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Abstract

A highly sensitive electrochemical bisphenol A (BPA) sensor was developed based on cetyltrimethylammonium bromide
(CTAB) functionalized carbon nanohorn (CNH) modified electrode. CNH was carboxylated and could well disperse in water,
and CNH-modified electrode showed enhanced electron transfer and high conductivity. Carboxylic CNH was functionalized
with a cationic surfactant (CTAB) via the electrostatic interaction. CTAB functionalized CNH (CTAB-CNH) suspension was
dropped onto glassy carbon electrode (GCE) to fabricate CTAB-CNH/GCE. Combined with preconcentration of BPA in the long
alkane chain of CTAB via hydrophobic interaction and electrocatalytic activity of CNH, CTAB-CNH/GCE had high electro-
chemical response toward the oxidation of BPA, and an electrochemical BPA sensor was constructed on CTAB-CNH/GCE using
differential pulse voltammetry. Under optimal experimental conditions, the designed sensor exhibited a wide linear response to
BPA ranging from 0.01 to 30 umol/L with a low detection limit of 5.6 nmol/L at a signal-to-noise ratio of 3. The proposed sensor
has good reproducibility, reusability, and anti-interference properties, and was successfully applied to detect BPA in real samples
with satisfactory results. This convenient and sensitive sensor could be readily extended toward monitoring other small toxic or
harmful molecules in food and environment samples.

Keywords Electrochemical sensor - Electrochemical oxidation - Bisphenol A - Carbon nanohorn - Cetyltrimethylammonium
bromide

Introduction

Bisphenol A (2,2-bis(4-hydroxyphenyl) propane, BPA), is the
key monomer in the synthesis of polycarbonate and epoxy resin
products [1, 2]. These materials are extensively used in produc-
tion of food containers or packaging, inner coating of food cans,
beverage cans, water bottles, baby bottles, dental sealants, and
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drug delivery systems. Owing to the generous use of BPA-
based products in daily living, BPA is present in a wide array
of food, environment and the bodies of living organisms and
humans. Unfortunately, BPA, as one of potent endocrine-
disrupting compounds, can interfere with hormonal activities
in the growth, thereby giving rise to the sexual dysfunction or
differentiation, the impaired immune function, and the en-
hanced risk of various cancers (e.g., testicular, prostate,
and breast cancer) even at very low concentration [3, 4].
U.S. Food and Drug Administration (FDA) estimated that
BPA exposure from food contact materials is approximately
2.42 and 0.185 pg/kg bw/day for adults and infants, respective-
ly. The European Food Safety Authority (EFSA) indicated that
the current Tolerable Daily Intake (TDI) level for BPA was
4 ug/kg bw/day in January 2015 [5, 6], and the use of BPA
in baby bottles was forbidden in all EU-countries, Canada and
many other countries due to increasing public concerns over the
impact of BPA exposure on infants and children. Therefore,
development of convenient, selective, and sensitive analytic
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methods for the detection of BPA is of significant importance
for guaranteeing the safety of consumers.

The traditional techniques for the detection of BPA mainly
include fluorimetry [7], liquid chromatography [8], gas chro-
matography [9], capillary electrophoresis [10], and enzyme-
linked immunosorbent assay [11]. Despite the fact that the
above techniques have a good analytical performance for
BPA detection, several disadvantages including relatively ex-
pensive instrumentation, advanced technical expertise re-
quirements, time-consuming and complicated procedures
have limited their application. Electrochemical techniques
have attracted considerable attention for the intrinsic advan-
tages, such as rapid response, high sensitivity, instrument sim-
plicity, and feasibility of miniaturization. Electrochemical
sensing for BPA was commonly based on the oxidation signal
of BPA on the electrodes [12—21]. Thus, the fabrication of the
electrode is a crucial step in the detection of BPA. Various
electrodes such as polymers [12], ionic liquids [13], layered
double hydroxide [14, 15], nanomaterials [16, 17], and
nanomaterial-based composites [18-21] modified electrodes
had been exploited to the detection of BPA. However, the
preparation of some modified electrodes was relatively com-
plicated, and some modified electrodes suffering from low
capacity and conductivity had inefficient performance for
the detection of BPA. Alternately, it is of great significance
to search an efficient modified electrode possessing high ca-
pacity and conductivity for BPA detection.

