samples
were explored by using XRD and the results were shown in Fig. 1.
As shown in Fig. 1, all of the prepared samples were highly crys-
talline and the diffraction peaks were consistent with the hexagonal
structured WO3 (JCPDS no. 33-1387). There was no signal of addi-
tional impurity phase pattern pertaining to Na or its oxide in the
Na-doped WO3 sample, which may be related with the Na doping
in WOj lattice. Diffraction peaks of all the samples were almost the
same to each other, corresponding to the following planes: (100),
(001),(110),(102),(200),(112),(202),(004),(220),(222), (400) and
(402), respectively [47]. Moreover, it was reported that the large
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Fig. 2. SEM images of WO5 (A), Na-doped WOs; (B), WO3/CPE (C), Na-doped WO3/CPE (D) and bare CPE (E) with EDS image of Na-doped WOs (F).
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Fig. 3. CVs (A) and Nyquist diagrams of EIS (B) of bare CPE (a), WO3/CPE (b) and
Na-doped WO3/CPE (c) in the solution of 5.0mmol L~ [Fe(CN)s]>~/4~ (1:1) and
0.1 mol L~! KCI. CVs were recorded at a scan rate of 100 mV s~'; Nyquist plots were
obtained at the frequencies swept from 10° to 10-2 Hz at the formal potential of the
redox couple.
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Fig. 4. CVs of 5.0 x 10~ mol L~! BPA at a bare CPE (a), WO3/CPE (b) and Na-doped
WO3/CPE (c) in 0.1 mol L-! PBS (pH 7.0) with the scan rate of 100mVs~'.

tunnels were formed by octahedral sharing (WOg) in the hexago-
nal structured WOs3 [48]. Hence, the ions can be easily embedded
into these tunnels and Na ions can substitute into the interstitial
sites of the hexagonal W03 successfully.

3.2. Morphological characterization

SEM was employed to investigate the nanostructures and mor-
phologies of the as-prepared samples and electrodes. The SEM
images of undoped W03, Na-doped WO5 and modified electrodes
were displayed in Fig. 2. It exhibited remarkable heterogeneous
and agglomerate rod like shape in the undoped WOs3 (Fig. 2A).
Meanwhile, in Fig. 2B, Na-doped WO3 was composed of many
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Fig. 5. (A) CVs recorded with Na-doped WOj3/CPE in different pH: 3.0, 4.0, 5.0,
6.0, 7.0, 8.0, and 9.0 containing 5.0 x 10~6 mol L-! BPA; (B) Calibration plot showed
effects of pH on peak potentials at Na-doped WO;/CPE.
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Scheme 1. Possible reaction of BPA oxidation on the Na-doped WOs/CPE.

nanorods with average diameter of about 100 nm and length range
of 0.5-1 pm. This 1D structure was advantageous for the electro-
chemical catalysis due to the charges could be transferred in direct
ways [49]. Therefore, the Na-doped WO3 nanorods might enhance
the interaction between BPA and modified electrode to further
facilitate the electrochemical properties of Na-doped WOs3/CPE.
In order to evaluate the elementary composition of the obtained
Na-doped WO3 sample, the energy dispersive X-ray spectroscopy
(EDS) was analyzed and the result was displayed in Fig. 2F. It
could be seen that multiple well-defined peaks were observed
clearly corresponding to O, W and Na with no other impurities
peaks. The content of Na was determined to be 5at%. These con-
sequences further revealed the successful formation of Na-doped
WO3 and verified the aforementioned prediction that the Na doping
in WOs5 lattice. Additionally, the surface morphologies comparison
between bare CPE and different modified electrodes showed that
the presence of nanostructure materials was well evidenced. The
bare CPE (Fig. 2E)shaped irregularly with isolated graphite flakes
and distinguished layers. But for the modified electrodes, nanoma-
terials covered the CPE surface massively and arranged randomly
as shown in Fig. 2C and 2D, which confirmed that WO3 and Na-
doped W03 nanorods adhered successfully to the bare CPE to form
more active WO3/CPE and Na-doped WO3/CPE.
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3.3. Electrochemical properties of the modified electrodes

