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Highlights
e Bisphenol A electrochemical sensor using carbon nanotubes and gold nanoparticles
e Characterisation by voltammetry and electrochemical impedance spectroscopy
o Differential pulse voltammetry detection gives very low nanomolar detection limit
e Perspectives for impedimetric sensing assessed

e Application to analysis in waters

Abstract

A novel electrochemical sensor for bisphenol A comprising a multiwalled carbon nanotube
(MWCNT) and gold nanoparticle (AuNP) composite modified glassy carbon electrode has been
developed. Differential pulse voltammetric and electrochemical impedance characterisation
were carried out. Modified electrode architectures with different MWCNT loadings and
different numbers of deposited AuNP layers were tested, as well as the influence of pH. Under
the best experimental conditions, the sensor exhibited a linear response to BPA from 0.01 uM
to 0.7 uM, with a limit of detection of 4 nM, one of the lowest achieved up until now. The
reproducibility, repeatability and stability of the sensor were examined and are superior to those
reported in the literature using similar architectures for BPA sensors. Perspectives for an
impedimetric sensor at micromolar concentrations were also assessed. Finally, the selectivity
with respect to common interferents was demonstrated and practical application of the
developed modified electrode for the determination of BPA in waters was successfully carried

out.
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1. Introduction



With the development of the chemical industry, much industrial waste is being emitted into the
environment, some of which has the potential to alter the structure and functions of the
endocrine system and to be carcinogenic. Bisphenol A (BPA) is one of the key raw materials
widely used in the production of epoxy resins and polycarbonate plastics [1], which have
application in the chemical industry: metal food cans, bottles used as food and water containers,
sports equipment, tableware and microwave ovenware [2,3]. Therefore, BPA will inevitably
migrate into food and drinking water from product packaging, and thence humans may routinely

ingest trace amounts of BPA.

BPA has attracted extensive attention due to its estrogenic activity [4], the probability of
causing various kinds of cancer, including human prostate cancer the corresponding cells
blocking testosterone synthesis, as well as exhibiting diverse pleiotropic actions in the brain
and cardiovascular system [5]. BPA also exhibits an adverse effect on the human immune
function, causing reproductive disorders including decrease of sperm quality in humans [6]
resulting in neural and behavioural changes in infants and children [7]. Therefore, the
development of new sensors for the detection of BPA at trace concentrations has become a very
important subject of research. Different analytical methods have been developed and used for
the determination of BPA including high-performance liquid chromatography [8], gas
chromatography [9], enzyme-linked immunosorbent assay [10], molecular imprinting [11] and
fluorimetry [12]. Electrochemical detection techniques have advantages in relation to these
techniques of rapidity, low cost, high sensitivity, simple operation, good selectivity and real-
time detection with in situ analysis [13]. Recently, electrochemical techniques have become
very attractive methods for BPA detection [14-17]. Modification of the surfaces of such sensors

with nanomaterials can enhance these advantages.

Carbon nanotubes (CNT) have excellent conductivity, chemical stability, large specific area,

the ability to minimize surface fouling [18] and can accelerate the rates of electrochemical



reactions [19]. There are many applications of carbon nanotubes, usually multiwalled carbon
nanotubes (MWCNT), such as in batteries e.g. [20], nanoelectronic devices e.g. [21] and as

nanomaterial modifiers of the surfaces of electrochemical sensors, e.g. [22-26].

Recently, attention has also been given to gold nanoparticles (AuNP) because of their good
biological compatibility, high conductivity, high surface-to-volume ratio and
catalytic/electrocatalytic properties. These properties of AuNP can be tuned by varying their
size, shape, and the surrounding chemical environment. The analytical sensitivity of
electrochemical sensors can be enhanced [27,28] and they can be a component of scaffolds for

the fabrication of novel chemical and biological sensors [29-32].

Some of the materials which have been used for electrode modification for BPA determination
are: molybdenum disulfide nanoflower-chitosan-Au nanoparticle composites [33],
poly(amidoamine)-AuNP-silk fibroin [34], carbon nanotubes-B-cyclodextrin [35], and

carboxylic group functionalized CNT-poly(3,4-ethylenedioxythiophene) [1].