Chemically modified electrode, as a core component of elec-
trochemical sensors, plays a vital role in electrochemical detec-
tion of different compounds [22]. Recently, nano-carbon mate-
rials have been proven to be the most attractive nanomaterial in
the field of electrochemistry due to the unique mechanical and
electronic properties [23]. Carbon nanotube [19], carbon micro-
sphere [24], and graphene [25-28] had been extensively ap-
plied to chemically modify onto bare electrodes for improve-
ment and enhancement the performance of electrochemical
sensors. CNH is a nano-carbon material with dahlia-flower-
like spherical superstructure. CNH has aroused considerable
attention in extensive electrocatalytic applications owing to
the large surface area, excellent conductivity, plentiful inner
nanospaces, and highly defective horns [29-31]. Compared
with other carbon materials, CNH is assembled by thousands
of graphitic tubules with closed ends with cone-shaped horns,
and the oxidation treatment of CNH can produce extensive
oxygen-functionalized sites exposed on the cone-shaped tips
acting as nanocarriers for loading TiO, nanoparticles [32], gold
nanoparticles [33], and biomacromolecules [34, 35]. In this
work, we have loaded a cationic surfactant monolayer on car-
boxylic CNH to prepare a functionalized nanocomposite mod-
ified electrode for construction electrochemical BPA sensor.

Surfactants, a special class of amphiphilic molecules, have
polar heads at one end and long hydrophobic tails at the other.
Surfactants have been widely applied in electroanalytical
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chemistry to improve the properties of the electrode/solution
interface [36]. Modification of the electrode surface by a sur-
factant increased the electron transfer rate between the elec-
trode surface and the analyte and improved the detection
limits of electrochemical sensors [37]. Zhou et al. prepared
sodium dodecyl benzene sulfonate (SDBS) functionalized
graphene for confined electrochemical growth of metal/
oxide nanocomposites for fructose sensing, and the designed
sensor showed a low detection limit and high sensitivity be-
cause of the highly negative charged site and facile charge
transfer ability of SDBS [38]. Due to the preconcentration of
BPA of didodecyldimethylammonium bromide (DDAB) via
hydrophobic interaction, Zhang et al. fabricated an electro-
chemical and sensitive sensing of BPA based on DDAB mod-
ified expanded graphite paste electrodes [39]. Zhang et al. pre-
pared SDBS modified expanded graphite paste electrodes for
sensitive and selective determination of dopamine in the pres-
ence of ascorbic acid and uric acid because of the electrostatic
repulsions between negatively charged ascorbic acid and uric
acid and SDBS [40]. Cetyltrimethylammonium bromide
(CTAB) is a cationic surfactant in the group of quaternary am-
monium compounds. Zhou et al. prepared CTAB-carboxylic
walled carbon nanotubes composite for a facile and sensitive
electrochemical flavonoids sensor, and the proposed sensor
showed enhanced sensitivity due to the long alkane chain in
CTAB to adsorb flavonoids [23]. This work describes CTAB
functionalized carboxylic carbon nanohorn (CNH) for fabrica-
tion a highly sensitive electrochemical BPA sensor.

The CTAB-CNH was conveniently prepared by the ad-
sorption of CTAB monolayer on the surface of CNH via the
electrostatic interaction with the assistance of ultrasonication.
The electrochemical behavior of CTAB-CNH modified glassy
carbon electrode (CTAB-CNH/GCE) for BPA was investigat-
ed by cyclic voltammetry. The combination of the advantages
of CTAB and CNH made the proposed electrode to show
enhanced electrocatalytic activity toward the oxidation of
BPA. Based on the high electrocatalytic responses to BPA at
CTAB-CNH/GCE, a novel electrochemical sensor was devel-
oped for the detection of BPA. The designed sensor showed
good performance with a wide linear range, a low detection
limit, and had excellent reproducibility, stability, reusability,
and selectivity for the detection of BPA. The proposed sensor
was successfully applied in the detection of BPA in real plastic
product and environmental samples.

Experimental
Materials
Carbon nanohorn (CNH, >97% purity) was purchased from

Nanjing XFNANO Materials Tech Co., Ltd. (China). BPA
(99% purity) were obtained from Shanghai Runjie Chemical
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Reagent Co., Ltd. (China). Cetyltrimethylammonium bromide
(CTAB), chitosan, Na,HPO,, and NaH,PO, were purchased
from Sinopharm Chemical Reagent Co., Ltd. (China). All the
solutions were prepared with twice distilled water. The buffer
for assay was 0.1 mol/L phosphate buffer saline (PBS) pre-
pared by mixing stock-standard solution of Na,HPO, and
NaH,PO,. 0.1 mol/L BPA stock solution was prepared in
ethanol and kept in darkness at 277 K.

