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a b s t r a c t

Bisphenol A (BPA) is a widely produced chemical that is mainly used as raw material for manufacturing
plastic products. It is an endocrine disruptor and causes irreversible damage to the human body.
Bisphenol S (BPS), an alternative to BPA, has low dose effects on toxicology and genotoxicity. Herein, we
constructed a highly porous crystalline covalent organic framework (COF, CTpPa-2)-modified glassy
carbon electrode (GCE) for the electrochemical sensing of BPA and BPS. The electrochemical properties of
the CTpPa-2/GCE were characterized using galvanostatic charge-discharge, cyclic voltammetry and dif-
ferential pulse voltammetry. The CTpPa-2/GCE exhibited remarkable electrocatalytic activity, and the
electrochemical responses for BPA and BPS were found to be linear in the concentration ranges of 0.1
e50 mM and 0.5e50 mM with detection limits of 0.02 mM and 0.09 mM (S/N ¼ 3), respectively. Moreover,
the fabricated sensor was utilized to determine BPA and BPS in bottle samples with recoveries of 87.0%
e92.2% and migration rates of 13.2%e28.0%.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Bisphenol A (BPA) is an industrial chemical that is widely used in
the production of polycarbonate plastics, epoxy resins, and many
consumer products, such as thermal paper and food containers
(Chen et al., 2016; Liao and Kannan, 2018; Zhang et al., 2019; Zhou
et al., 2019). However, BPA is also a well-known endocrine dis-
ruptor that is associated with various adverse health effects on
sexual differentiation, brain development and immunologic func-
tion, especially for infants and children (Aker et al., 2016; Braun
et al., 2017; Chen et al., 2018). In addition, it can migrate to food,
beverages and drinking water under prolonged storage and
elevated temperatures, eventually migrating to human beings
(Yang et al., 2018). Due to concerns about widespread human
exposure and potential harmful health effects, the European Union
and China have implemented regulations and restrictions on the
production and use of BPA (K€arrman-Toussaint et al., 2007; Migeot
et al., 2013). Due to public concern and government regulations on
BPA, bisphenol S (BPS), a kind of bisphenol analog with higher
thermal stability and lower biodegradability, has been used as a
e by Charles Wong.

ng).
BPA substitute in various applications (Wu et al., 2018). However,
an increasing number of studies have shown that BPS has similar or
higher adverse effects on androgen activity than BPA, and BPS has
low dose effects on toxicology and genotoxicity (H�eli�es-Toussaint
et al., 2014; Kinch et al., 2015; Rochester and Bolden, 2015;
Rosenmai et al., 2014). Therefore, it is urgent to develop a rapid and
simple method for the detection of BPA and BPS.

In recent years, the detection methods for BPA and BPS have
mainly concentrated on high-performance liquid chromatography
(Xiong et al., 2018; Zhang et al., 2019; Zhou et al., 2018) and gas
chromatography (Fernandez et al., 2017; Mandrah et al., 2017;
Wang et al., 2017). These methods can achieve higher accuracy and
lower detection limits. However, complex sample pretreatment,
expensive analytical cost and time-consuming nature are barriers
to chromatography. Electrochemical sensors have the advantages of
simple operation, low cost, high sensitivity and high efficiency. BPA
and BPS have two electroactive phenolic hydroxyls, and the elec-
trochemical method is expected to be an effective method to detect
them (Ashraf et al., 2019; Zhu et al., 2016). The response signal of a
typical bare electrode is very weak, which leads to poor recognition
ability and insufficient determination. To solve these problems,
different attempts have been made to modify electrodes with car-
bon nanotubes (Mo et al., 2019; Hoda andMostafa, 2018), graphene
(Reza et al., 2015), quantum dots (Rao et al., 2018; Yao et al., 2019),
metal-organic frameworks (Lu et al., 2016) and hollow porous
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spherical Ni-loaded CdFe2O4 (Wang et al., 2017). However, it is still
a challenge to find a suitable functional material to construct sen-
sitive BPA and BPS electrochemical sensing platforms.