In the present work, a novel electrochemical sensor for BPA detection consisting of a MWCNT
plus AuNP modified glassy carbon electrode has been developed. There are two previous
reports in the literature using MWCNT and AuNP together [36,37]; however, in [36] the sensor
1s based on paper as support and in both studies the electrode modification procedure is different
from that developed here. Experimental parameters were optimized, including the pH of the
buffer solution, and MWCNT and AuNP loading. The electrochemical behaviour of BPA was
investigated by cyclic and differential pulse voltammetry and the analytical measurements were
performed by differential pulse voltammetry and electrochemical impedance spectroscopy.
Finally, the selectivity with respect to common interferents was demonstrated and practical
application of the developed modified electrode for the determination of BPA was successfully

carried out.


http://www.sciencedirect.com/science/article/pii/S0304389414003823

2. Experimental

2.1. Reagents and materials

Multi-walled carbon nanotubes (MWCNT) with ~95% purity, 30+10 nm diameter and 1-5 pum

length were from NanoLab, U.S.A.

BPA was obtained from Sigma-Aldrich, Germany. A stock solution of 0.20 M BPA was
prepared in methanol and stored in a refrigerator at 4 °C. Britton—Robinson (BR) buffer was
used as supporting electrolyte, which contained a mixture of 0.040 M CH3COOH, 0.040 M
H3PO4 and 0.040 M H3BOs; the pH was adjusted between 4.0 and 9.0 by adding appropriate
volumes of 2.0 M HCI or 5.0 M NaOH. All other chemicals were of analytical grade and used
as received. Solutions were all prepared with Millipore Milli-Q nanopure water (resistivity >

18 MQ cm). All experiments were performed at room temperature (25 £ 1°C).

2.2. Electrochemical measurements and instrumentation

A one-compartment 2 mL electrochemical cell contained a 1 mm diameter (geometric area
0.00785 cm?) glassy carbon electrode (GCE) as working electrode, a platinum wire auxiliary

electrode and Ag/AgCl (3M KCI) as reference.

Electrochemical voltammetric measurements were performed using a computer-controlled
IviumStat potentiostat with IviumSoft software version 2.024 (lvium Technologies, The
Netherlands). In differential pulse voltammetry (DPV), pulse amplitude 50 mV, pulse time 100

ms, potential step 2 mV and scan rate 10 mVs™ were used, unless otherwise indicated.
Measurements of pH were made with a CRISON 2001 micro pH-meter (Crison, Spain).

Electrochemical impedance spectroscopy (EIS) measurements were performed on a Solartron
1250 Frequency Response Analyser, coupled to a Solartron 1286 Electrochemical Interface

(Solartron Analytical, UK) controlled by ZPlot 3.3a software (Scribner Associates Inc., USA).



The frequency range used was 65 kHz to 0.1 Hz, with 10 measurements per frequency decade
and an rms perturbation voltage of 10 mV. Fitting of the spectra to equivalent circuits was done

using ZView 2.,4 software (Scribner Associates Inc., USA).

2.3 Electrode preparation

The MWCNT were functionalized with carboxylate groups by nitric acid as previously reported
[22]. The MWCNT dispersion of 0.05, 0.1, 0.2, 0.5 or 1.0 % was prepared by weighing 0.05,
0.1, 0.2, 0.5 or 1.0 mg and dispersing in 100 pL of 1.0 % chitosan solution dissolved in 1.0 %

acetic acid. The prepared solution was then sonicated for 3 h.

For making gold nanoparticles, a volume of 200 mL of a solution of 0.01 % HAuCl4 in water
was prepared and brought to boiling point, then 7.0 mL of 1.0 % NazCsHsO7 was slowly added
under stirring [38] and left to react for 10 min. The solution was then left to cool to room

temperature.