Electrochemical characterizations of the electrodes were inves-
tigated by CV with the probe of [Fe(CN)g]>~/4~. Fig. 3A showed
the CVs of bare CPE (a), WO3/CPE (b) and Na-doped WO3/CPE (c)
in 5.0 mmol L~ [Fe(CN)g]3*~/4~ solution containing 0.1 mol L~ KCI
at the scan rate of 100mVs~!. It can be seen that a pair of redox
peaks with poor symmetry were obtained with peak-to-peak sep-
aration (AE,) about 890 mV at bare CPE (curve a). While at the
WO3/CPE (curve b), the CV responses of AE, declined obviously
to 170 mV, indicating that W03 could greatly increase the electron
transfer rate between [Fe(CN)g]3~/4~ and electrode surface. In the
meantime, a pair of well-defined redox peaks were observed at
the Na-doped WO3/CPE (curve c) with a further decreasing AE, of
110 mV and significantly enhancing redox peak currents, indicating
the better electrochemical reversibility than that of bare CPE and
WO3/CPE. Meanwhile, the electroactive surface of modified elec-
trode was investigated. According to the Randles ~ Sevick equation:
ip =2.69 x 10°n3/2AD1/2v1/2(, the result showed that the electroac-
tive surface of Na-doped WO3/CPE was 1.3 times that of WO3/CPE.
These phenomena indicated Na-doped WO3 nanorods could effec-
tively promote the electron transfer rate and had the preferable
catalysis performance than WOs.

EIS was used for characterization of the interface electron trans-
fer capabilities of different electrodes. As displayed in Fig. 3B, the
different Nyquist plots about (a) bare CPE, (b) WO3/CPE and (c)
Na-doped WO3/CPE were achieved in the same [Fe(CN)g]*~/4~ solu-
tion mentioned above. The charge transfer resistance (R) at the
electrode surface is equal to the semicircle diameter. In curve a, a
large diameter was obtained at the bare CPE (R =3000 £2), which
indicated a very poor electron transfer process. However, the semi-
circle diameter obviously diminished (R =800 2) when WO3 was
modified to the surface of bare CPE (curve b), implying that WO3
facilitated the electron transfer from [Fe(CN)g]3>~/4~ to the elec-
trode surface. Meanwhile, on the Na-doped WO3/CPE (curve c), the
R¢: value sharply reduced to 210 €2, which was lower than that for
WO3/CPE and bare CPE. These results proved that WO3 and Na-
doped WO3 were successfully accreted on bare CPE surface and the
Na-doped WO3 was a particularly effective medium to enhance the
conductivity of the electrode and enhanced the electron transfer
rate between the solution and electrode surface.

3.4. Electrocatalytic behaviors of Bisphenol A

Fig. 4 showed the CVs of 5.0 x 10~ molL~! BPA in 0.1 molL~!
PBS (pH 7.0) at bare CPE, WO3/CPE and Na-doped WO3/CPE at a
scan rate of 100mVs~1, respectively. At bare CPE (curve a), the
oxidation of BPA occurred at the high potential of 0.665V with
weak current response (0.432 wA). While at WO3/CPE (curve b),
a well-defined oxidation peak of BPA appeared at 0.587 V with an
enhanced oxidation current (3.124 pA), suggesting WO3 was help-
ful to improve the catalytic process of BPA. Moreover, the Na-doped
WO3/CPE (curve c) provided a greater peak current about 4.664 A
which was around 1.5 times that of WO3/CPE and 11 times of bare
CPE. What is more, the peak potential shifted negatively to 0.553 V.
These results suggested that Na-doped WO3 could accelerate the
electrocatalytic oxidation of BPA, which might be attributed to the
successful introduction of Na and the unique characteristics of Na-
doped WO3 such as high effective specific surface area and better
electric conductivity. Moreover, Na-doped WOs3 /CPE had the bigger
electroactive electrode surface.