Nanomaterials are considered to be ideal materials for
improving the sensitivity and selectivity of electrochemical sensors
(Ben Messaoud et al., 2017; Butmee et al., 2019; Canevari et al.,
2019). Framework materials can provide uniform nanometer-
scale pores to organize functional building blocks (DeBlase et al.,
2013). Covalent organic frameworks (COFs) represent an exciting
new type of highly ordered porous crystalline structure constructed
by strong covalent bonds between organic subunits (Qian et al.,
2018; Wang et al., 2018; Zhao et al., 2017). Compared with con-
ventional materials, COFs have the advantages of large specific
surface area, good chemical and thermal stability, p conjugation,
tunable porosity and low density, which make them potentially
useful in diverse fields, including gas storage, photoconduction,
catalysis and chromatography (Díaz and Corma, 2016; Huang et al.,
2016; Rogge et al., 2017). In recent years, COFs have been gradually
applied to the construction of electrochemical sensors (Zhang et al.,
2019). Liang et al. and Yang et al. developed COF-based electrodes
for electrochemical sensing of H2O2 (Liang et al., 2019; Yang et al.,
2019). Ma et al. synthesized Zr-coordinated amide porphyrin-
based two-dimensional COFs for electrochemical sensing of tetra-
cycline (Ma et al., 2019). However, to the best of our knowledge,
COF-based sensors have not been developed for the detection of
bisphenols.

CTpPa-2, a COF that was synthesized by first functionalizing
1,3,5-triformylphloroglucinol (Tp) with chiral (þ)-diacetyl-L-tarta-
ric anhydride to form the chiral functionalizedmonomer CTp; then,
2,5-dimethyl-p-phenylenediamine (Pa-2) was condensed with CTp
to obtain COFs CTpPa-2 (Qian et al., 2016). The appropriate pore size
(12 Å) and large p conjugated structure make CTpPa-2 potentially
useful for the preconcentration of BPA and BPS (benzene homo-
logues with theoretical molecular diameters of 9.6 Å for BPA and
10.0 Å for BPS) through the size matching effect and p-p stacking
interaction. Herein, based on the size matching and p-p conjuga-
tion of CTpPa-2 toward BPA and BPS, an alternative electrode-
modified material, namely, CTpPa-2, has been used to demon-
strate the feasibility of COF-based electrochemical sensors for BPA
and BPS and applied for real sample determination.

2. Experimental

2.1. Reagents and materials

BPA (99%), BPS (99%) and Nafion (a 5% by wt. solution in lower
aliphatic alcohols and water) were purchased from J&K Chemical
(Beijing, China). Catechol (99%) was obtained from Aladdin
(Shanghai, China). Phosphate-buffered saline (PBS, 0.1 M) served as
the supporting electrolyte and was prepared by mixing solutions of
potassium hydrogen phosphate (K2HPO4) and potassium dihy-
drogen phosphate (KH2PO4) with the addition of sodium chloride
(NaCl). CTpPa-2 was kindly provided by Professor Xiu-Ping Yan
(College of Chemistry, Nankai University) based on their previous
report (Qian et al., 2016). All reagents used were of analytical grade.
Stock solutions of BPA and BPS (10.0 mM) were prepared by dis-
solving BPA and BPS in ethanol and kept at 4 �C in the darkness. The
standard working solutions were freshly prepared by diluting the
stock solution with 0.1 M PBS before use. All aqueous solutions
were prepared by deionized water (18.2 MU‧cm, 25 �C) obtained
from a Milli-Q Integral Cabinet 3 system (Millipore, Bedford, USA).

2.2. Apparatus

All electrochemical measurements were performed using a
CHI660C electrochemical workstation with a three-electrode sys-
tem consisting of a modified glassy carbonworking electrode (GCE,
CH, d ¼ 3 mm), a saturated calomel reference electrode and a
platinum wire counter electrode (Chenhua Instrument, CH,
Shanghai, China). The morphology of CTpPa-2 was recorded on a
su8100 scanning electron microscope (SEM, Hitachi, Japan). The
nitrogen adsorption-desorption isotherms were performed on an
Autosorb-iQ analyzer (Quantachrome, USA). A pH meter (FE20K,
Mettler-Toledo, Switzerland) was used to adjust the pH of the so-
lutions. All measurements were carried out at room temperature.