The bare glassy carbon electrode surface was polished with diamond spray (Kemet, UK) down
to 1 um particle size, rinsed thoroughly with ultra-pure water and dried in a flow of nitrogen
gas before modification. To obtain the best response of the modified electrode, the amounts of
AUNP and the concentration of MWCNT were optimized. The MWCNT (0.05, 0.1, 0.2, 0.5 or
1.0)/GCE was prepared by casting 2 puL of MWCNT (0.05, 0.1, 0.2, 0.5 or 1.0 %) dispersion
on the surface of the cleaned GCE with a micropipette and drying at room temperature for 24
h. AUNP/GCE electrodes were obtained in a similar way by placing 2 uL of AuNP solution on
the GCE surface. For fabricating AUNP/MWCNT/GCE, AuNP suspension was deposited on
the surface of the previously prepared MWCNT/GCE. Different assemblies were prepared
consisting of 3, 5 or 7 layers of AUNP on a MWCNT(0.2)/GCE, for each layer depositing 2 pL
of AuUNP suspension and drying under ambient conditions, resulting in

AUNP(3)/MWCNT(0.2)/GCE, AUNP(5)/MWCNT(0.2)/GCE, and



AUNP(7)/MWCNT(0.2)/GCE, respectively. Additionally, AUNP(5)/MWCNT(0.05)/GCE and
AUNP(5)/MWCNT(0.1)/GCE were prepared by depositing 5 layers of AuNP on
MWCNT(0.05)/GCE and MWCNT(0.1)/GCE, respectively, these being used only for DPV

analytical determination.

3. Results and discussion
3.1. Characterization of the modified electrodes

Unmodified and modified electrodes were characterized by differential pulse voltammetry

(DPV) and electrochemical impedance spectroscopy (EIS) in the presence of BPA.

Figure 1 shows DPVs in BR buffer (pH=6) with 5.0 uM BPA at GCE, AuNP(5)/GCE,
MWCNT(0.2)/GCE and AuNP(5)/MWCNT(0.2)/GCE. As expected, the oxidation peak
current of BPA was lowest at the bare GCE. After modifying the electrode with AuNP, an
increase of 40 % of the oxidation peak current was observed, which can be attributed to the
greater accessible surface area on deposition of AUNP. At MWCNT(0.2)/GCE, the peak current
increased much more, by 124 %, so that MWCNT led to a greater increase in active surface
area than AuNP. With AUNP/MWCNT(0.2) on the surface of the GCE, the oxidation peak
current increased even further, to 278 % of the value for an unmodified electrode. This can be
attributed to the excellent high conductivity and large specific surface area of AuNP and

MWCNT.

Electrochemical impedance spectroscopy was used to investigate the interfacial characteristics
of the modified electrode. This technique has recently received attention in the field of
analytical sciences, since it can furnish complementary information about the reaction
dynamics and the membrane/solution structure. Figure 2a presents complex plane spectra of

the bare GCE, AuNP(5)/GCE, MWCNT(0.2)/GCE and AuNP(5)/MWCNT(0.2)/GCE in BR



buffer (pH=6) containing 9.0 MM BPA. A small decrease in the impedance was observed when
the GCE was modified with AuNP. However, with the addition of MWCNT a big decrease in
this value occurred, indicating that their presence on the surface of GCE enhances the
conductivity and facilitates electron transfer. With AuNP on top of MWCNT, a further decrease
was obtained, showing there is a synergetic effect of these two nanomaterial modifiers, in
agreement with the DPV results. The impedance values follow the order: GCE > AuNP(5)/GCE

> MWCNT(0.2)/GCE > AuNP(5)/MWCNT(0.2)/GCE.

The spectra were fitted using two equivalent circuits. The first comprises the cell resistance,
Rq, in series with a parallel combination of a charge transfer resistance, Rct, and a constant
phase element, CPE. The CPE is modelled as a non-ideal capacitor according to the relation
CPE = -1/(Ciw)*, where C is the capacitance (describing charge separation at the double layer
interface), w is the angular frequency and a is the CPE exponent (due to non-uniformity and
roughness of the surface and interfaces). This circuit was used for the spectra obtained at the
non-modified and gold nanoparticle modified electrode, which present semicircle-like spectra.
The capacitance represents charge separation within the modifier layer, especially at the
AuNP/MWCNT interface, and CNT at the modified electrode/solution interface, its value
increasing markedly with the presence of both, that can be attributed to the high surface area of
the AUNP/MWCNT interface. For GCE modified with carbon nanotubes, without and with
AUNP, the spectra exhibited a small linear angular part at higher frequencies, before the
semicircle, that can represent diffusion within the modifier layer. For this reason a diffusion
impedance element Zp was added in series before the parallel combination, expressed by
Zp = Rp cth[(ziw)*](tiw)™, where a < 0.5, 7 is the diffusional time constant and Rp the
diffusional resistance. Since the first circuit is a simplified version of the second one, only the

