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Bisphenol A (BPA) is a structural component in polycarbonate beverage bottles that can be released in food sam-
ples. So, we focus for preparation of a novel voltammetric sensor in BPA determination. Towards this aim, a fast
and sensitive voltammetric sensor based on the use of NiO/CNT nanocomposite/ionic liquid carbon paste elec-
trode (NiO/CNT/IL/CPE) is proposed for the determination of BPA. The proposed sensor exhibited a good
electro-catalytic activity towards the electro-oxidation of BAP,which can be confirmedby the increasedpeak cur-
rent and the decreased peak potential when comparedwith the unmodified electrode. The linear response range
and detection limit were found to be 0.08–500 μM and 0.04 μM, respectively. The suggested sensor was success-
fully applied for the voltammetric determination of BPA in food samples with satisfactory results.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

BPA has been used in food packaging since the 1960s (http://www.
fda.gov/NewsEvents/PublicHealthFocus/ucm064437.htm). BPA can
leach into food samples from the protective internal epoxy resin coat-
ings of canned foods and from consumer products such as food storage
containers, polycarbonate tableware and water bottles. The degree
leaches of BPA into liquid may dependmore on the temperature condi-
tion of the liquid or bottle. On the other hand, BPA can also be found in
breast milk [1]. Bisphenol A can be an increased risk of breast tumors in
human body. Therefore, it is very important for suggestion a high sensi-
tive and good selective sensor in BPA determination in food samples.

Some papers are available regarding the determination of BPA in
real samples using different analytical methods [2–8]. Between the
analysis methods, electrochemical methods and especially modified
sensors have attracted more attention in recent years due to their
high sensitivity and selectivity, accuracy, high dynamic range, lower
cost, and simplicity [9–13].

As we know, unmodified electrodes have a number of limitations,
such as high charge transfer resistance, high overpotential, low selectiv-
ity and sensitivity and low stability for electrochemical analysis [14–18].
Therefore, attention to themodification of electrode surfaces using suit-
able mediators such as nanomaterials and ionic liquid is key point in
electrochemical determination of food, biological and pharmaceutical
compounds in recent years [19–23].
lzadeh).
Electrochemical sensors based on ionic liquid or nanomaterial base
have received much attention due to their specific properties such as
high electrochemical conductivity and wide electrochemical windows
in recent years [24–29]. Room temperature ionic liquids can be used
to make different modified sensors, which could increase the electron
transfer rate of electroactive compounds [30–33].

In this research, we describe the synthesis and application of a novel
NiO/CNTsmodified carbon ionic liquid paste electrode,which utilizes 1-
butyl-3-methylimidazolium hexafluoro phosphate as a binder. The
electrochemical behavior of BPA at NiO/CNT/IL/CPE, at carbon paste
electrode modified with 1-butyl-3-methylimidazolium hexafluoro
phosphate (IL/CPE), at NiO/CNT carbon paste electrode (NiO/CNT/
CPE), and at bare carbon paste electrode (CPE)was investigated. Theob-
tained results show the advantages of NiO/CNT/IL/CPE to the other elec-
trodes in terms of better reversibility and higher sensitivity. Results
show that the oxidation peak current was proportional to the BPA con-
centration in the range of 0.08–500 μM with the detection limit of
0.04 μM. The proposed sensor is good selective and high sensitive
enough for the determination of BPA in food samples.
2. Experimental

2.1. Chemicals and apparatus

Nickel nitrate and phosphoric acid were purchased from Sigma-
Aldrich and were used as received without any further purification.
Bisphenol A, good viscous paraffin oil, pure graphite powders and
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Fig. 1. (A) SEM image of NiO/CNT nanocomposite. (B) XRD patterns of as-synthesized NiO/CNT nanocomposite.
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sodium hydroxide were purchased from Merck Company. Double dis-
tilled water was used for preparation of all of the buffer solutions. For
pH optimization, phosphate buffer solutions (0.1 mol L−1) (PBS) were
used with different pH values.

For nanocomposite analysis, X-ray powder diffraction studies were
carried out using a STOE diffractometer with Cu-Ka radiation. All of
the voltammetric investigations were performed in an electroanalytical
system, μ-Autolab PGSTAT 12, potentiostat/galvanostat connected to a
three-electrode cell, Metrohm Model 663 VA stand linked with a com-
puter (Pentium IV) and with Autolab software. The system was run on
a PC using GPES for voltammetric and FRA 4.9 software for impedance
spectroscopy study. NiO/CNTs synthesized according to previous report
[34]. Bisphenol A stock solution, 1 × 10–2 M, was prepared by dissolving
0.112 g of the reagent in a 50-mL volumetric flask.
2.2. Preparation of real samples