3.5. Effects of solution pH

It is noted that the pH of the electrolyte has a profound influ-
ence on the electrochemical behaviour of BPA. The effect of pH
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Fig. 6. CVs of 5.0 x 10~¢ mol L-! BPA on Na-doped WOj3/CPE at different scan rates:
40, 60, 80, 100, 130, 160, 200, 250, 300, 380, 460, 550, 650, 750, 950, 1200, and
1400 mVs~'. Inset: (a) the plot of the oxidation peak current (I) versus the square
root of scan rate (v'2) and (b) the relationship between the peak potential (E) and
natural logarithm of scan rate (Inv). Supporting electrolyte was 0.1 molL-! PBS of
pH7.0.

on the electrochemical properties of Na-doped WO3/CPE toward
5.0 x 10~ molL-1 BPA was investigated by CV (Fig. 5A). A series
of well-defined oxidation peaks of BPA appeared in the pH range
from 3.0 to 9.0. As can be seen, the oxidation peak current at pH
7.0 was in a state of the maximum value. The pH of maximum
response was lower than the pKa of BPA (pKa =9.73)[50], indicating
that the undissociated BPA could adsorb better than the dissoci-
ated BPA on the Na-doped WO3/CPE surface. Therefore, PBS with
the pH of 7.0 was selected as the supporting electrolyte for the
desirable sensitivity of the determination of BPA. Additionally, the
relationship of pH value vs. peak potential was studied in Fig. 5B.
It was found that the oxidation peak potentials shifted linearly to
the negative direction with the increase of pH and it obeyed the
following equation, E(V) =(0.9243 £ 0.0096) — (0.0502 4+ 0.0014)pH
(R=0.9983). The slope value of 50.2 mV per pH was approximately
to the theoretical value of 57.6 mV per pH [51]. The fact revealed
that the oxidation process of BPA on Na-doped WO3/CPE surface
accompanied an equal number of electrons and protons transfer
process.

3.6. Effects of scan rate

To assess the electrocatalytic mechanism of Na-doped
WO3/CPE, CVs of 5.0 x 10~ mol L-1 BPA at different scan rates of
40-1500mVs~! were recorded in Fig. 6. It could be clearly seen
that the oxidation peaks of BPA shifted to positive potentials and
the oxidation peak currents also gradually increased with the
increasing of scan rates. The inset (a) exhibited that the oxidation
peak current (I) of BPA was linearly proportional to the square
root of scan rate (v'/2), and the linear regression equation can
be estimated as I(A)=(0.5024+0.0063)v1/2-(1.2565 +0.0538)
(R=0.9991). The results indicated that the oxidation of BPA on
Na-doped WO3/CPE surface was controlled by diffusion process
[52]. Meanwhile, a good linear relationship between the oxidation
peak potential (E) and natural logarithm of scan rate (Inv) was also
obtained in the inset (b). The equation was E = (0.0286 + 0.0005)Inv
+(0.4327 +£0.0024) (R=0.9984). As for an electron-controlled and
totally irreversible electrode process, the E was defined by the
following equation [51]:

RT RTK? RT
_ b
E=FE"+ (omF)ln<omF> + (omF)an

Where o, k%, n, v, E’, R, T, and F represent transfer coefficient,
standard rate constant of the reaction, electron transfer number
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involved in rate determining step, scan rate, formal redox potential,
the gas constant, the absolute temperature and the Faraday con-
stant, respectively. According to the linear correlation of E versus
Inv as mentioned above, the slope was equal to RT/anF. Generally,
a is assumed to be 0.5 in totally irreversible electrode process [53],
so the n was calculated to be 1.79 (taking T=298, R=8.314, and
F=96480). Considering the fact that the number of electron and
proton participating in the oxidation process of BPA was equal,
demonstrated in Section 3.5, the electrocatalytic oxidation of BPA
at Na-doped WO3/CPE may be a two-electron and two-proton pro-
cess. The possible oxidation process was predicted and illustrated
in Scheme 1:

The possible mechanism of the electrocatalytic process was
speculated and showed in Fig. 7. As shown in Fig. 7, at the beginning
of oxidation process, a large amount of BPA molecules diffused into
the surface of Na-doped WO3/CPE to form the transition state com-
plexes [54]. With the increasing potential loaded on the electrode,
BPA was oxidized to the quinoid structure and Na-doped WO3; was
changed into the reduction state by capturing the lost electrons of
BPA. The as-reduced nanomaterials transfered electrons continu-
ously to the bare electrode and then the Na-doped WO3 changed
to its original state. Meanwhile, the quinoid structure has been
in the stable state. In the whole reaction process, the Na-doped
WOs3 nanorods were an important medium to increase the concen-
tration of the free electrons and decrease the energy barrier that
electrons directly passed from BPA to bare CPE surface, which even-
tually enhanced the conductivity of the proposed sensor. The result
suggested that Na-doped WO3/CPE was an useful tool towards the
oxidation of BPA with the excellent electrocatalytic activity.