latter is illustrated in Figure 2b.



The values obtained from the fitting circuit are shown in Table 1. The results show that with
each modification there is a gradual increase in the capacitance values, denoting accumulation
of charge at the electrode surface, which is accompanied by a decrease of charge transfer
resistance, indicating easier electron exchange. The lowest charge transfer resistance was
obtained at AuNP(5)/MWCNT(0.2)/GCE. This is in agreement with the differential pulse
voltammetry results, where the highest response for BPA was obtained at the same modified

electrodes.

3.2. Electrochemical behaviour of BPA at modified electrodes

The electrochemical behaviour of bisphenol A at the electrode which exhibited the best
performance, AUNP(5)/MWCNT(0.2)/GCE, was investigated by cyclic voltammetry (CV) and

differential pulse voltammetry (DPV).

The influence of scan rate on the oxidation of 10 uM BPA at AuNP(5)/MWCNT(0.2)/GCE was
studied by CV and is illustrated in Figure 3a. It can be seen that peak current density, j,
increases linearly with scan rate (v) in the range 10 to 100 mV s, Fig. 3b, indicating that the
electrochemical oxidation of BPA at the AUNP/MWCNT/GCE is an adsorption-controlled
process. A plot of logarithm of peak current density versus logarithm of scan rate was linear
with a slope of 0.95, Fig. 3c, almost equal to the theoretical value of 1.0 for an adsorption-
controlled process. The same behaviour was observed also in [1,35,39-42]. Adsorption was
verified by repeated cyclic voltammograms at 100 mV s, exhibiting a decrease in the oxidation
current peak with each scan: 87.8 % in the 2", 75.6 % in the 3™ and 55.6 % in the 4™ scan.
However, the adsorption was reversible since, after placing the electrode in clean buffer

solution and then scanning, no peak appeared.

The effect of buffer pH on the electrochemical oxidation response of 10 uM BPA at the

AUNP(5)/MWCNT(0.2)/GCE was studied by DPV in the pH range from 4.0 up to 9.0, Figure
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4a. The peak potential, Epa, shifted negatively with increase of pH following a linear
relationship, Figure 4b, with a slope of 56 mV per unit of pH, close to the theoretical value of
59 mV for an equal number of electrons and protons involved in the electrode reaction. The
peak width at half height, W12, given by W12 = 90/n mV [43] for a reversible reaction, was
approximately 58 mV over a wide range of concentrations, showing that 2 electrons are
involved. It can be concluded that the oxidation mechanism involves two electrons and two
protons, which is in agreement with studies in the literature [1,35,37]. A possible oxidation
mechanism of BPA at AuNP(5)/MWCNT(0.2)/GCE is proposed in Scheme 1 with formation
of quinone, via an unstable intermediate. The peak current increases with increase of pH, up to
pH 6.0, then decreases. Thus, pH 6.0 was selected as the optimum value in order to maximise

the sensitivity for the determination of BPA.

3.3. Optimization of the modified electrode preparation and determination of bisphenol A

3.3.1. Differential pulse voltammetry

The objective of this work is to fabricate a highly sensitive electrochemical sensor for BPA
detection. In order to achieve the best electrode configuration, different MWCNT and AuNP
loadings were investigated for sensor preparation and the response to BPA was measured by

DPV.

