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A novel electrochemical sensor for bisphenol A was developed through the combination of

a molecular imprinting technique with a multiwalled carbon nanotube paste electrode.

A molecularly imprinted polymer and nonimprinted polymer were synthesized in the

presence and absence of bisphenol A, and then used to prepare the electrode. The bisphenol

A imprinted polymer was applied as a selective recognition element in the electrochemical

sensor. Differential pulse voltammetry was used to characterize the electrochemical behavior

of bisphenol A at the modified electrodes. The results showed that the imprinted sensor

had highest response for bisphenol A. Parameters including the carbon paste composition,

pH, and adsorption time for the imprinted sensor were optimized. Under the optimized

conditions, the differential pulse voltammetry peak current was linear with the concentration

of bisphenol A from 0.08 to 100.0lM, with a detection limit of 0.022lM. The imprinted

sensor for bisphenol A exhibited good selectivity, stability, and reproducibility. This sensor

was successfully used for the determination of bisphenol A in real water samples.

Keywords: Bisphenol A; Electrochemical sensor; Molecularly imprinted polymer; Multiwalled carbon

nanotube paste electrode; Real water samples

INTRODUCTION

Bisphenol A (BPA) is one of the main raw materials in plastics and resins and
is widely used as a plasticizer, flame retardant, antioxidant, and heat stabilizer
(Vandenberg et al. 2007). However, as a kind of estrogen in the environment
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(Hengstler et al. 2011), BPA may harm human health, as it can disrupt endocrine
systems. Moreover, BPA was found to be a potential carcinogen (Yi, Jeung, and
Choi 2011). Owing to its nonbiodegradable property, BPA may be released into
the enviroment via wastewater from industrial plants and landfill sites (Tsai 2006).
Therefore, for environmental pollution control, it is desirable to develop a reliable
method for its determination in environment.

In recent years, several analytical methods including liquid chromatography
(LC) (Rezaee et al. 2009), gas chromatography (GC) (Cunha et al. 2012), and elec-
trochemical methods (Y. G. Li et al. 2012) have been used to determine BPA. LC or
GC provides sensitive, convenient, and effective methods for BPA, but the methods
are costly and time-consuming. Electrochemical methods have the advantages of
simplicity and high sensitivity with low-cost instrumentation. Electroanalysis can
also be used to give appropriate results within a short time under field conditions
or for on-line monitoring. A previous study on BPA showed that it is electrochemi-
cally active. The phenolic hydroxyl groups were oxidized to quinone, permitting
electrochemical determination (Fan et al. 2012). Electrochemical sensors modified with
suitable materials have been used to detect BPA, such as platinum=graphene-carbon
nanotubes (Zheng et al. 2013), multiwalled carbon nanotube–gold nanoparticles
composite (Tu et al. 2009), and mesoporous silica (F. G. Wang, Yang, and Wu
2009). These electrochemical sensors have many advantages, such as simplicity in
preparation and good stability. Molecular imprinting technique has been shown to
increase the selectivity of electrochemical methods (Liu et al. 2013).

Molecular imprinting is a technique for the preparation of tailor-made
polymers that possess specific recognition sites for the target molecules (Y. X. Li
et al. 2013; Shen et al. 2012). In the processing of these polymers, functional and
cross-linking monomers are copolymerized in the presence of the analyte as the
imprinted molecule. After the template is extracted from the rigid polymer network,
recognition sites similar with the template molecule in shape and size may be
achieved. Molecularly imprinted polymers (MIP) have unique advantages over natu-
ral biological receptors in terms of physical and chemical stability, easy preparation,
low cost, and application in harsh environmental conditions (Martı́n-Esteban 2013).
Therefore, MIPs have been successfully used in many fields, such as chromatographic
separation (B. Y. Huang et al. 2011), solid-phase extraction (Baggiani et al. 2009),
and electrochemical sensors based on glassy carbon electrodes (GCE) (Lian et al.
2012; Zeng et al. 2013) and carbon paste electrodes (CPE) (Alizadeh et al. 2010;
Gholivand and Torkashvand 2011). MIP-based electrochemical sensors for BPA
determination have been reported in recent years, such as ordered mesoporous imprinted
silica (Y. Q. Wang et al. 2011), imprinted poly(o-aminothiophenol) (J. D. Huang,
Zhang, Liu, et al. 2011; J. Zhang et al. 2009), and imprinted sol-gel (J. D. Huang, Zhang,
Lin, et al. 2011).