3.7. Analytical performance of the Na-doped WO3/CPE

DPV was employed to evaluate the analytical performance of
the sensor when the Na-doped WO3/CPE was incubated with var-
ious concentrations of BPA solution. As shown in Fig. 8, under
the optimal experimental conditions, the oxidation peak cur-
rents increased linearly against the concentration of BPA within
the range of 0.0810~22.5 wmol L~1. The resulting linear equation
was I(rA)=(0.3105+0.0102)C + (0.4053 +£0.0243) (R=0.9950).
The detection limit (LOD) was estimated using the expression:

kSDy/b where k=3 for LOD, SD, is the standard deviation of the
intercept and b is the slope of the calibration plot. So the LOD of BPA
was estimated to be 0.028 wmolL-!. The experiment result con-
firmed that the fabricated sensor had wider concentration range,
lower detection limit and good sensitivity for the measurements
of BPA. A comparison of Na-doped WO3/CPE with other previ-
ously reported modified electrodes for detecting BPA was listed
in Table 1. All of the results suggested that the analytical perfor-
mance of Na-doped WO /CPE was essentially comparable to that of
other differently types of BPA electrochemical sensors. The promi-
nent electrocatalytic property could be ascribed to the large specific
surface area and good electron transfer capability of the Na-doped
WO3 nanorods and the bigger electroactive surface of Na-doped
WO3/CPE. In addition, as compared to the other surface modifiers
listed in Table 1, the Na-doped WO3 nanorods were prepared by a
facile hydrothermal synthesis method and the utilized raw mate-
rials were inexpensive and easy-to-get. And more importantly,
the preparation method of modified electrodes was simple and
easy-to-operate. Thus, the Na-doped WO3/CPE may be potentially
applied for monitoring the BPA concentration.

3.8. Stability, reproducibility, repeatability and selectivity

The stability of the sensor was evaluated by repeating DPV
measurements at 5.0 x 10-6 mol L-! BPA when Na-doped WO3/CPE
was stored at the room temperature for 5days. The peak cur-
rent signals of BPA barely changed in the first day, and retained
94%, 90% and 85% of their original response for the second, third
and fifth day, respectively. The result verified that the stability
of the Na-doped WO3/CPE was comparatively ideal. 5 Na-doped
WO5/CPE with the consistent backgrounds were used to exam-
ine the 5.0 x 10-6 molL-! BPA by monitoring the CV responses
to evaluate the reproducibility of the prepared sensor. As shown
in Fig. 9, the relative standard deviation (RSD) was less than 5%,
indicating that the Na-doped WOs3/CPE possessed a good repro-
ducibility. Moreover, one of the aforementioned electrodes was
selected to assess the repeatability of Na-doped WO3/CPE via 16
successive measurements of 5.0 x 10~ molL~! BPA by DPV. The
RSD of the anodic currents was calculated to be 4.3%, indicat-
ing the good repeatability of the proposed sensor. Furthermore,
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Table 1

Comparison of the analytical parameters of different modified electrodes for the determination of BPA.
Modified electrode Linear range (wmol L) Detection limit (wmol L~1) Sensitivity wA*(pmol/L)~! References
MMIPs-CTAB/CPE 0.6-100 0.10 0.61 [55]
MCM-41/CPE 0.22-8.8 0.038 2.833 [56]
CMK-3/nano-CILPE 0.2-150 0.05 0.7741 [57]
Pt/Gr-CNTs/GCE 0.06-10 10-80 0.042 1.156 0.2646 [58]
Thin-film electrode array 0.044-4.4 0.044 0.1085 [59]
AuNPs/SGNF/GCE 0.08-250 0.035 0.06515 [60]
MIP-SiO; /CPE 0.1-500 0.03222 0.141 [61]
PEDOT/GCE 90-410 55 0.0634 [62]
Na-doped W03 /CPE 0.0810-22.5 0.028 0.3105 this work

Table 2
The effect of different interferences towards the determination of BPA at Na-doped
WO3/CPE.