Apparatus

Transmission electron microscopic (TEM) images of CNH
were gained on a JEM-2100 transmission electron microscope
(JEOL, Japan). Scanning electron microscopy (SEM) images
were obtained on a SUPRASS scanning electron microscope
(Germany). High performance liquid chromatography
(HPLC) determinations of BPA in real plastic product samples
were carried out on a HPLC system containing a pump (1260
Infinity [T isocratic, USA) and a UV-vis detector (1260 Infinity
II programmable, USA). Separations were carried out on a
Poroshell 120 EC-C;g column (15 ¢cm x 4.6 mm, with
2.7 um particle size) from Agilent (USA) at 298 K. The mo-
bile phase of water and acetonitrile (55:44, v/v) was delivered
at flow rate of 1 mL min !, the injection volume was 20 uL for
all the test solutions, and the detection wavelength was
224 nm [41]. A pHS-3C digital pH meter obtained from
Shanghai INESA scientific instrument Co., Ltd. (Shanghai,
China) with a combined glass electrode was used to adjust
the pH value of the PBS buffer solution, which was used as
the supporting electrolyte in the voltammetric experiments.
Electrochemical impedance spectroscopy (EIS) was carried
out with a VersaSTAT3 electrochemical workstation
(Princeton Applied Research, USA) using the three-
electrode setup in 0.1 mol/L KCI containing 1 mmol/L
K3[Fe(CN)g)/K4[Fe(CN)s], and the impedance spectra were
recorded within the frequency range of 10 °~10° Hz.
Electrochemical experiments including cycling voltammetry
(CV) and differential pulse voltammetry (DPV) were per-
formed with CHI 660E electrochemical workstation (CH
Instruments Inc., USA) with a conventional three-electrode
cell. A CTAB-CNH/GCE was used as working electrode, a
saturated calomel electrode (SCE) and a platinum wire were
used as reference electrode and auxiliary electrode, respective-
ly. All the electrochemical measurements were carried out at
298 K.

Preparation of carboxylic CNH

Forty milligrams CNH was dispersed in 60 mL 30% HNO;
solution, and the resultant mixture was refluxed for 24 h at
140 °C. The resulting suspension was centrifuged and the pre-
cipitate was washed thoroughly with water to get carboxylic
CNH. Subsequently, 2.0 mg of carboxylic CNH were dispersed

in 1.0 mL water to obtain a homogeneous dispersion and the
black homogeneous solution was stable at least 3 months.

Preparation of CTAB-CNH and CTAB-CNH suspension

CTAB-CNH was prepared according to the following proce-
dure. Fifteen milligrams CTAB was dispersed in 1 mL car-
boxylic CNH solution (2 mg/mL). After sonicating for 1 h at
298 K, the suspension solution was centrifuged at 10000 rpm.
The precipitate was collected, washed copiously with water
for several times to obtain CTAB-CNH.

The resulting CTAB-CNH was redispersed into 1 mL 0.1%
chitosan solution containing 1% acetic acid, and followed by
sonicating for 10 min at 298 K to get homogeneous CTAB-
CNH suspension. As control, CNH suspension was prepared
with the same procedure by dispersing carboxylic CNH into
chitosan acetic acid solution.

Preparation of CTAB-CNH-modified electrode

The glassy carbon electrode (GCE, 3 mm diameter) was
polished successively with 0.3- and 0.05-pum alumina slur-
ry (Beuhler) followed by rinsing thoroughly with doubly
distilled water. After successive sonication in 1:1 nitric
acid, acetone and distilled water, the electrode was rinsed
with distilled water and allowed to dry at room tempera-
ture. CTAB-CNH modified GCE (CTAB-CNH/GCE) was
prepared by dropping 1 pL of CTAB-CNH suspension on
the pretreated GCE, and dried at room temperature. As
control, CNH suspension modified GCE (CNH/GCE)
was prepared with the same procedure by dropping CNH
suspension on the GCE.

Analytical procedure

The analytical procedure mainly contains two steps: accumu-
lation step and stripping step. BPA was firstly accumulated on
CTAB-CNH/GCE at the constant potential of 0.3 V for 180 s
in 20 mL 0.1 mol/L pH 8.0 PBS buffer solution with different
concentration of BPA under stirring. After equilibrating for
30 s, differential pulse voltammograms measurements were
obtained from 0.3 to 0.75 V with the pulse amplitude of
50 mV, pulse width of 50 ms, and sampling width of
16.7 ms. Unless otherwise stated, 0.1 mol/L pH 8.0 PBS buff-
er solution was used as a supporting medium for BPA detec-
tion. The data for condition optimization and calibration curve
were the average of three measurements.