Multiwalled carbon nanotubes (MWCNTs) have received great attention due
to their unique physical and chemical properties such as high conductivity, large
surface area, and chemical inertness (Iijima 1991; C. Gao et al. 2012). MWCNTs
have been introduced as excellent materials for the construction of electrochemical
sensors based on glassy carbon electrode (X. J. Zhang et al. 2012), gold electrode
(Hua et al. 2011), and carbon paste electrodes (Mokhtari et al. 2012; Yang et al.
2012). Researchers have reported some papers about multiwalled carbon nanotube
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paste electrodes without modified MIPs (Ensafi et al. 2012; Keyvanfard et al. 2013;
Taherkhani et al. 2012; K. Zhang et al. 2013). In contrast, there were fewer
reports about MWCNT paste electrode modified with MIP (Rezaei et al. 2011).
The combination of a multiwalled carbon nanotube paste electrode and mole-
cularly imprinted polymers may produce sensors with good sensitivity and
selectivity. Therefore, it is interesting to modify a multiwalled carbon nanotube
paste electrode with a bisphenol A – molecularly imprinted polymer based on poly
(4-vinyl pyridine), which exhibited high adsorption and specificity for the analyte.
To the author’s knowledge, the determination of BPA using this electrode combina-
tion has not been reported.

A novel MIP-based electrochemical sensor was constructed for the selective and
sensitive determination of bisphenol A. BPA-molecularly imprinted polymers and
non-imprinted polymers based on poly(4-vinyl pyridine) were synthesized, and then
used for the preparation of multiwalled carbon nanotube paste electrodes (MWNPE).
The molecularly imprinted polymer was applied as the selective recognition element
for bisphenol A in the construction of electrochemical sensor. Differential pulse
voltammetry (DPV) was used to investigate the electrochemical behavior of bisphenol
A at the modified electrodes. Some parameters, including carbon paste composition,
pH effect, and the adsorption time for the imprinted sensor, were optimized. This
imprinted sensor was used for the determination of BPA in water samples.

EXPERIMENTAL

Instrumentation and Reagents

Electrochemical analysis was performed with a three-electrode system using
a Chi 660D electrochemical workstation (Chenhua Instruments Co., Shanghai,
China). Surface morphological images were taken by a Hitachi S-4800 scanning
electronic microscopy (Hitachi Co. Ltd., Japan). A multiwalled carbon nanotube paste
electrode modified with molecularly imprinted or non-imprinted polymers was used as
the working electrode. A platinum wire and a silver=silver chloride electrode were
used as the counter and reference electrodes, respectively. Bisphenol F was purchased
from Alfa Aesar China Co., Ltd. Ethylene glycol dimethacrylate (EGDMA),
2,20-azobisisobutyronitrile (AIBN), 4-vinyl pyridine, toluene, phenol, para-tertiary
butyl phenol, bisphenol AF, nitrophenol, bisphenol A, nitrobenzene, and graphite
powder were purchased from Aladdin Reagent Co., Ltd. (Shanghai, China).
Multiwalled carbon nanotubes were obtained from Shenzhen Nanotech. Port Co.,
Ltd. (Shenzhen, China). Benzene, toluene, and paraffin oil were purchased from
Hangzhou Chemical Reagent Co., Ltd. (Hangzhou, China). Other chemicals were
analytical grade and were purchased from Shanghai Chemical Reagent Co., Ltd.
(Shanghai, China). 2,20-Azobisisobutyronitrile was recrystallized from methanol and
then dried at room temperature in a vacuum. The 4-Vinyl pyridine was purified via
reduced pressure distillation to remove the polymerization inhibitor.