2.3. Electrode modification

Before modification, the bare GCE was mechanically polished
with alumina powder (3 mm and 0.05 mm), followed by ultrasonic
rinsing with nitric acid (25%, v/v), ethanol and deionized water for
1 min in turn, and dried with nitrogen. A total of 5.0 mg CTpPa-2
was dispersed in 5.0 mL ethanol by ultrasonic treatment for 2 h,
followed by the addition of 1% Nafion ethanol solution and ultra-
sonication to obtain a homogeneous suspension. Then, 5.0 mL
CTpPa-2 suspension was dropped onto the GCE surface and
exposed to air to evaporate the solvent. The modified CTpPa-2/GCE
was rinsed carefully with deionized water and dried at room
temperature.

2.4. Electrochemical measurement

The electrochemical analyses were performed via cyclic vol-
tammetry (CV), galvanostatic charge-discharge (GCD) or differen-
tial pulse voltammetry (DPV). All solutions were deoxygenated by
pumping with nitrogen for at least 15 min before measurements.
CV was carried out at a scan rate of 100 mV s�1 in the range of
0e1.2 V. The GCD curves were recorded in 0.1 M PBS (pH ¼ 7.0)
within the potential of �0.4 Ve0.8 V. DPV measurements were
recorded in the potential range from 0.2 V to 1.0 V with a scan rate
of 100 mV s�1.

2.5. Pretreatment of bottle samples

Three kinds of bottle samples (mineral water bottle, poly-
carbonate bottle and baby bottle) were collected from the local
supermarket. Before performing the simulated migration tests,
bottle samples were cleaned with deionized water. The release of
BPA and BPS from bottle samples was investigated using the overall
filling method with acetonitrile up to the total volume. The bottles
were immersed in a 60 �C water bath for 24 h, after which all the
bottles were naturally cooled to room temperature. The acetonitrile
extraction solution was then evaporated to almost dryness by a
rotary evaporator. The extract was reconstituted with 20 mL of
acetonitrile three times, and the extract was combined and stored
in glass vials at 4 �C before analysis. A certain amount of samplewas
diluted with PBS, and then, the standard addition method was used
for quantitative analysis of BPA and BPS.

3. Results and discussion

3.1. Design of a COF-based electrochemical sensor for the detection
of BPA and BPS

The CTpPa-2/GCE application for electrochemical sensing of BPA
and BPS is shown in Fig. 1. Two-dimensional porous crystalline
imine-linked COF CTpPa-2 with excellent stability and large p
conjugated structure is ideally suited for conjugate accumulation
(Bunck and Dichtel, 2013; Kandambeth et al., 2012; Qian et al.,
2016). BPA and BPS are benzene homologues with theoretical



Fig. 1. (A) The structures of BPA and BPS; (B) The extended structure and pore size distribution of CTpPa-2; (C) Electrochemical response and the possible electrochemical oxidation
mechanism of BPA and BPS on the CTpPa-2/GCE.
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molecular diameters (9.6 Å for BPA and 10.0 Å for BPS) (Fig. 1A). The
appropriate pore size of CTpPa-2 (12 Å) and large p-conjugated
structure facilitate the accumulation of BPA and BPS via p-p con-
jugate aggregation and porosity effects (Fig. 1B). Meanwhile, BPA
and BPS are negatively charged, and the accumulation potential
of þ0.3 V for 70 s was chosen for the electrostatic attraction
accumulation. The accumulated bisphenols were electrooxidized to
the corresponding quinine by 2Hþ and 2e‒ participation in the
electrode-solution interface (Dhanjai et al., 2018), and the proposed
oxidation mechanism of BPA and BPS is presented in Fig. 1C.
Scanning DPV in the range of 0.2 Ve1.0 V, two well-defined and
easily distinguishable anodic current signals were obtained as the
analytical signals to determine for BPA and BPS (Fig. 1C).
3.2. Electrochemical properties of CTpPa-2/GCE

The electrochemical capacitance properties of CTpPa-2 were
investigated by the GCD method at different current densities. The
GCD curves of the CTpPa-2/GCE at several current densities within
the potential of �0.4 V to 0.8 V are shown in Fig. 2A and B. The
charge-discharge time and specific capacitance decrease with
increasing current density, and the coulombic efficiency remains
above 71%. The specific capacitance of CTpPa-2 is 325 F g�1 at a
current density of 0.4 A g�1, which is higher than that of activated
carbon (Wang et al., 2019), OMS-2 (Cao et al., 2012) and nano-
structured polyanilines (Li et al., 2015).