Sample preparation
Eight real plastic product samples (four types of polycarbon-

ate (PC) drinking package and four types of polyethylene
terephthalate (PET) drinking bottle) were purchased from a
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local supermarket. The method of sample preparation for ex-
traction of BPA was according to the previously reported
method [42]. These samples were precleaned in an ultrasonic
bath with acetone, rinsed successively with alcohol, twice
distilled water, and then dried. After being cut into small
pieces, 2.0 g plastic product pieces and 50 mL twice distilled
water were added into a flask fitted with a condenser. The
flask was placed in an oil bath at 343 K for 48 h. After cooling
to room temperature, the condenser was washed with distilled
water. After filtration, the filtrate was collected in a 100-mL
volumetric flask and diluted with distilled water. Five micro-
liters sample solution was transferred to the cell containing
0.1 mol/L pH 8.0 PBS buffer solution and analyzed by DPV
and HPLC analysis.

Results and discussion

Morphological characterization of CNH, CTAB-CNH,
and CTAB-CNH/GCE

Figure 1 shows the TEM images of CNH. Spherical CNH
aggregates are densely packed on the surface (Fig. 1a). The
amplified TEM image of CNH shows the typical morphol-
ogy of dahlia-like CNH bundles about 80-100 nm in bun-
dle diameter (Fig. 1b). The cone-shaped tips of CNH could
provide good capacity for the adsorption of CTAB and
BPA, which could enhance sensitivity for the proposed
BPA sensor. After modification with CTAB onto CNH,
the mushy configuration of CTAB-CNH reveals that CTAB
was attached to CNH (Fig. 1c). The typical SEM images of

Fig. 1 TEM images of CNH (a,
b) and CTAB-CNH (¢), and SEM
image of CTAB-CNH/GCE (d)
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CTAB-CNH modified GCE showed spherical CTAB-CNH
aggregates were well dispersed on the surface of electrode
without agglomeration (Fig. 1d), which provided a larger ef-
fective contact area for determined compounds.

Electrochemical characterization of bare GCE,
CNH/GCE, and CTAB-CNH/GCE

Using Fe(CN)s® ™ as a redox probe, the electrochemical be-
havior of bare GCE and CNH/GCE was separately investigated
by CV method (Fig. 2a). A redox peak shapes were obtained at
the bare GCE and the peak currents were 33 pA (curve a). The
currents of ferricyanide anodic and cathodic peaks at CNH/
GCE largely increased to 50 pLA (curve b), indicating improved
electron transfer and mass transfer, which could be contributed
to the high surface area (1263 m* g ') provided by the three
dimensional structure of CNH. The result manifests that carbon
nanohorn is quite favorable electrode material for the construc-
tion of BPA sensor. With the modification of CTAB, the redox
current peaks at CTAB-CNH/GCE decreased to 44 pA (curve
¢). The decrease was ascribed to the blocking the mass transport
of CTAB, which further confirmed the successful modification
of CNH with CTAB.

Using a Fe(CN)s> ’* redox couple as the electrochemical
probe, the Nyquist plots of two electrodes in the frequency
range from 10 2 to 10° Hz is shown in Fig. 2b. To analyze the
electrode’s impedance characteristics a modified Randles
equivalent circuit (Fig. 2b inset) was chosen to fit the mea-
sured results. The two components of the scheme, Rs and Zw,
represent the bulk properties of electrolyte solution and diffu-
sion of the applied redox probe, respectively. The Cdl depends
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Fig.2 Cyclic voltammograms (a)

and EIS recordings (b) in 0.1 mol/ b e
L KCl containing 1 mmol/L 804 =
K;[Fe(CN)g)/K4[Fe(CN)g] at bare < Rct Zw a
GCE (a), CNH/GCE (b), and 3 £ 60 c A
CTAB-CNH/GCE (c). Scan rate: o e A
50 mV/s S 2 40! A
= =
S
(&) N 204
b
0
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on the dielectric at the electrode/electrolyte interface. At bare
GCE the redox process of the probe showed an electron trans-
fer resistance (R, of about 75 € (curve a). After CNH was
coated on the electrode, the resistance decreased to about 40 2
(curve b), implying that CNH is an excellent electric
conducting material. While CTAB-CNH was modified on
the GCE, the resistance climbed to approximately 55 €2 (curve
¢), indicating the effective modification of CNH with CTAB.
The result is consistent with the CV test.