Synthesis of Bisphenol A – Molecularly Imprinted Polymer

Bisphenol A molecularly imprinted polymers were synthesized based on
bisphenol F as the template as described in a previous report (Lin et al. 2012).
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The 30.0mL of toluene were stirred in a 150-mL round-bottomed flask, and 86.4mg
bisphenol F (as the template), 185.0 mL 4-vinyl pyridine (as the functional monomer),
320.0 mL ethylene glycol dimethacrylate (as the cross-linker), and 40.0mg
2,20-azobisisobutyronitrile (as the initiator) were added. The solution was mixed
thoroughly and then degassed by nitrogen gas for 15min. The temperature was
increased to 60�C, and the reaction was allowed to proceed for 24 h. The resulting
product was collected and extracted using a Soxhlet apparatus with methanol-acetic
acid (9:1, v=v) for 24 h to remove the template. The bisphenol A nonimprinted poly-
mer was prepared by the same procedure, only without using the template molecule
in the polymerization process.

Sensor Preparation

The preparation for molecularly imprinted polymer multiwalled carbon
nanotube paste electrodes (MIP-MWNPE) and its application for the determi-
nation of BPA are illustrated in Scheme 1. For construction of the sensors
(MIP-MWNPE or nonimprinted polymer-MWNPE), 80.0mg of graphite pow-
der, 20.0mg of BPA-MIP (or BPA-NIP), and 5.0mg of MWCNT were mixed
in a mortar. 20.0 mL paraffin oil were added and homogenized with a pestle for
30min. The homogenous paste (the modifier) was tightly pressed into the end
hole of the sensor body (2.00mm diameter, 3mm depth), and the surface was
polished. The carbon paste electrode (CPE) was prepared by the same procedure,
only without using molecularly imprinted polymers (or non-imprinted polymers)
and multiwalled carbon nanotubes. Moreover, the multiwalled carbon nanotube
paste electrode was prepared by the same procedure, only without using MIP
(or NIP).

Phosphate buffer solution (PBS, 0.1M, pH 8.0) was used as the supporting
electrolyte. The modified electrodes were dipped into the desired concentration of
BPA for 2min. Then differential pulse voltammograms of the modified electrodes
were recorded between 0.2 and 0.8V. The pulse amplitude, pulse period, and pulse
width of DPV were 50mV, 0.2 s, and 50ms, respectively. Cyclic voltammetry was
performed from 0.1 to 0.9V under similar conditions.

Scheme 1. The preparation for molecularly imprinted polymer multiwalled carbon nanotube paste

electrode and the process of electrochemical detecting method for bisphenol A.
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RESULTS AND DISCUSSION

Morphology of the Molecularly Imprinted Polymer and
Nonimprinted Polymer

The morphology of MIP and NIP was investigated by scanning electronic
microscopy (SEM). As shown in Figure 1, MIP and NIP display microspheric
particles of diameters of about 0.5 and 1.2 mm, respectively. The diameter of NIP
particles was larger than MIP, which was similar to microspheres prepared by
classical precipitation polymerization (Jin et al. 2012).

Electrochemical Behavior of Bisphenol A

Figure 2A shows cyclic voltammograms from a molecularly imprinted polymer
multiwalled carbon nanotube paste electrode in the presence and absence of
100.0 mM BPA. No redox peak was observed without BPA. However, a well-defined

Figure 1. Scanning electron micrographs of (A) molecularly imprinted polymer and (B) non-imprinted

polymer.
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oxidation peak was observed during the sweep from 0.10 to 0.90V at MIP-MWNPE
in the presence of 100.0 mM BPA, while no corresponding reduction peak was
observed. Bisphenol A at the molecularly imprinted polymer-multiwalled carbon
nanotube paste electrode exhibited a well-defined oxidation peak resulting from

Figure 2. (A) Cyclic voltammograms of multiwalled carbon nanotube paste electrode in (a) the presence

and (b) absence of 100.0mM bisphenol A; (B) differential pulse voltammetry peak current of 50.0mM
bisphenol A at (a) molecularly imprinted polymer multiwalled carbon nanotube paste electrode,

(b) non-imprinted polymer multiwalled carbon nanotube paste electrode, (c) multiwalled carbon

nanotube paste electrode, and (d) carbon paste electrode. Conditions: 0.1M phosphate buffer solution