The effect of MWCNT loading was investigated by using the same volume (2 pL) of
suspensions with three different concentrations of MWCNT cast on the GCE surface, these
being 0.2, 0.5 and 1.0 %. When using 0.5 and 1.0 % MWCNT the background current was very
noisy and the response to BPA was observed only at high concentrations; for this reason, these
configurations were not considered for analytical determination of bisphenol. Hence, a loading

of 0.2 % MWCNT was selected for further studies.
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The effect of the amount of AuNP suspension cast onto the MWCNT(0.2)/GCE surface was
also studied. As shown in Table 2, the lowest detection limit for BPA and the highest sensitivity

was achieved using 5 layers of AuNP.

In order to understand better the role of MWCNT and AuNP and synergistic effects, two
additional assemblies were prepared, both with 5 AuNP layers, but with lower loadings of
MWCNT of 0.05 and 0.1 %. The results from the analytical determination of BPA at these last
configurations are also included in Table 2. The conclusion was that
AUNP(5)/MWCNT(0.2%)/GCE was the best for BPA measurement amongst the modified

electrodes tested.

The electroanalytical determination of BPA using the optimized configuration,
AUNP(5)/MWCNT(0.2%)/GCE, was performed by DPV and voltammograms obtained for
different bisphenol concentrations are shown in Fig. 5a. The calibration plot constructed from
the DPV response, illustrated in Figure 5b, clearly shows two linear segments, a behaviour
which was also observed in other studies for BPA electroanalytical determination [7, 39,40,44].
This behaviour could be ascribed to the effects of the adsorption of BPA, which will increase
the higher the BPA concentration and the change in slope could correspond to more than one
layer. In fact, there is evidence from analysis of impedance spectra (see section 3.3.2 below)

that the surface coverage with adsorbate becomes non-uniform at higher BPA concentrations.

The two linear regions at AUNP(5)/MWCNT(0.2%)/GCE were from 0.01 uM to 0.7 uM and
from 0.7 uM to 7.0 uM following the equations jpa (UM cm™) = 1.76¢ (uM) + 0.24 (R = 0.999)
and jpa (WM cm?) = 0.62¢ (uM) + 1.14 (R = 0.997), respectively. The detection limit calculated
as (3xSDplank)/slope was 4.3 nM (n=3). The limit of detection obtained by the proposed sensor
is one of the lowest until now, as is clear from the comparison with previous reports at modified
electrode sensors with similar architectures including nanomaterials, shown in Table 3. The

sensor with lowest limit of detection in Table 3, 1.0 nM, contains reduced graphene oxide as
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well as MWCNT and AuNP [49], all of which increase the electroactive area of the modified

electrode.

3.3.2. Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) was previously used in BPA sensors
[39,40,42,47], for modified electrode characterization in the presence of hexacyanoferrate
species, and there are no reports on BPA detection by this technique. The impedimetric sensing
properties of the AuNP(5)/MWCNT(0.2)/GCE towards BPA was therefore investigated.
Figure 6a illustrates the complex plane impedance response in BR pH 6.0 and with different
BPA concentrations. The equivalent electrical circuit used to fit the spectra is the one shown in
Figure 2b and the data obtained from fitting are included in Table 1. The values of the
capacitance are almost constant up to 0.9 mM BPA and then increase with increase in BPA
concentration; the same behaviour was observed for the diffusional time and diffusional
resistance. This could be due to more and more non-uniform adsorption at high concentrations
of BPA, the values of the CPE exponent are smaller from 0.9 mM upwards. There is a gradual
decrease in the charge transfer resistance value with increase in BPA concentration, described
by a linear dependence of Rc: on the logarithm of BPA concentration over the range 10 uM to
1.6 mM, see Figure 6b, according to the equation Ret (kQ cm?) = 1.51lg(c/mM) + 0.54. The
reason for the logarithmic dependence is due to adsorption of the BPA on the electrode surface
before oxidation takes place. The calculated limit of detection was 170 nM, which is about 40
times higher than that achieved by DPV, but the ability to distinguish the spectrum from that
recorded without BPA means that in practice, it would be about 1 uM. It is therefore possible

to quantify BPA by EIS, but only at higher concentrations.