Interference Concentration (molL-1) Recovery (%)
Mg2* 50x 104 103.9%
Ca** 50x104 98.20%
Cu?* 50x104 95.39%
Fe3* 50x 104 95.06%
NO3~ 50x 104 97.80%
S04%~ 50x104 95.12%
glucose 1.0x 103 96.51%
sucrose 1.0x 103 104.1%
fructose 1.0x 1073 98.03%
histidine 50x 104 102.6%
threonine 5.0x 1074 96.13%
alanine 50x 104 95.75%
hydroquinone 2.5x107° 96.84%
pentachlorophenol 2.5x10°° 95.02%

some foreign substances on the determination of 5.0 x 106 mol L-!
BPA were investigated to measure the selectivity of the electro-
chemical sensor. As shown in Table 2, 100-fold concentrations of
inorganic ions such as Mg2*, Ca2*, Cu?*, Fe3*, NO3~ and SO42-,
did not affect BPA current response (signal change below +5%).
200-fold concentration of glucose, sucrose and fructose, 100-fold
concentration of histidine, threonine and alanine, 5-fold concentra-
tions of hydroquinone and pentachlorophenol, barely influenced
the current response of BPA with relative errors less than +5%.
These results indicated that Na-doped WO3/CPE had an excellent
anti-interference ability for some coexisting substances and a good
selectivity for BPA detection.

3.9. Real sample analysis

In order to evaluate the practical performance of the proposed
BPA sensor, the Na-doped WO3/CPE was used to determine BPA in
the tap water samples and the sterilized milk samples via a recov-
ery study. All tap water samples were collected in the laboratory
and used without further treatment. All treated milk samples were
employed as the base solutions. These samples were spiked with
certain levels of BPA under the optimal experimental conditions.
The BPA content in the samples was determined with the previously
described procedure by using the spike/recovery test. The results
were listed in Table 3. The achieved recoveries of BPA were in the
range of 95.70%-105.3%, indicating that the developed Na-doped
WO3/CPE sensor was applicable for BPA detection in practical sam-
ples.

4. Conclusion

In this work, a novel rapid detection method towards BPA based
on the Na-doped WO3 nanorods modified electrode has been devel-
oped. Na-doped WO3 nanorods were synthesized by hydrothermal
method and applied as effective sensing materials due to its homo-
geneous nano-scaled size and the special 1D structure, which was

Table 3
Recoveries of BPA from spiked real samples using Na-doped WO3/CPE.

Samples Added (pmol L) Found (pmol L") Recovery (%)
Tap water 1 5 4.832 96.64%
Tap water 2 10 9.903 99.03%
Tap water 3 20 20.84 104.2%
Milk 1 5 5.180 103.6%
Milk 2 10 9.570 95.70%
Milk 3 20 21.05 105.3%
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Fig. 8. DPV voltammograms at Na-doped WO; /CPE for different concentrations BPA
ina 0.1 mol L-! PBS (pH 7.0). The concentrations of BPA from a (inner) to m (outer)
were 8.10x 1078, 2.91 x 1077, 9.91x 1077, 1.79 x 1076, 2.29 x 1076, 3.29 x 1076,
529x10°%, 629x10°%, 829x10°% 1.23x107°, 1.43x107°, 1.83x 10> and
2.25 x 107> mol L. Insert showed plot of oxidation peak current vs. concentration
of BPA.
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Fig. 9. The reproducibility curve of 5.0 x 10~ mol L-! BPA on Na-doped WO3/CPE".

benefit to charge transfer. Electrochemical results demonstrated
that the Na-doped WO3/CPE had excellent electrocatalytic activ-
ity for BPA oxidation compared with WO3/CPE and bare CPE.
The fabricated sensor exhibited a wide linear response range of
0.0810-22.5 pmol L~!, a low detection limit of 0.028 pmol L~! and
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good anti-interference. Additionally, the sensor was successfully
applied to real samples with acceptable recovery for the determi-
nation of BPA. With these fascinating advantages, the Na-doped
WO3/CPE sensor could be further employed for the electroanalyti-
cal and biosensing applications.
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