(pH 8.0), adsorption time, 2min. The inset: the mechanism for the electrochemical reaction of

bisphenol A at the molecularly imprinted polymer multiwalled carbon nanotube paste electrode.
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the oxidation of BPA to BPA-quinone (Y. Gao et al. 2012), which can be ascribed to
a two-electron and two-proton process (the inset of Figure 2A). The results showed
that the oxidation reaction was irreversible, which is in agreement with previous
reports (Zheng et al. 2013). As shown in Figure 2B, the peak current response of
50.0 mM BPA at different electrodes was investigated by differential pulse voltamme-
try (DPV). There were obvious oxidation peaks (about 0.45V) at these electrodes.
Among these electrodes, the carbon paste electrode had the lowest response for
BPA (curve d). The multiwalled carbon nanotube paste electrode (curve c) had higher
response for BPA than the carbon paste electrode, which can be attributed to the good
electrochemical activity of the multiwall carbon nanotubes. After modifying the
molecularly imprinted polymer with the multiwalled carbon nanotube paste electrode,
the oxidation peak value of BPA at the MIP-MWNPE was obviously higher than at
the MWNPE, indicating that molecularly imprinted polymer exhibited high adsorp-
tion for BPA. In addition, the oxidation peak value of BPA at the MIP-MWNPE
(curve a) was nearly 2.5 times that of the NIP-MWNPE (curve b). This phenomenon
may be explained by the presence of lower cavities for BPA in the non-imprinted
polymer. The NIP-MWNPE had higher peak current response to BPA compared with
the MWNPE. It may be ascribed to the lower specificity of the NIP for the template
molecule compared with the MIP, but it is porous and has some adsorption for
the template molecule (Baggiani et al. 2012). Therefore, although the introduction
of NIP to the MWNPE may affect the conductivity, some adsorption for BPA at
NIP-MWNPE may contribute to a higher response compared with MWNPE. In this
case, adsorption may play a more important role. To achieve the highest sensitivity for
BPA, the MIP-MWNPE was used for the determination of BPA.

Optimization of Parameters for Determination of Bisphenol A

The MIP-MWNPE sensor was prepared with different ingredients, including
graphite powder, multiwalled carbon nanotubes, the molecularly imprinted polymer,
and paraffin oil. In order to find the best composition for MIP-MWNPE, the
amounts of the MIP and paraffin oil were optimized. When the bisphenol A – mole-
cular imprinted polymer amount was lower than 20mg (Figure 3A), the DPV peak
current increased with the amount of MIP. This increase current may be attributed
to more recognition sites provided by larger amounts of MIP on the electrode surface.
In contrast, when the MIP amount was higher than 20mg, a decrease in current was
observed. This phenomenon was due to lower conductivity with high amounts of
molecularly imprinted polymer. Hence, the optimum amount of MIP was 20mg.

The optimum amount of paraffin oil as a binder in the MIP-MWNPE was
investigated. When the paraffin oil amount was lower than 20 mL (Figure 3B), an
increasing DPV peak current was observed with the amount of paraffin oil. In
addition, when the paraffin oil amount was higher than 20 mL, the current decreased
with the increasing amount of paraffin oil, which is due to the lower conductivity by
high amounts of paraffin oil. Therefore, 20 mL was selected as the optimum amount
of paraffin oil.

As shown in Figure 4A, the DPV peak current of the molecularly imprinted
polymer multiwalled carbon nanotube paste electrode for 50.0 mM BPA was
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investigated with pH values ranging from 5.0 to 10.0. It is observed that the oxidation
current increased with pH values from 5.0 to 8.0. However, when pH value was
higher than 8.0, the current decreased. Therefore, a pH value of 8.0 was chosen
for subsequent analytical experiments. As shown in Figure 4B, the DPV peak current
of MIP-MWNPE for 50.0 mM BPA with different adsorption times was investigated.
The peak current increased within 1min, and leveled off at 2min. Consequently,
2min was selected as the optimum adsorption time.