The CVs of the bare GCE and the CTpPa-2-modified electrodes in
1.0 mM [Fe(CN)6]3�/[Fe(CN)6]4� (þ0.2 M KCl) at a scan rate of
100 mV s�1 are shown in Fig. 2C. A pair of quasi-reversible redox
peaks are obtained, and the redox peak current of the Fe2þ/Fe3þ

redox couple at the CTpPa-2/GCE (�52.23 mA and 49.20 mA) is
slightly higher than that at the bare GCE (�45.61 mA and 42.94 mA).
The electrochemical active surface area of the modified electrode is
calculated based on the Randles-Sevcik equation (Rao et al., 2018)

Ip ¼268600n3=2AD1=2Cv1=2

where Ip is the anodic peak current (A), and n is the electron
transfer number of the redox event (n ¼ 1). A is the active surface
area of the modified electrode, D is the diffusion coefficient of
ferricyanide (D ¼ 7.60 � 10�6 cm2 s�1) (Nouri et al., 2019), C is the
concentration of [Fe(CN)6]3�/[Fe(CN)6]4� (mol cm�3), and v is the
scan rate (V s�1). The value of the electrochemical active surface
area correspondingly obtained for the CTpPa-2/GCE is calculated to
be 0.233 cm2, which is higher than that of the bare GCE (0.195 cm2).
CTpPa-2/GCE has a large specific capacitance and an increased
electrochemical active surface area, which lead to good electron
transfer and conductivity. The stability of CTpPa-2 was character-
ized by 1500 charge-discharge cycles at a current density of
0.8 A g�1 (Fig. 2D). The results show that after 1500 cycles of GCD,
the specific capacitance of CTpPa-2 is still 84% retention, indicating
that CTpPa-2 has good stability.
3.3. Electrochemical performances of BPA and BPS

The morphologies of the bare GCE and the CTpPa-2/GCE were
observed by SEM (Fig. 3A and B). Compared with the smooth bare
GCE, the surface of the CTpPa-2/GCE is crumpled and flocculent,
which provides it with a larger specific surface area and more
effective p-electron system. The difference in electrochemical
performances between bare GCE and CTpPa-2/GCE was observed
by the CV method (Fig. 3C). Neither bare GCE (a) nor CTpPa-2/GCE
(b) show redox peaks of BPA and BPS in 0.1 M PBS (pH ¼ 7.0), while
two oxidation peaks are observed in the presence of BPA and BPS (c



Fig. 2. (A) GCD of CTpPa-2 at current densities between 0.4 A g�1 and 1.6 A g�1 in 0.1 M PBS (pH 7.0); (B) Specific capacitance of CTpPa-2 at varying current densities; (C) CV of bare
GCE and CTpPa-2/GCE in 1.0 mM [Fe(CN)6]3�/[Fe(CN)6]4� (þ0.2 M KCl) at a scan rate of 100 mV s�1; (D) Long-term cyclic stability performance at a current density of 0.8 A g�1 of the
GCD experiment (Solid-line: 1st�6th; dashed line: 1495th�1500th).

Fig. 3. SEM images of (A) bare GCE and (B) CTpPa-2/GCE; (C) CV of bare GCE and CTpPa-2/GCE in 0.1 M PBS (pH 7.0) (a, b) and in 0.1 M PBS containing 40 mM BPA and BPS (c, d); (D)
DPV curve of 40 mM BPA, BPS and their mixture in PBS (pH 7.0) at CTpPa-2/GCE. Scan rate: 100 mV s�1.
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and d), indicating that the electrochemical reactions of BPA and BPS
on the electrode are irreversible. Moreover, the oxidation peak
currents of BPA and BPS at CTpPa-2/GCE are larger than those at
bare GCE, which may be due to the synergistic effect of p-p
conjugation and porosity effect, so that CTpPa-2 has an excellent
enrichment effect on BPA and BPS. DPV was applied to investigate
the CTpPa-2/GCE for determination of BPA and BPS (Fig. 3D). The
oxidation peaks for BPS and BPA are at þ0.794 V and þ0.496 V,
respectively. In the mixture of BPS and BPA, their DPVs show two
well-defined sharp oxidation peaks with potentials of þ0.812 V
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and þ0.512 V, respectively. Appropriate peak-peak potential sepa-
ration (DEp, 0.300 V) is large enough for the detection of BPA and
BPS.