3.4. Reproducibility, repeatability and stability at AUNP/MWCNT/GCE
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Reproducibility, repeatability and stability are key elements of sensor performance. The relative
standard deviation (RSD) for measuring 1.0 uM BPA by DPV at five different electrodes
prepared in the same way was 1.1 %. This shows that the AUNP/MWCNT/GCE has very good
reproducibility, higher than that achieved by the reports in [36,39,42,47]. The repeatability at
the same electrode for BPA detection was also very high, with an RSD of 1.5 % for 5 repeated
measurements, superior to other sensors [36,47]. The long-term stability of the developed
sensor was investigated by keeping the electrode at room temperature for 4 weeks and
measuring BPA twice per week. After this period, the sensor still maintained 85 % of its initial
response, which indicates a good storage stability of the AUNP/MWCNT/GCE. The stability
obtained by the present sensor is comparable with that in [35,40,42,47], except that in those

studies the electrode was kept at 4 °C.

3.5 Interferences and practical application

The selectivity of the electrochemical sensor towards BPA was investigated in the presence of
some possible interfering substances at concentrations 100-fold higher than that of BPA,
sufficiently high to ensure selectivity towards BPA. The interferents tested included: ethanol,
hydroquinone, methanol, phenol, Ca?*, K*, Na*, Mg?* and Zn?*; none of them exhibited a
significant change in the BPA response, the signal change was less than 5 % for inorganic and
less than 7 % for organic interferents, see results listed in Table 4. A 1000-fold higher

concentration of calcium ions was also tested and the decrease in signal was 7.6 %.

A 100-fold higher concentration of inorganic cations has been also studied for other BPA
sensors with less than 5 % [15,16,36] or 10 % interference [39]. Regarding organic
interferences, the concentrations tested were between 20 and 100-fold higher than BPA
[2,7,15,16,39,42] and for the 100-fold the interferences were less than 5 or 6 % [2,40]. In [39]

for 30-fold higher interferences the response change was less than 10 %.
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In natural samples, an excellent way to minimise effects from interferents, especially in
complex matrices, is to use the standard addition method. In order to evaluate the performance
of AUNP/MWCNT/GCE for practical analytical applications, the DPV procedure for the
determination of BPA in real water samples was followed. Two water samples were used: one
was river water collected from a local river and one was mineral water bought from a local
market. One millilitre of each sample solution was added to 9 mL BR buffer (pH 6.0), which
was then analysed by the standard addition method. No BPA was found in the water samples.
The same samples were then spiked with different amounts of BPA, namely 30 and 50 nM, and
the recoveries were in the range 95.2 % to 102.4 %, indicating that the sensor is perfectly

adequate for application in natural samples.

4. Conclusions

A novel electrochemical sensor for bisphenol A based on a MWCNT and AuNP composite
modified glassy carbon electrode has been developed. Different MWCNT loadings and
amounts of AuNP were tested; among those tested, the best experimental conditions for
detection limit and sensitivity were a 0.2 % dispersion of MWCNT in chitosan solution with
deposition of 5 layers of AUNP. The AUNP/MWCNT/GCE modified electrodes show some
clear advantages, such as a very low detection limit of 4 nM, good stability, repeatability and
simple preparation process, with excellent selectivity. This is also the first report on BPA

measurement by electrochemical impedance spectroscopy, at micromolar concentrations.
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Figure captions

Figure 1 DPV of 5.0 uM BPA in BR buffer (pH=6) at different modified electrodes and at
GCE.

Figure 2. (a) Complex plane impedance plots at different electrodes in BR buffer (pH=6)
containing 9.0 mM BPA,; inset is the magnified plot of AUNP(5)/MWCNT(0.2)/GCE. Lines

show equivalent circuit fitting. (b) Equivalent electrical circuit used to fit the spectra.

Figure. 3. (a) Cyclic voltammograms at AUNP(5)/MWCNT(0.2)/GCE in BR buffer (pH=6)
containing 10 uM BPA at various scan rates: 10, 20, 40, 60, 80 and 100 mV s*; (b) Plot of
oxidation peak current density, jpa, VS. scan rate; (c) Plot of log of peak current density vs. log

scan rate.