Figure 3. (A) Differential pulsed voltammetry peak current of the molecularly imprinted polymer

multiwalled carbon nanotube paste electrode for 50.0mM bisphenol A with different amounts of

molecularly imprinted polymer and (B) differential pulsed voltammetry peak current of the molecularly

imprinted polymer multiwalled carbon nanotube paste electrode for 50.0mM bisphenol A with different

amounts of paraffin oil.
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Electrode Characterization

Electrochemical behavior of the modified electrodes was investigated using
[Fe(CN)6]

3�=4� as a redox probe by cyclic voltammetery (Figure 5). A pair of redox
peaks was observed at the carbon paste electrode (curve d). However, the redox
peaks were obviously increased after the modification of multiwalled carbon
nanotubes (curve c), which can be attributed to their large surface area and good
electrocatalytic activity (Zhu et al. 2013). The redox peaks at the nonimprinted
polymer multiwalled carbon nanotube paste electrode was higher than at the
multiwalled carbon nanotube paste electrode. It could be ascribed to the fact that

Figure 4. Influence of the (A) pH and (B) adsorption time on the differential pulsed voltammetry peak

current of the molecularly imprinted polymer multiwalled carbon nanotube paste electrode for 50.0mM
bisphenol A.
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the NIP is porous (Baggiani et al. 2012), and may adsorb the [Fe(CN)6]
3� or

[Fe(CN)6]
4�. Although the introduction of the NIP may affect the conductivity,

higher adsorption for [Fe(CN)6]
3� or [Fe(CN)6]

4� for the NIP-MWNPE may
contribute to the higher current response compared with the MWNPE. The results
were consistent with the behavior of the non-imprinted polymer multiwalled carbon
nanotube paste electrode for BPA. The redox peaks at the MIP-MWNPE (curve a)
were higher than those of NIP-MWNPE (curve b). The results suggested that cavities
produced in the MIP after the removal of template BPA molecules may enhance the
diffusion of [Fe(CN)6]

3�=4� and promote the redox reaction of [Fe(CN)6]
3�=4� on

the electrode surface.

Electrochemical Surface Area

The electrochemical surface area for the molecularly imprinted polymer multi-
walled carbon nanotube paste electrode and carbon paste electrode can be calculated
by the slope of a plot of Q vs. t1=2, which was obtained by chronocoulometry using
0.1mM K3[Fe(CN)6] as model complex based on Eq. (1) given by Anson (1964):

QðtÞ ¼ 2nFACD1=2t1=2

p1=2
þQdl þQads ð1Þ

where A is the surface area of the working electrode, c is the concentration of
substrate, D is the diffusion coefficient (D of K3[Fe(CN)6] is 7.6� 10�6 cm2 s�1 (Zeng

Figure 5. Cyclic voltammograms of (a) molecularly imprinted polymer multiwalled carbon nanotube paste

electrode, (b) nonimprinted polymer multiwalled carbon nanotube paste electrode, (c) multiwalled carbon

nanotube paste electrode, and (d) carbon paste electrode in 1mM [Fe(CN)6]
3�=4�(1:1) solution containing

0.2M KCl. Conditions: scan rate, 50mV s�1; amplitude, 25mV.
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et al. 2012)), Qdl is double layer charge that is eliminated by background subtraction,
and Qads is the Faradic charge due to the oxidation of absorbed BPA. Figure 6 shows
that the slope between Q and t1=2 for the MIP-MWNPE and CPE can be calculated
to be 1.7837� 10�6 and 0.60278� 10�6, respectively. Thus, the surface area (A) was
0.029 cm�2 and 0.01 cm�2 for the bare molecularly imprinted polymer multiwalled

Figure 6. (A) Plot of Q-t curves for (a) molecularly imprinted polymer multiwalled carbon nanotube paste

electrode and (b) carbon paste electrode in 0.1mMK3[Fe(CN)6]; (B) plot of Q-t1=2 curves for (a) molecularly

imprinted polymer multiwalled carbon nanotube paste electrode and (b) carbon paste electrode in 0.1mM

K3[Fe(CN)6]; The pulse width, sample interval, and quiet time of chronocoulometry were 0.25 s, 0.25ms,

and 2 s, respectively.
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carbon nanotube paste electrode and the carbon paste electrode. The results indicate
that the electrochemical effective surface area increased after modification of the
carbon paste with multiwalled carbon nanotubes and molecularly imprinted polymers,
which enhanced the adsorption of bisphenol A, leading to an increase in current
and a decrease in detection limit (Yin, Cui, et al. 2010).