Some cans of each group of foods (water bottle, tomato paste, stew,
corn, and tuna fish), totally 30 samples all bearing the same batch num-
ber and near their expiration date, were purchased from retail outlets in
Qaemshahr. The distribution of types of cans tested in this study was
similar across Iran. Purchasing of the samples was carried out in Febru-
ary 2013. Used samples were stored at 20 °C (laboratory condition).
After the preparation and opening of the cans, the total contents of
each can were homogenized and an aliquot was taken for electrochem-
ical analysis. The remaining contents of each can were then frozen and
Fig. 2. Cyclic voltammograms of (a) NiO/CNT/IL/CPE, (b) IL/CPE, (c) NiO/CNT/CPE and (d) CPE in
cyclic voltammogram responses of 300 μM BPA at pH 7.0 at the surface of different electrodes.
stored in a freezer at 4 °C. Tap and drinking water samples analysis
without any pretreatment for more analysis.

2.3. Preparation of the sensor

NiO/CNT nanocomposite modified ionic liquid carbon paste elec-
trode was prepared by mixing 0.26 g of ionic liquids, 0.74 g of the liquid
paraffin, 0.1 g of NiO/CNT nanocomposite, and 0.90 g of pure graphite
powder. Then themixturewasmixedwell for 2 h until a uniformlywet-
ted paste was obtained. Suitable amount of the preparation paste was
filled firmly into one glass tube as described above to prepare NiO/
CNT/IL/CPE.

3. Results and discussion

3.1. Characterization of NiO/CNTs

Fig. 1A shows a typical SEM image of NiO/CNT composite. The dark
spots correspond to NiO nanoparticles, which were only deposited on
the surface of multiwalled carbon nanotubes. Metal oxide nanoparticle
with near spherical shapeswas synthesized onto multiwalled carbon
nanotubes. NiO/CNTs were analyzed by XRD analyses. The XRD pattern
of NiO/CNT nanopowders, in the 2θ range of 10–80°, is shown in Fig. 1B.
It obviously proves the presence of NiO nanoparticle, with a diffraction
peak at about 26° from multiwalled carbon nanotubes. An average di-
ameter of as-synthesized NiO nanopowder was calculated from the
the presence of 300 μMBPA at pH7.0, respectively. Inset: the current density derived from



Fig. 5.Nyquist plots of NiO/CNT/IL/CPE (a), IL/CPE (b), NiO/CNT/CPE (c), and CPE (d) in the
presence of 500 μMCPZ. Conditions: pH, 7.0; Edc,+0.45 V vs. Ag/AgCl; Eac, 5mV; frequency
range, 0.1–100,000 Hz.Fig. 3. Plot of Ipa versus ν1/2 for the oxidation of BPA at NiO/CNT/IL/CPE. Inset shows

cyclic voltammograms of BPA at NiO/CNT/IL/CPE at different scan rates (from inner
to outer (a–e)) of 10, 20, 30, 50 and 100 mV s−1 in 0.1 M phosphate buffer, pH 7.0.
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broadness peak of 2θ = 43.5° by using Scherrer equation D = Kλ/(β
cosθ), and it is about 23.0 nm.

3.2. Electrochemical investigation

The active surface area of the using sensors was estimated according
to the Randles–Sevcik equation for a known concentration of K4Fe(CN)6.
The results obtained were 0.22, 0.19, 0.14 and 0.11 cm2 for NiO/NP/IL/
CPE, IL/CPE, NiO/CNT/CPE and CPE, respectively. The obtained results
show that the presence of nanocomposite and 1-butyl-3-
methylimidazolium hexafluoro phosphate together contributed to an
increase in the active surface area of the used sensor.