The effect of scan rate on the electrochemical oxidation of BPA
and BPS at CTpPa-2/GCE wasmeasured by CV (Fig. 4). The oxidation
peak currents (Ipa) of BPA and BPS increase with increasing scan
rate (ʋ) from 10 to 100 mV s�1 (Fig. 4A and B). The linear rela-
tionship between Ipa and ʋ is Ipa ¼�15.41ʋ� 0.563 (R2 ¼ 0.999) for
BPS and Ipa ¼ �15.48ʋ � 0.534 (R2 ¼ 0.999) for BPA, indicating that
BPA and BPS at CTpPa-2/GCE are typical adsorption-controlled
electrochemical processes.

In addition, the oxidation peak potentials (Epa) of BPA and BPS
show a logarithmic relationship with the scan rate (Fig. 4D). Based
on the irreversible adsorption-controlled processes, Epa can be
defined by the following equation on the basis of Laviron’s theory
(Laviron, 1974):

Epa ¼E0 þ RT
anF

ln
RTks
anF

þ RT
anF

lny

where E0 refers to the formal redox potential, R is the gas constant
(R ¼ 8.314), T is the absolute temperature (T ¼ 298 K), a is the
transfer coefficient and assumed to be 0.5 in the irreversible elec-
trode process, F is the Faraday constant (F¼ 96,485 Cmol�1), and ks
is the standard rate constant. According to the linear correlation
between Epa and lnʋ, the slope is equal to RT/anF. Combined with
the above data, the electron transfer number (n) of both BPA and
BPS is calculated to be approximately 2. It is further confirmed that
2Hþ and 2e‒ of BPA and BPS participate in electrooxidation at the
electrode solution interface.

3.4. Optimization of analytical conditions

The effect of pH in the range of 4.0e9.0 at CTpPa-2/GCE for BPA
and BPS was investigated (Fig. 5A and B). The Epa values of BPA and
BPS shift negatively with increasing pH, indicating that protons are
involved in the electrochemical reaction. According to the linear
Fig. 4. CV of 40 mM (A) BPA and (B) BPS on CTpPa-2/GCE at different scan rates (10e100 mV
potential of BPS and BPA with scan rates.
relationship between Epa and pH (inset of Fig. 5A), the slopes for
BPA and BPS are �56 mV/pH and �55 mV/pH, respectively, which
are close to the theoretical value of �58 mV/pH. According to the
Nernst equation, electron transfer is accompanied by an equal
number of protons in the electrode reaction. Because the electron
transfer number of BPA and BPS is 2, the electrochemical reaction of
BPA and BPS involves a two-electron and two-proton transfer
process. The peak currents increase gradually with increasing pH
and reach a maximum at a pH of 7.0. Thus, a pH of 7.0 was chosen
for the following experiments.

The response of BPA increases as the accumulation potential
increases from �0.3 V to 0.2 V, and then, the response began to
decrease slightly with increasing potential. The response of BPS is
similar, reaching a maximum at a potential of 0.3 V (Fig. 5C).
Therefore, 0.3 V was used as the optimal accumulation potential for
further experiments. For accumulation time, the peak currents of
BPA increase gradually until 70 s and then remain steady, and the
response currents of BPS enter the stable stage after 60 s (Fig. 5D).
Therefore, we chose 70 s as the accumulation time in the following
experiment.
3.5. Quantitative analysis of BPA and BPS

DPVwas carried out for the determination of BPA and BPS in the
range of 0.2 Ve1.0 V with 100 mV s�1 in 0.1 M PBS (pH ¼ 7) after
accumulation on the CTpPa-2/GCE for 70 s at a constant potential of
0.3 V. For quantitatively analyzing BPA, the concentration of BPS
was fixed at 3.0 mM. As the BPA concentration increased, the
response current of BPA was proportional to the concentration in
the range of 0.1e50 mM with two linear relationships, while that of
BPS remained essentially unchanged (Fig. 6A and B). The regression
equation was Ipa (mA) ¼ �0.1263CBPA ‒ 0.0135 (R2 ¼ 0.994) at low
concentrations (0.1e2.5 mM) and Ipa (mA) ¼ �0.0501CBPA ‒ 0.2249
(R2 ¼ 0.997) at high concentrations (2.5e50 mM). Similarly, the
CTpPa-2/GCE displayed two linear responses in the BPS concen-
tration ranges of 0.5e8.0 mM and 8.0e50 mM in the presence of
s�1); Relationship between the (C) oxidation peak current and the (D) oxidation peak