Selectivity of the Sensor

To evaluate the selectivity of the fabricated electrodes, the differential pulse
voltammetry peak current responses for BPA and analogs, including phenol,
p-nitrophenol, p-tert-butyl phenol, and bisphenol AF were investigated. As shown
in Figure 7A, the peak current response of the molecularly imprinted polymer
multiwalled carbon nanotube paste electrode for 50.0 mM analogs mentioned above
was lower than that of BPA. It can be explained that the analogs have the similar
structure as BPA, but their molecular sizes are not identical. Therefore, the cavities
formed in BPA-MIP did not bind its analogs tightly, leading to lower response.
Figure 7B shows differential pulse voltammograms of the non-imprinted polymer
multiwalled carbon nanotube paste electrode for 50.0 mM BPA and its analogs.
The response amount of NIP-MWNPE for BPA and analogs were similar, which
may be attributed to fewer cavities in the non-imprinted polymer.

Linearity, Stability, and Reproducibility of the Sensor

Under optimized conditions, DPV was used to investigate the linearity and
detection limit of the MIP-MWNPE sensor for BPA. As shown in Figure 8A, the peak
current increased with successive addition of different BPA concentrations. Figure 8B
illustrates a corresponding plot showing a linear relationship between peak current and
BPA concentration in the range of 0.08 to 100.0mM (R¼ 0.9993). The detection limit
was 0.022mM (S=N¼ 3, defined as the concentration of BPA corresponding to the
three times the standard deviation for 11 replicate detections of the blank solution).
The results of MIP-MWNPE for detecting BPA are compared in Table 1 with those
of other published electrochemical methods (Q. A. Li et al. 2010; Yin, Zhou, et al.
2010). The results demonstrated a wide linear range and low detection limit of the
prepared sensor, indicating the advantages of this method. The excellent analytical
figures of merit may be attributed to the high adsorption and specificity for BPA. The
reproducibility and stability of the sensor based on MIP-MWNPE were investi-
gated by the determination of 50.0mM BPA. Good reproducibility was observed with
a relative standard deviation (RSD) of 4.27% for 7 measurements. A response of
93.0% of the initial current was retained for the MIP-MWNPE after it was stored in
refrigerator for two weeks.

Interference Studies

In order to apply the sensor for environmental samples, the effect of inorganic
ions and organic compounds were investigated. The DPV determination of 5.0 mM
BPA was tested in the presence of spiked known amounts of interfering ions and
organic compounds. The tolerance limit was defined as the amount of the interfering
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substance that caused a change in �5% in the peak current intensity reading. The
tolerable limits of interfering substances are given in Table 2. The results indicate
that the MIP-MWNPE exhibited a high adsorption and strong affinity toward
BPA compared with metal ions and organic compounds.

Figure 7. (A) Differential pulse voltammetry peak current responses for bisphenol A and analogs at the

molecularly imprinted polymer multiwalled carbon nanotube paste electrode and the non-imprinted

polymer multiwalled carbon nanotube paste electrode. (B) Differential pulse voltammograms of the

molecularly imprinted polymer multiwalled carbon nanotube paste electrode response for (a) bisphenol

A, (b) nonimprinted polymer multiwalled carbon nanotube paste electrode response for bisphenol A and

its analogs: (c) p-nitrophenol, (d) phenol, (e) p-tert-butylphenol, (f) bisphenol AF. Conditions: 50.0mM
bisphenol A or analogs, 0.1M phosphate buffer solution, pH¼ 8.0, and an adsorption time of 2min.
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Analytical Application

To demonstrate the feasibility of the molecularly imprinted polymer
multiwalled carbon nanotube paste electrode for practical analysis, the proposed
procedure was applied to the determination of bisphenol A in water samples. The
river water samples were collected from Nanhu River of Jiaxing City. Tap water
samples were obtained from our lab and the pure water samples were provided by

Figure 8. (A) Differential pulsed voltammetry current response curve at molecularly imprinted polymer

multiwalled carbon nanotube paste electrode with addition of increasing concentration of bisphenol A;