Figure 4. (a) DPV of 10 uM BPA at AuNP(5)/MWCNT(0.2)/GCE in BR buffer with different
pH values: 4, 5, 6, 7, 8, 9; (b) Variation of peak potential and peak current with pH.

Figure 5. (a) DPV recorded at AUNP(5)/MWCNT(0.2)/GCE for increasing concentrations of
BPA in BR buffer (pH=6); (b) Corresponding calibration plot.

Figure 6. (a) Complex plane impedance spectra at AUNP(5)/MWCNT(0.2)/GCE for different
BPA concentrations in BR buffer (pH=6) at 0.65V; (b) Variation of Rct with log [BPA/mM]



—— AUNP(5)/MWCNT(0.2)/GCE
- - - - MWCNT(0.2)/GCE

44 — . = AUNP(5)/GCE

- - GCE

0.4 05 06 07 08 09
E /V vs. Ag/AgCI

Figure 1. DPV of 5.0 uM BPA in BR buffer (pH=6) at different electrodes

25



26

(a)
20 1@ AUNP(5)/MWCNT(0.2)/GCE
® AuNP(5)/GCE
1A MWCNT(0.2)/GCE
N m GCE
c 15 1
&)
S
X
_\ 10 4 80
N éeo
1 =
N 40
5_
20
B I S P
Z'lQcm
O T T T T T T T
0 5 10 215 20
Z'/kQcm
(b)
CPE
Rq

Figure 2. (a) Complex plane impedance plots at different electrodes in BR buffer (pH=6)
containing 9.0 mM BPA,; inset is the magnified plot of AuUNP(5)/MWCNT(0.2)/GCE. Lines

show equivalent circuit fitting. (b) Equivalent electrical circuit used to fit the spectra.
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Figure 3. (a) Cyclic voltammograms at AUNP(5)/MWCNT(0.2)/GCE in BR buffer (pH=6)
containing 10 pM BPA at 10, 20, 40, 60, 80 and 100 mVv s
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(c) Plot of log of peak current density vs. log scan rate.
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Figure 4. (a) DPV of 10 uM BPA at AuNP(5)/MWCNT(0.2)/GCE in BR buffer with different

pH values: 4, 5, 6, 7, 8, 9; (b) Variation of peak potential and peak current with pH.
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Figure 5. (a) DPV recorded at AUNP(5)/MWCNT(0.2)/GCE for increasing concentrations of
BPA in BR buffer (pH=6); (b) Corresponding calibration plot
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Figure 6. (a) Complex plane impedance spectra at AUNP(5)/MWCNT(0.2)/GCE for different

BPA concentrations in BR buffer (pH=6) at 0.65V; (b) Variation of Rct with log [BPA/mM]
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Scheme 1. Possible oxidation mechanism of BPA at AUNP(5)/MWCNT(0.2)/GCE.
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Scheme 1. Possible oxidation mechanism of BPA at AuNP(5)/MWCNT(0.2)/GCE
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Table 1. Experimental data obtained from fitting impedance spectra at different electrode configurations in the
presence of 9.0 mM BPA and for different concentrations of BPA at AUNP(5)/MWCNT(0.2)/GCE
Electrode configuration Rg | Zp I tls a CPE I «a Ret /
(9.0 mM BPA) Qcm?  Qcm?s*! mF cm2 st KQ cm?
GCE 27 - - - 0.0021 0.92 575
AuUNP(5)/GCE 26 - - - 0.0042 0.89 27.6
MWCNT(0.2)/GCE 35 120 0.23 0.30 0.282 0.94 49
AuUNP(5)/MWCNT(0.2)/GCE 15 16.3 0.22 0.30 12.6 0.93 0.07
[BPA]/ mM  (AuNP(5)/MWCNT(0.2)/GCE)
0 7 4.02 0.06 0.30 9.00 0.96 4.38
0.01 7 3.37 0.05 0.30 9.34 0.98 3.64
0.05 7 3.58 0.05 0.30 9.05 0.98 2.48
0.1 7 4.02 0.06 0.30 8.93 0.98 1.96
0.5 8 4.11 0.05 0.30 9.25 0.96 0.99
0.9 8 4.96 0.18 0.30 9.61 0.89 0.55
1.6 12 5.88 0.18 0.30 10.9 0.88 0.34
3.8 13 6.66 0.19 0.30 13.3 0.88 0.17
7.4 14 11.70 0.18 0.30 13.9 0.90 0.07
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Table 2. Analytical parameters for BPA determination at different sensors; data from both