Fig. 5. (A) CV of 40 mM BPA and BPS in 0.1 M PBS with different pH values (4.0e9.0) on the CTpPa-2/GCE at a scan rate of 100 mV s�1, insert shows the relationship between the
oxidation peak potential and pH. Effect of experimental conditions on electrochemical response: (B) pH, (C) accumulation potential and (D) accumulation time of 40 mM BPA and BPS
on the CTpPa-2/GCE.

Fig. 6. (A) DPV on the CTpPa-2/GCE in 0.1 M PBS (pH 7.0) containing 3.0 mM BPS and different concentrations of BPA (0.1, 0.3, 0.5, 0.8, 1.0, 1.5, 2.0, 2.5, 5.0, 10.0, 15.0, 25.0, 50.0 mM);
(B) Calibration plot of peak current versus BPA concentrations; (C) DPV on the CTpPa-2/GCE in 0.1 M PBS (pH 7.0) containing 3.0 mM BPA and different concentrations of BPS (0.5, 0.8,
1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 8.0, 10.0, 15.0, 25.0, 50.0 mM); (D) Calibration plot of peak current versus BPS concentrations.

Y.-H. Pang et al. / Environmental Pollution 263 (2020) 1146166
3.0 mM BPA (Fig. 6C and D), which can be expressed as Ipa
(mA) ¼ �0.0923CBPS þ 0.0130 (R2 ¼ 0.990) at low concentrations
(0.5e8.0 mM) and Ipa (mA) ¼ �0.0451CBPS ‒ 0.3324 (R2 ¼ 0.996) at
high concentrations (8.0e50 mM). The detection limits were
calculated as 0.02 mM for BPA and 0.09 mM for BPS (S/N ¼ 3).

The analytical performances of different electrochemical
methods for the determination of BPA and BPS are presented in
Table 1. Compared to previously reported sensors for the detection
of BPA and BPS (Lin et al., 2014; Zhu et al., 2014; Zhu et al., 2016;
Zheng et al., 2016; Wang, 2018; Yao et al., 2019; Butmee et al., 2019;
Mo et al., 2019; Wang et al., 2015; Lu et al., 2016; Ling et al., 2018),
our proposed sensor has a lower detection limit and a comparable



Table 1
Comparison of the proposed method with other previously reported electrochemical methods for the determination of BPA and BPS.

Modified electrode Analyte Linear Range (mM) Detection Limit (mM) References

Polyglutamic acid/amino-functionalized carbon nanotubes nanocomposite BPA 0.1e10 0.02 Lin et al. (2014)
Magnetic molecularly imprinted nanoparticles BPA 0.6e100 0.1 Zhu et al. (2014)
Electrochemically co-reduced 3D GO-C60 nanoassembly BPS 1e100 0.5 Zhu et al. (2016)
Platinum/poly(diallyl dimethyl ammonium chloride)-diamond powder hybrid BPA

BPS
5e30
10e60

0.6
2.0

Zheng et al. (2016)

Multiwalled carbon nanotubes BPA
BPS

2e30
20e80

0.5
4.0

Wang, (2018)

Molecularly imprinted polymer and B,N,F-CQDs/AgNPs BPS 0.01e50 0.112 Yao et al. (2019)
Ionic liquid functionalized graphene nanoplatelets BPA 0.02e5.0 6.4 Butmee et al. (2019)
AuPd incorporated carboxylic multiwalled carbon nanotubes BPA 0.18e18 60 Mo et al. (2019)
Copper-centered metal-organic framework (MOF) BPA 0.05e3.0 0.013 Wang et al. (2015)
CuMOF-based tyrosinase BPA 0.05e3.0 0.013 Lu et al. (2016)
Amine-functionalized MOF/reduced graphene oxide composites BPA 2e200 0.7966 Ling et al. (2018)
Covalent organic framework CTpPa-2 BPA

BPS
0.1e50
0.5e50

0.02
0.09

This work

Fig. 7. Comparison of the current response of CTpPa-2/GCE with 5 mM BPA and BPS in
the absence or presence of 5 mM other phenolic compounds (phenol, catechol, p-
nitrophenol and hydroquinone).
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or better wider linear range, indicating that the electrochemical
sensor based on the covalent organic framework CTpPa-2 is a good
candidate for the sensitive detection of BPA and BPS.