Electrochemical responses of BPA at GCE, CNH/GCE,
and CTAB-CNH/GCE

Figure 3 shows the electrochemical behaviors of different
electrodes after accumulation of 5.0 umol/L BPA in 0.1 mol/
L PBS buffer solution. The CV at GCE showed a stable and
well-defined oxidation peak at 0.52 V (curve a), and the peak
current was 0.5 pA, which corresponded to the oxidation of
hydroxy group of BPA accumulated on GCE into the corre-
sponding quinone. The peak current of CNH/GCE (curve b)
was 2.6 times higher response than that of GCE, which can be
contributed to the excellent conductivity and capacity of

61 Cc

Current / pA

00 02 04 06 0.8 1.0
Potential / V
Fig. 3 Cyclic voltammograms at GCE (a), CNH/GCE (b), and CTAB-

CNH/GCE (c) in 0.1 mol/L pH 8.0 PBS containing 5.0 pumol/L BPA.
Scan rate: 100 mV/s

Potential / V

Z'/ohm

CNH. Owing to the preconcentration of BPA of the long al-
kane chain in CTAB via hydrophobic interaction, the peak
current of CTAB-CNH/GCE (curve c¢) exhibited 3.7 times
higher response than those of CNH/GCE. The good electro-
chemical behavior of CTAB-CNH/GCE toward BPA could
benefit from the combined enhancement effect of CNH and
CTAB.

Optimization of the condition for the CTAB-CNH/GCE
fabrication

The concentration of CNH in the preparation of CTAB-CNH/
GCE played an important role on BPA detection at CTAB-
CNH/GCE. As seen in Fig. 4a, the peak current of 5.0 wmol/L
BPA at the resulting CTAB-CNH/GCE increased with the
increasing amount of CNH from 1.0 to 2.0 mg/mL, afterwards
the peak current decreased as the amount further increased in
the range of 2.0-2.5 mg/mL. Therefore, the amount of 2.0 mg/
mL for CNH was selected for the preparation of CTAB-CNH.

The analytical performance of the proposed CTAB-CNH/
GCE was dependent on the concentration of CTAB used for
the preparation of CTAB-CNH. As shown in Fig. 4b, the peak
current increased with the increasing amount of CTAB from 5
to 15 mg/mL, afterwards the peak current decreased. The de-
crease may be due to the lower electrical conductivity of the
electrode caused by the higher amount of CTAB. Therefore,
the amount of 15 mg/mL for CTAB was selected for the prep-
aration of CTAB-CNH, and further used for CTAB-CNH/
GCE fabrication.

In order to improve the stability of CTAB-CNH on GCE,
CTAB-CNH was dispersed into chitosan/acetic acid solution,
and the suspension was sonicated and dropped on GCE to
obtain CTAB-CNH/GCE. The dependence of the amount of
chitosan on the oxidation current of BPA at the resulting
CTAB-CNH/GCE is shown in Fig. 4c. The peak current in-
creased with the increasing amount of chitosan from 0.5 to
1 mg/mL, afterwards the peak current decreased as the amount
further increased. Therefore, the amount of 1 mg/mL for chi-
tosan was selected for the preparation of chitosan acetic acid
solution, and further used for CTAB-CNH/GCE fabrication.

@ Springer
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Fig. 4 Influences of the a b
concentrations of CNH (a), 2.89 2.8
CTAB (b), and chitosan (¢), and
the volume of modification liquid < 244 ] < \1
of CTAB-CNH suspension (d) on = =
the DPV oxidation peak current of S 2.0 5 2.41
5.0 pmol/L BPA at CTAB-CNH/ = £
GCE. When one parameter O 46 o
changed other parameters were at 2.0
their optimal values 1.2
10 15 20 25 5 10 15 20
CNH concentration / mg/mL CTAB concentration / mg/mL
281C 2.81d =
2.44
2.44 /
RN < 50 /
£ = 5 16
3 % 3 1.2
1.21 0.8
0.8

0o 1

Chitosan concentration / mg/mL

The volume of modification liquid of CTAB-CNH suspen-
sion had a significant influence on the oxidation current of
BPA. As shown in Fig. 4d, the peak current increased with
the increasing volume of CTAB-CNH suspension from 0.5 to
1 uL, afterwards the peak current decreased in the volume of 1—
3 uL. The increase of peak current was due to the fact that more
CTAB-CNH on electrode could provide more electroactive
sites for BPA electro-oxidation. By contrast, the peak current
would likely decrease with the amount of the CTAB-CNH
exceeding the critical value owing to the blocking the mass
transport of BPA caused by the higher amount of CTAB-
CNH. Therefore, the volume of 1.0 uL for CTAB-CNH sus-
pension was selected for the preparation of CTAB-CNH/GCE.

44— . - - . .
05 10 15 20 25 3.0
Volume / pL

2 8 4 B

Optimization of accumulation time and accumulation
potential

The accumulation efficiency of CTAB-CNH/GCE to
5.0 umol/L BPA was related to accumulation time and
accumulation potential in the accumulation process. As
shown in Fig. 5a, the peak current increased continuously
as the accumulation time was increasing from 30 to 180 s,
and trended to the plateau value at 180 s. With the increas-
ing accumulation potential, the peak current increased and
then decreased after 0.3 V (Fig. 5b). Therefore, 180 s and
0.3 V were used as the accumulation time and accumula-
tion potential in the accumulation process, respectively.