Fig. 2 inset shows the current density derived from the cyclic volt-
ammograms of 300 μM BPA (pH 7.0) at the surface of different elec-
trodes with a scan rate of 100 mV s−1. The results show that the
presence of NiO/NPs and 1-butyl-3-methylimidazolium hexafluoro
phosphate together causes the increase of the electrode. The direct elec-
trochemistry of BPA on themodified and unmodified electrodeswas in-
vestigated by cyclic voltammetry. Fig. 2 shows cyclic voltammograms of
300 μM BPA at pH 7.0 at the surface of different electrodes with a scan
rate of 100 mV s−1. NiO/CNT/IL/CPE exhibited significant oxidation
peak current around 545 mV with the peak current of 25.6 μA (Fig. 2,
curve a). In contrast, low redox activity peak was observed at NiO/
CNT/CPE (Fig. 2, curve c) and at unmodified CPE (Fig. 2, curve d) over
the same condition. The BPA oxidation peak potential at NiO/CNT/CPE
Fig. 4. (A) Chronoamperograms obtained at NiO/CNT/IL/CPE in the presence of (a) 300;
and (b) 400 μM BPA in the buffer solution (pH 7.0). (B) Cottrell's plot for the data from
the chronoamperograms.
and at CPEwas observed around 575 and 590mVvs. the reference elec-
trode with the oxidation peak current of 15.5 and 11.8 μA, respectively.
In addition, at the surface of IL/CPE, the oxidation peak appeared at
550mVwith the peak current was 21.3 μA (Fig. 2, curve b), which indi-
cated that the presence of 1-butyl-3-methylimidazolium hexafluoro
phosphate in CPE could enhance the peak currents and decrease the ox-
idation potential. A substantial negative shift of the currents starting
from oxidation potential for BPA and a dramatic increase of current of
BPA indicated the catalytic ability of NiO/CNT/IL/CPE to BPA oxidation.
The results indicated that the presence of nanocomposite on NiO/CNT/
IL/CPE surface had great improvement with the electrochemical re-
sponse, which was partly due to excellent characteristics of NiO/CNTs
such as good electrical conductivity, high chemical stability, and high
surface area. The suitable electronic properties of NiO/CNTs together
with the 1-butyl-3-methylimidazolium hexafluoro phosphate gave the
ability to promote charge transfer reactions and good anti-fouling prop-
erties, especially whenmixedwith a higher conductive compound such
as 1-butyl-3-methylimidazolium hexafluoro phosphate when used as
an electrode.

The effect of scan rate (υ) on the oxidation current of BPA was also
examined (Fig. 3 inset). The results showed that the peak current in-
creased linearly with increasing the square root of scan rate that ranged
from 10 to 100 mV s−1 according to regression equation of: (Fig. 3)

Ip ¼ 4:2979 ν1=2−8:9402 r2 ¼ 0:9949; I in μA;ν in mV s−1� �
: ð1Þ
Fig. 6. The plots of the oxidation peak current as a function of BPA concentration. Inset
shows the SWVsofNiO/CNT/IL/CPE in 0.1Mphosphate buffer solution (pH7.0) containing
different concentrations of BPA. From inner to outer correspond to 0.08, 0.1, 10.0, 30.0,
50.0, 150.0, 250.0, 300.0, 400.0 and 500.0 of BPA.



Table 1
Interference study for the determination of 15.0 μM BPA under the optimized conditions.

Species Tolerance limits
(WSubstance/WBPA)

Glucose, fructose, methionine, leucine, alanine, lactose,
sucrose, alanine, serine, aspartic acid, threonine, glycine,
valine, glycine, phenylalanine

1000

F−, Ba2+, Ca2+, Li+, Br−, SCN−, Na+, Mg2+, K+, ClO4
−, SO4

2−,
ascorbic acida

700

Starch Saturation

a After the addition of 1 mmol L−1 ascorbate oxidase.
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The result shows that the electrode process is controlled under the
diffusion step. On the other hand, the peak potential shifts in negative
direction when the scan rate increases, meaning that the electrochemi-
cal reaction is irreversible.

The value of α was calculated for the oxidation of BPA at pH 7.0 for
the NiO/CNT/IL/CPE using the following equation [35].

αnα ¼ 0:048= EP−EP=2
� � ð2Þ

where EP/2 is the potential corresponding to IP/2. The value for αnα was
found to be 0.53 at the surface of NiO/CNT/IL/CPE.

Single step chronoamperometric measurements of BPA at NiO/CNT/
IL/CPE were carried out by setting the working electrode potential at
650 mV for the 300 and 400 μM of BPA in buffered aqueous solutions
(pH 7.0) (Fig. 4A). For BPA with a diffusion coefficient of D, the current
observed for the electrochemical reaction at the mass transport limited
condition is described by the Cottrell equation. Experimental plots of I
vs. t−1/2 were employed, with the best fits for different concentrations
of BPA (Fig. 4B). The slopes of the resulting straight lineswere then plot-
ted vs. BPA concentration. From the resulting slope and Cottrell equa-
tion the mean value of the D was found to be 2.3 × 10−5 cm2/s.