(B) calibration curve for bisphenol A. The inset is the expansion of selected range. Concentration of

bisphenol A (mM): (a) 0.08, (b) 0.5, (c) 1.0, (d) 5.0, (e) 7.5, (f) 10.0, (g) 25.0, (h) 50.0, (i) 75.0, and (j) 100.0.
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Caikang Pure Water Company of Jiaxing City. The water samples were treated with
a 0.45-mm filter to eliminate particulates. The concentration values of BPA in the
water samples were detected by the molecularly imprinted polymer multiwalled
carbon nanotube paste electrode. No voltammetric response corresponding to
bisphenol A was observed when the real water samples were analyzed; thus, different

Table 2. Tolerance limit of interfering substances on the determination of 5.0mM bisphenol A using the

molecularly imprinted polymer multiwalled carbon nanotube paste electrode

Interfering substance Tolerance limit (mM)

Naþ, Kþ, Cl�, SO2�
4 , NO�

3 , PO
3�
4 , Br�, CO2�

3 1000.0

Cu2þ 375.0

Ca2þ, Mg2þ, Al3þ, Zn2þ 250.0

Fe3þ 125.0

Nitrobenzene,N,N0-dimethyl formamide 100.0

Benzene, toluene, dimethylbenzene 25.0

Table 1. Comparison with other electrochemical methods for the determination of bisphenol A

Electrochemical method

Linear range

(mM)

Detection

limit (mM) Reference

Pt nanoparticles-Gr-CNTsa=GCE 0.06–80.0 0.042 (Zheng et al. 2013)

Mesoporous silica=CPE 0.088–0.22 0.038 (F. G. Wang, Yang,

and Wu 2009)

ITOb electrode mediated by [Ru(bpy)3]
2þ 5–120 0.290 (Li et al. 2010)

Tyrosinase-MWNTs-CoPc-SFc=GCE 0.05–3.0 0.030 (Yin, Zhou, et al. 2010)

Imprinted OMSd=CPE 0.1–500.0 0.032 (Y. Q. Wang et al. 2011)

Imprinted poly(o-aminothiophenol)-

AuNPs=GCE

8.0–6000 0.138 (J. D. Huang, Zhang,

Liu, et al. 2011)

Imprinted poly(o-aminothiophenol)=GCE 0.6–55.0 0.200 (J. Zhang et al. 2009)

MIP-MWNPE 0.08–100.0 0.022 This work

aGr-CNTs: graphene-carbon nanotubes.
bITO: indium tin oxide.
cCoPc-SF: cobalt phthalocyanine-silk fibroin.
dOMS: ordered mesoporous silica.

Table 3. Determination of bisphenol A in river, tap, and pure water samples (n¼ 5)

Sample Added BPA (mM) Found BPA (mM) Recovery (%) RSD (%)

River water 2.5 2.61 104.4 3.4

River water 5.0 4.90 98.0 2.1

River water 10.0 9.75 97.5 4.0

Tap water 2.5 2.32 92.8 4.6

Tap water 5.0 5.09 101.8 3.7

Tap water 10.0 10.50 105.0 3.2

Pure water 2.5 2.42 96.8 4.2

Pure water 5.0 4.96 99.2 3.9

Pure water 10.0 10.20 102.0 2.9

1010 Z. CHEN ET AL.



quantities of BPA were added to the samples. The results are summarized in Table 3,
and the recoveries were between 92.8% and 105.0%. The results revealed that
MIP-MWNPE can be used to detect BPA in water samples.

CONCLUSIONS

A novel electrochemical sensor based on the molecularly imprinted polymer
multiwalled carbon nanotube paste electrode was fabricated for the determination
of bisphenol A. A bisphenol A molecularly imprinted polymer was applied as
the selective recognition element in the construction of electrochemical sensor. The
molecularly imprinted polymer multiwalled carbon nanotube paste electrode had
higher response for bisphenol A than the non-imprinted polymer multiwalled carbon
nanotube paste electrode, multiwalled carbon nanotube paste electrode, and carbon
paste electrode. The experiment results demonstrated wide linear range and low
detection limit of the imprinted sensor. In addition, the imprinted sensor for bisphe-
nol A exhibited good selectivity, stability, and reproducibility. The molecularly
imprinted polymer multiwalled carbon nanotube paste electrode was successfully
used for the determination of bisphenol A in real water samples.
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