3.0 b
a i 2.8 28°
2.41
-1 < < 24 —x
= 1.8 x S 25 =
3 < 3 o
3 12 3 g 20
' / 2.0 ‘/I/
x
0.6 161 ¢
0 60 120 180 240 -02 00 02 04 5 6 7 8 9 10
Accumulation time /' s Accumulation potential / V pH

Fig. 5 Effects of accumulation time (a), accumulation potential (b), and pH value of PBS buffer solution (¢) on the DPV oxidation peak current of
5.0 pmol/L BPA at CTAB-CNH/GCE. When one parameter changed other parameters were at their optimal values
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10/ b c
< sl > 0.561
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°§’ 3 2 054
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= S 4] 3
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0.0 0.4 0.8 50 100 150 200 40 44 48 52
Potential / V v/mV/s Inv

Fig. 6 Cyclic voltammograms (a) of 5.0 umol/L BPA at CTAB-CNH/GCE with different scan rates ranging from 50 to 200 mV/s in 0.1 mol/L PBS
buffer solution, and the relationships of peak current and scan rate (b) and peak potential and Napierian logarithm of scan rate (In v)

The effect of pH

The effect of pH value of 0.1 mol/L PBS for the electro-
chemical detection of 5.0 umol/L BPA at CTAB-CNH/
GCE was investigated over the pH of 5.0-10.0. As seen
in Fig. 5c, with an increasing pH from 5.0 to 8.0 the DPV
peak current increased, following with a decrease in the pH
range of 8.0—10.0. The maximum response pH was lower
than the pKa of BPA (pKa=9.73), which indicated that the
nondissociated BPA could be adsorbed better than the dis-
sociated BPA on CTAB-CNH/GCE surface via hydropho-
bic interaction [23, 43]. Therefore, pH 8.0 of 0.1 mol/L
PBS buffer solution was used the supporting electrolyte
for the electrochemical detection of BPA.

Effect of scan rate

To further understand the characteristics of CTAB-CNH/
GCE, electrochemical behavior of BPA at CTAB-CNH/
GCE with different scan rates was investigated. Figure 6a
shows the cyclic voltammograms of 5.0 pumol/L BPA at
CTAB-CNH/GCE with different scan rates, and the oxida-
tion peak current increased gradually with the increase of

scan rate. As seen in Fig. 6b, the peak current increased
linearly with the scan rate in the range of 50 to 200 mV/s,
and the equation can be expressed as Ipa (LA)=0.038 v
(mV/s) +1.082 (R2 =0.9995). The result indicates that the
oxidation of BPA at CTAB-CNH/GCE surface is a typical
adsorption-controlled process.

Moreover, the oxidation potential (Epa) was found to shift
toward positive value with the scan rate increasing, and a
linear relationship between Epa and Napierian logarithm of
v (In v) was also observed (Fig. 6¢). The equation was
expressed as Epa (V)=0.0268 In v (mV/s)+ 0.423 (R*=
0.9976). For a totally irreversible electrode process, the rela-
tionship between Epa and Inv can be expressed by Laviron
equation [44]:

Epa = E° + RT ), RTk, + RT ),
= n ny
P ankF ankF’ anF

where « is the electron transfer coefficient, & is the standard
heterogeneous rate constant, z is the number of transferred
electrons, v is scan rate, and E® is formal potential, R, 7, and
F have their usual meanings. Thus, the value of an can be

Fig. 7 DPVs of different

concentrations of BPA at CTAB- 6 A 5012 61b
CNH/GCE in 0.1 mol/L pH 8.0
PBS buffer solution (a), inset: i i
amplified response curve, and 41 41
calibration curve for BPA sensing o -
at CTAB-CNH/GCE (b) qc) qc)
= =
S 2- S 2-
O &)
0- 0-
0.3 04 05 06 0.7 0 10 20 30

Potential / V

C / umol/L
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Table 1 The comparison of

detection performance of CTAB- Electrode Linear range (umol/L) Limit of detection (nmol/L) Refs.