linear ranges

Electrode configuration Linear range Sensitivity / Detection limit
/ uM HA cm? uM?t /aM
GCE 0.1-1.0/1.0-7.0 0.86/0.11 223
MWCNT(0.2%)/GCE 0.03-2.0/2.0-7.0 1.00/0.59 12.2
AuNP(3)/GCE 0.07-3.0/3.0-7.0 0.35/0.24 24.1
AuNP(3)/MWCNT(0.2%)/GCE  0.02-3.0/3.0-8.0 1.38/0.63 8.3
AuNP(5)/MWCNT(0.2%)/GCE  0.01-0.7/0.7-7.0 1.76/0.62 4.3
AuNP(7)/MWCNT(0.2%)/GCE  0.01-0.7/0.7-9.0 1.37/0.36 52
AuNP(5)/MWCNT(0.1%)/GCE  0.02-3.0/3.0-7.0 1.02/0.67 7.2
AuNP(5)/MWCNT(0.05%)/GCE 0.07-1.0/1.0-4.0 0.45/0.13 16.3
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Table 3. Comparison of the analytical performance of the proposed sensor for BPA detection

with other nanomaterial-modified electrode sensors from the literature

Electrode configuration

Method Linear range Detection limit Ref.

/ uM / nM

SWCNT/PEDOT/GCE cV 0.1-5.8 32 [1]

PANINR/MWCNT/PGE Amp 1.0-400 10 [2]

Chit-Gr/CILE DPV 0.1-100 26.4 [7]

AuPdNP/GrN/GCE DPV 0.05-10.0 8.0 [17]
MWCNT/AuUNP/Paper LSV 0.876-87.6 131 [36]
AuNP/MWCNT/GCE DPV 0.02-20.0 7.5 [37]
PtNP/GrO-MWCNT/GCE DPV 0.06-10.0 42 [39]
MWCNT-MAM/GCE Amp 0.01-10.8 5.0 [40]
PGA/MWCNT/GCE DPV 0.1-10.0 20 [41]
MWCNT/GCE LSV 0.01-10.0 5.0 [42]
LisTisO12/MWCNT/GCE DPV 0.1-10.0 78 [45]
ZnO/MWCNT/CPE SWV 0.002-700 9.0 [46]
AUNP/SGrNF/GCE LSV 0.08-250 35 [47]
Fe304NPs-Si4Pic*ClI/AuNPsSi4Pic*CI/GCE  DPV 0.02-1.40 7.0 [48]
AUNP/rGO-MWCNT/GCE DPV 0.005-0.1 1.0 [49]
Gr-AuCuNP/AuE LSV 0.1-30 1310 [50]
Gr-AgCuNP/AuE LSV 0.1-100 1910 [50]
AuNP/MWCNT/GCE DPV 0.01-0.7 4.3 This

work

PEDOT-poly(ethylene dioxythiophene); PANINR — polyaniline nanorods; Chit-Chitosan; CILE — carbon
ionic liquid electrode; PGE — pencil graphite electrode; AuPdNP — gold and palladium nanoparticles; PtNP
- platinum nanoparticles; GrO - graphene oxide; rGrO-reduced graphene oxide; GrN-graphene nanosheets;
MAM - melamine; PGA - polyglutamic acid; SGrNF - Stacked graphene nanofibers; LSV - linear sweep
voltammetry; Amp - amperometry; SWV - square wave voltammetry



Table 4. Influence of interferents, concentration 100 uM, on the response to 1.0 uM BPA

Interferent Peak change (%)
Ca? -2.4

K* 1.9

Na* -2.7

Mg?* -35

Zn?* 3.1

Ethanol -5.4
Hydroquinone 6.7

Methanol -3.3

Phenol 3.0