Fig. 5 shows Nyquist diagrams of the imaginary impedance (Zim) vs.
the real impedance (Zre) of the EIS obtained at CPE (curve d); NiO/CNT/
CPE (curve c); IL/CPE (curve b) and NiO/CNT/IL/CPE (curve a) in the
presence of 500 μM BPA at pH 7.0, respectively. It can be seen that all
of the electrodes exhibit an almost straight line that is characteristic of
a diffusion limiting step of the electrochemical process. Nyquist dia-
grams follow the theoretical shapes and include a squeezed semi-circle
portion, observed at higher frequencies, which corresponds to the elec-
tron transfer limited process. The respective semicircle diameters at the
high frequency correspond to the electron transfer resistance at the
electrode surface. The curve corresponding to CPE is a big semicircle
plus a straight line (Fig. 5d). For NiO/CNT/CPE, IL/CPE, and NiO/CNT/IL/
CPE, Rct decreases dramatically (Fig. 5a–c), indicating that NiO/CNTs
and 1-butyl-3-methylimidazolium hexafluoro phosphate can act as an
effective electron conduction pathway between the electrode and
Table 2
Determination of BPA in food samples under optimum condition (sample placed in 60 °C
for 30 min).

Sample Added Founded (μmol
L−1)

HPLC method
(μmol L−1)

Fex Ftab tex ttab

Corn – 3.03 ± 0.17 2.95 ± 0.27 7.5 19.0 1.7 3.8
Tomato paste – 2.3 ± 0.45 2.5 ± 0.49 8.7 19.0 1.9 3.8
Water bottle – 1.01 ± 0.09 0.93 ± 0.13 5.3 19.0 1.4 3.8
Tuna fish – 5.81 ± 0.74 6.04 ± 0.85 9.5 19.0 2.4 3.8
Stew – 4.84 ± 0.55 4.35 ± 0.58 9.0 19.0 1.8 3.8
Tap water – bLOD bLOD – – – –

10.00 10.45 ± 0.85 9.85 ± 0.87 10.0 19.0 2.9 3.8
Drinking water – bLOD bLOD – – – –

20.00 19.56 ± 0.95 20.96 ± 1.01 12.0 19.0 3.3 3.8

Fex calculated F value; reported F value from F-test tablewith 95% confidence level and 2/2
degrees of freedom; tex calculated t; ttab(95%); reported t value from Student's t-test table
with 95% confidence level.
electrolyte. Therefore, NiO/CNT/IL/CPE composite electrode has good
electronic conductivity for electro-oxidation of BPA.

3.3 Calibration plot and limit of detection

Square wave voltammetry (SWV) was used to determine BPA con-
centrations (Fig. 6 inset). The SW voltammograms clearly show that
the plot of peak current vs. BPA concentration is linear for
0.08–500 μM of BPA, the regression equation being Ip(μA) =
(0.2294 ± 0.0181)CBPA + (5.3048 ± 0.5123) (r2 = 0.9957, n = 10),
where C is the μM concentration of BPA and Ip is the peak current
(Fig. 6). The detection limit was 0.04 μMBPA according to the definition
of YLOD = YB + 3σ.

3.4. Stability and reproducibility

The repeatability and stability of NiO/CNT/IL/CPE were investigated
by square wave voltammetry measurements of 15.0 μM BPA. The rela-
tive standard deviation (RSD%) for eleven successive assays was 1.5%.
When using seven different electrodes, the RSD% for seven measure-
ments was 2.7%. When the electrode was stored in the laboratory, the
modified electrode retains 95.5% of its initial response after two weeks
and 92% after 40 days. These results indicate that NiO/CNT/IL/CPE has
good stability and reproducibility, and could be used for BPA.

3.5. Interference study

The influence of various substances as potentially interfering com-
pounds with the determination of BPA was studied under the optimum
conditions of 10.0 μM BPA at pH 7.0. The potentially interfering sub-
stances were chosen from the group of substances commonly found
with BPA in food samples. The tolerance limit was defined as the maxi-
mum concentration of the interfering substance that caused an error
less than ±5% for the determination of BPA. The results are shown in
Table 1. Those results confirm the suitable selectivity of the proposed
method for the determination of these compounds.

3.6. Real sample analysis

In order to evaluate the analytical applicability of the NiO/CNT/IL/
CPE, also it was applied to the determination of BPA food samples. Stan-
dard additionmethodwas used for measuring BPA concentration in the
samples. The proposed sensor was compared with a HPLC method, too
[36]. The results are given in Table 2, which confirm that the NiO/CNT/
IL/CPE retained its efficiency for the determination of BPA in real
samples.

4. Conclusions

A high sensitive voltammetric sensor based on NiO/CNTs and 1-
butyl-3-methylimidazolium hexafluoro phosphate (ionic liquid) was
developed as a novel sensor for the fast and selective determination of
BPA in food samples. Compared to unmodified carbon paste electrode,
a decrease of overpotential of oxidation of BPA with 2.3-fold increment
in the oxidation current was observed when using NiO/CNT/IL/CPE as a
high sensitive tool. Results show that the oxidation peak current was
proportional to the BPA concentration in the range of 0.08–500 μM
with the detection limit of 0.04 μM. In the final step, the novel sensor
was successfully used for the determination of BPA in food samples.
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