CNH/GCE-based sensor with

other sensors PEDOT/BMIMBI/SPCE 0.1-500 20 [12]
NiO/CNT/IL/CPE 0.08-500 40 [13]
ELDH/GCE 0.02-1.51 6.8 [14]
NPG/GCE 0.1-50 12.1 [16]
Na-doped WO3 nanorods/CPE 0.08-22.5 28 [17]
AuPd nanoparticle /GN/GCE 0.05-10 8 [18]
CNT/Li4TisO1/ GCE 0.1-10 78 [19]
Cu,0-rGO/GCE" 0.1-80 53 [20]
CNT modified AuNP-paper 0.88-88 131 [21]
CTAB-CNH/GCE 0.01-30 5.6 This work

PEDOT Poly(3.,4-ethylenedioxythiophene), BMIMBr 1-butyl-3-methylimidazolium bromide, SPCE screen
printed carbon electrode, CNT carbon nanotube, /L ionic liquid, CPE carbon paste electrode, ELDH Exfoliated
Ni,Al layered double hydroxide nanosheet, GCE glassy carbon electrode, NPG nanoporous Gold, GN graphene
nanosheet, GO reduced graphene oxide, AuNP gold nanoparticle, CTAB-CNH cetyltrimethylammonium
bromide functional carbon nanohorn

calculated from the slope of Epa vs Inv. Therefore, the value of
an was 0.958. (taking R=8.314 J/Kmol, T=298 K, F=
96,485 C/mol). Generally, « was assumed to be 0.5 for a
totally irreversible electrode process. So the number of trans-
ferred electrons in the electro-oxidation of BPA at CTAB-

CH,

)

CH;

3

CNH/GCE surface was 1.91. This result shows the electro-
oxidation process of BPA is a two-electron and two-proton
process, which is in agreement with other published reports
[14, 17, 39, 43]. The electro-oxidation process could be
described as follows:

CH,

CH,

Linear range and detection limit

In order to evaluate the analytical performance of the pre-
pared electrochemical sensor, different concentrations of
BPA standard solution were measured by DPV method.
Figure 7 displays the DPVs of different concentrations of
BPA at CTAB-CNH/GCE in 0.1 mol/L PBS. The peak

Scheme 1 The schematic
preparation and mechanism of
CTAB-CNH/GCE-based
electrochemical BPA sensor
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current of BPA at CTAB-CNH/GCE increased with the
increasing concentration of BPA (Fig. 7a). As shown in
Fig. 7b, the linear concentration range of BPA at CTAB-
CNH/GCE was from 0.01 to 30 umol/L, and the regression
equations could be expressed as Ipa (LA)=0.532 C
(umol/L) +0.018 (R*=0.9965) and Ipa (uA)=0.102 C
(umol/L) +2.554 (R*=0.9985) in the range of 0.01-6.0

—CTAB-CNH film

oxidation

Oo
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Fig. 8 DPV peak currents of

5.0 umol/L BPA at CTAB-CNH/
GCE in reproducibility (a),
reusability (b), and stability (c¢)
experiments

Current / pA

1 2 3 45 6
Electrode

and 6.0-30 umol/L, respectively. At low BPA levels, the
local concentration at the proposed electrode surface is
rapidly depleted as the substrate is converted into product
by the catalytic action of the proposed electrode, resulting
in a high sensitivity of the electrode response. At higher
BPA concentrations, it takes a long time to transfer sub-
strate to the proposed electrode, and the reaction proceeds
over a larger time window. Moreover, the possibility of
fouling of the electrode surface by the reaction products
the reaction product may be fouled on the surface of the
proposed electrode. These results lead to a lower slope at
higher BPA concentrations. The detection limit for BPA
was calculated as 5.6 nmol/L at a ratio of signal to noise
of 3. The detection performance of the sensor fabricated in
this work was compared with other sensors. As shown in
Table 1, it is clear that CTAB-CNH/GCE-based sensor had
a wider linear range and a lower detection limit. The good
performance of CTAB-CNH/GCE-based sensor for BPA
benefits from the combined enhancement effect of
preconcentration of BPA in the long alkane chain of

Table 2 Interference effects on the detection of 5.0 umol/L BPA in
pH 7.0 PBS
Interference Concentration Signal change (%) RSD
(mol L) (%)
Zn™* 500 24 2.5
K* 500 +0.4 3.5
cu** 500 2.0 34
Fe** 500 -1.1 38
Cr 500 2.5 3.0
NO;~ 500 -1.6 2.9
S0 500 -13 26
Phenol 250 -1.6 1.1
Hydroquinone 250 -0.7 14
o-Nitrophenol 250 +3.1 2.9
p-Nitrophenol 250 +1.1 3.1
Bisphenol B 5 +3.7 4.9
Bisphenol F 5 +4.6 1.7

31 b 31 <
< %
= 2 = 2]
c C
o o
5 5
O 1 O 1]
0-
012 3 456 None One Four

Assay run Time / weeks

CTAB via hydrophobic interaction and excellent capacity
and electrocatalytic activity of CNH (Scheme 1).