3.6. Reproducibility, stability and interference

The reproducibility, stability and interference were investigated
to evaluate the sensor performance. Six CTpPa-2/GCEs were pre-
pared simultaneously by means of the same procedure, and the
relative standard deviation (RSD) was calculated to be 4.8% for BPA
Table 2
Determination of BPA and BPS in real samples (n ¼ 3).

Samples Spiked (mM) BPA

Found (mM) RSD (%) Reco

Mineral water bottle e 2.03 4.5 e

0.1 2.12 2.3 87.0
Polycarbonate bottle e 0.52 2.9 e

0.1 0.61 5.2 90.0
Baby bottle e nda e e

0.1 0.09 6.5 91.0

a Not detected.
and 5.1% for BPS. In addition, the prepared modified electrode
retained 92.1% (BPA) and 89.5% (BPS) of the original response after
being stored in a refrigerator at 4 �C for twoweeks. To further verify
the selectivity of the CTpPa-2/GCE to BPA and BPS, five phenolic
compounds (phenol, catechol, p-nitrophenol and hydroquinone)
were selected as the interferents. As shown in Fig. 7, it is found that
the equivalent phenolic compounds (phenol, catechol, p-nitro-
phenol and hydroquinone) have little effect on the performance of
CTpPa-2/GCE for the determination of BPA and BPS, and the pro-
posed electrode maintains more than 86.0% of the initial response
to BPA and BPS. Moreover, a 100-fold concentration of inorganic
ions (Cu2þ, Ca2þ, Cl�, NO3

�, Mg2þ, Kþ, SO4
2�) also had no influence on

the signals of BPA and BPS with deviations below 5.0%. These re-
sults demonstrate that CTpPa-2/GCE has good reproducibility, sta-
bility and anti-interference ability for the determination of BPA and
BPS.
3.7. Real sample analysis

The as-fabricated CTpPa-2/GCE sensor was used to determine
BPA and BPS in three commercial plastic products (mineral water
bottle, polycarbonate bottle and baby bottle), and the results are
presented in Table 2. The contents of BPA and BPS in baby bottles
were lower than the detection limit. The concentration of BPA was
0.52 mM in polycarbonate bottles and 2.03 mM in mineral water
bottles. For BPS, the concentration of the polycarbonate bottle was
0.46 mM, and that of themineral water bottlewas 1.26 mM. To assess
the accuracy of the sensor, plastic bottles were spiked with BPA and
BPS at a certain concentration, and recoveries were achieved in the
range of 87.0%e91.0% for BPA and 89.6%e92.2% for BPS; the RSDs
were within 2.2%e6.5% (n ¼ 3). The results show that the proposed
method is feasible for the detection of BPA and BPS in real samples.

The migration of BPA and BPS from bottle samples to food was
investigated by detecting simulant aqueous food (water) in a 60 �C
Spiked (mM) BPS

very (%) Found (mM) RSD (%) Recovery (%)

e 1.26 1.1 e

0.5 1.72 4.2 92.2
e 0.46 2.8 e

0.5 0.91 5.7 89.6
e nd e e

0.5 0.45 2.2 90.6
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bath for 24 h. The migration percentage was defined as:

Migration rateð%Þ¼CBPA or BPS in simulant
CBPA or BPS in bottle

� 100%

The migration rates of BPA and BPS in mineral water bottles
were 22.1% and 13.2%, respectively, and those in polycarbonate
bottles were 28.0% and 26.0%, respectively.

4. Conclusion

In summary, an electrochemical sensor based on the functional
material CTpPa-2 has been constructed for the determination of
BPA and BPS. The sensor has an acceptable wide linear range and a
low detection limit with satisfactory repeatability, selectivity and
stability. In addition, the proposed method has been successfully
applied to the determination of BPA and BPS in practical samples,
which indicates that the COF-based electrochemical sensor is
acceptable for use in environmental analysis and food safety.
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