Reproducibility, reusability, and stability

The reproducibility, reusability, and stability of CTAB-CNH/
GCE were investigated under the optimized conditions. The
reproducibility of CTAB-CNH/GCE was examined in the so-
lution containing of 5.0 umol/L BPA, and the relative standard
deviation (RSD) of current signals at six independently pre-
pared CTAB-CNH/GCE was 1.54% (Fig. 8a), indicating an
excellent repeatability. The regeneration of CTAB-CNH/GCE
was carried out by cycling voltammetry from —0.2 to 1.0 Vin
0.1 mol/L pH 8.0 PBS for ten times. The as-renewed CTAB-
CNH/GCE could restore 95.2% of the initial value for BPA
after five assay runs, which proved good reusability of elec-
trode (Fig. 8b). When CTAB-CNH/GCE was not in use, it was
stored at 278 K. Ninety-six percent and 85% of the initial
responses of CTAB-CNH/GCE for BPA were remained after
one and 3 weeks when using once per 7 days (Fig. 8c), re-
spectively, indicating an acceptable stability of CTAB-CNH/
GCE.

Interference studies

The specificity of the designed sensor was evaluated by chal-
lenging it against other usual phenolics and inorganic salt ions
and two other bisphenols. The results demonstrated
5.0 pmol L™ BPA were not affected by 50-fold concentration
of phenol, hydroquinone, o-nitrophenol, p-nitrophenol, 100-
fold concentration of K*, Cu**, Fe**, Zn?*, CI", SO,*", and
NO; , and same concentration of bisphenol B and bisphenol
F, and the responses of CTAB-CNH/GCE to BPA changed
less than 5.0% (Table 2). CNH provided a mechanically sta-
ble, conducting and large effective contact platform for the
adsorption of CTAB, and the hybrid component increased
selectivity of CTAB-CNH composite modified electrode
based sensor toward BPA.

@ Springer
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Table 3 Detection of BPA in real plastic product samples
Sample Measured by proposed method Measured by HPLC
Added Found RSD (%) Recovery (%) Added Found RSD (%)

Original  (uM) (LM) Original  (uM) (M) Recovery(%)
PC drinking package 1  None 0.100 0.0980 2.53 98.0 None 0.100 0.106 4.17 106
PC drinking package2 None 0.100 0.0965 2.86 96.5 None 0.100 0.101 3.82 101
PC drinking package3  None 0.100 0.0993 3.83 99.3 None 0.100 0.0962  3.65 96.2
PC drinking package 4 None 0.100 0.103 3.16 103 None 0.100 0.108 3.13 108
PET drinking bottle 1 =~ None 0.100 0.100  3.35 100 None 0.100 0.103 276 103
PET drinking bottle2 ~ None 0.100 0.102 1.65 102 None 0.100 0.0974 4.68 97.4
PET drinking bottle 3 ~ None 0.100 0.0958 4.32 95.8 None 0.100 0.0938 4.68 93.8
PET drinking bottle 4 ~ None 0.100 0.103  3.66 103 None 0.100 0.104 334 104

Analysis of food samples

To evaluate the potential application, the designed sensor was
employed for in situ detection of trace amount of BPA in eight
real plastic samples (four types of PC drinking package and
four types of PET drinking bottle). Recovery testing was car-
ried out to demonstrate the validity of the proposed method.
The obtained recoveries of the proposed sensor for BPA in
two real plastic samples were 95.8 and 103% (Table 3). For
comparison, the concentrations of BPA in these samples were
also detected by HPLC. In HPLC analysis, the linear concen-
tration range of BPA was from 0.01 to 0.5 umol/L, and the
regression equation could be expressed as A (uV-s)=4781.9
C (umol/L) + 688.2 (R*=0.9928). The detection limit for
BPA was calculated as 0.006 umol/L at a ratio of signal to
noise of 3. As shown in Table 3, the assay results obtained by
both methods showed a good agreement. This result suggests
the good accuracy of the proposed sensor. Thus, the present
sensor could satisfy the need for detection of BPA in real
plastic product samples.

Conclusions

In this work, a sensitive and selective electrochemical BPA
sensor was developed using the CTAB functionalized CNH
modified electrode. Because of the combination of the advan-
tages of the preconcentration of BPA of the long alkane chain
in CTAB via hydrophobic interaction, and high conductivity
and capacity of CNH, the CTAB-CNH/GCE showed en-
hanced electrocatalytic activity toward the oxidation of BPA.
Based on the electrocatalytic activity to BPA, a sensor for BPA
was constructed based on CTAB-CNH/GCE. The proposed
sensor for determination of BPA had a wide linear range, a
low detection limit, acceptable fabrication reproducibility and
stability, and was successfully applied to detect BPA in real
plastic samples. The CTAB-CNH opens an insight for

@ Springer

functionalization of CNH, and has a great potential for multi-
ple applications in electronic biological or clinical target
devices.
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