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Abstract: A simple and rapid electrochemical sensor based on modified graphite nanoparticle
with phosphotungstic acid and Nafion (GN-PTA-nafion) on glassy carbon electrode (GCE)
has been developed for detecting bisphenol A (BPA). The GN was characterized using a
scanning electron microscope (SEM) and X-ray diffractometer (XRD), while the modified
GCE was characterized using differential pulse voltammetry (DPV) and cyclic voltammetry
(CV). Several parameters such as GN concentration, scan rate, equilibrium time, and pH of
phosphate buffer were optimized in this study. The GN-PTA-Nafion modified GCE that
consists of graphite nanoparticle with a large surface area showed better and faster electron
transfer, whereas the phosphotungstic acid (PTA) increased the sensitivity of the electrode for
BPA detection. Good electrochemical performances for analyzing BPA, with a detection limit
of 0.3995 mol L, as well as good reproducibility (RSD 2.51%) were obtained. The modified
electrode showed that it had short analysis time, inexpensive and good sensitivity for BPA
detection.
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1. Introduction

Bisphenol A (BPA) is a chemical that is widely used as an additive in industrial for the
manufacturing of epoxy resins (EP) and polycarbonate (PC) plastics. It is mostly found in
plastics drinking water, cans, and coating of metal food containers [1]. BPA may leach under
certain conditions of heat, as well as basic and acidic conditions, which later may result in
exposure to humans [2]. There are also the chances of its migration or leaching into the drinking
water from its container or bottle that are made from material such as epoxy resins and
polycarbonate plastics [3]. BPA is known as an endocrine disruptor that has adverse effects on
humans in previous studies [4]. The overdose intake of BPA may lead to severe weight loss
and leukemia, whereas the low doses intake of BPA may weaken the endocrine system, which
affects the behavior, metabolism, or human development [5].

Numerous studies have been focused on the development of methods and sensing
system for the determination of BPA in various matrices. These include techniques such as
chromatography [6-9], biosensor [10-12], as well as electrochemical sensors [13-15].
Chromatographic methods are proven to have the capability for quantitative determination at a
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lower limit of detection [16-17]. However, pre-treatment of samples is often needed, as well as
costly due to the laboratory-bound instrumentation.

For the past decades, the electrochemical method has proven to be a good alternative to
compliment chromatographic techniques in various applications such as environmental
monitoring [18-19], clinical diagnostic [20], as well as in food analysis [14]. There are many
electrochemical methods or sensors that were used for the detection of BPA using direct
oxidation reaction due to their short analysis time, inexpensive, and great sensitivity [21-22].
BPA was detected using an oxidation reaction with an electrochemically active electrode
material such as carbon or graphene [23]. The oxidation took place at the working electrode.
The oxidation of BPA may increase the interferences that contribute to the lower sensitivity
and selectivity [24]. These effects of oxidation are overcome by the modification of the
electrode. Besides, modification of electrode can also improve the rate of electron transfer and
the adsorption of an analyte, which later contributed to a greater limit of detection [25]. There
are many different nanomaterials that are proven to improve the sensitivity of the sensor due
to their excellent carrier properties [26].

Graphite nanoparticle (GN) is a number of graphene sheets that are stacked together. It
is high conductivity and large surface area. The nanomaterial is used to fabricate the sensor
due to the BPA that shown a slow electron transfer with the use of a bare electrode [27]. GN
electrode was produced by GN with its large surface area that provides a faster electron transfer
with greater BPA build-up, and this shown good adsorption property and give a better analysis
of BPA. A high selectivity, stability, and reproducibility for BPA are shown by GN. GN
electrode showed a greater conductivity and sensitivity compared with bare GCE [28].

In this study, graphite nanoparticle modified phosphotungstic acid and Nafion (GN-
PTA-Nafion) were prepared and cast on GCE for BPA detection. PTA was used as it can
significantly improve the reproducibility and repeatability of the electrode [23], while Nafion
was used as it has high chemical stability and ability to resist interferences [29]. GN-PTA-
Nafion modified GCE as a working electrode, silver/silver chloride (Ag/AgCl) as a reference
electrode, and platinum (Pt) wire as a counter electrode were used for further electrochemical
measurement. The modified GCE surface was then be observed with oxidation peaks in the
differential pulse voltammetry (DPV) for its selectivity and sensitivity towards BPA. This
developed method provides short analysis time, inexpensive and good sensitivity.

2. Materials and Methods

2.1. Chemicals and materials.

Bisphenol A (BPA) (97 %), Nafion solution (5 wt % in a mixture of lower aliphatic
alcohols and water), and phosphate buffer were purchased from Sigma-Aldrich, USA. Graphite
powder and potassium ferricyanide were obtained from R & M Chemicals, the United
Kingdom, and phosphotungstic acid (PTA) powder was obtained from EMD Millipore, USA.
Anhydrous methanol and potassium chloride were from Merck KGaA, Germany, and alumina
slurry for polishing glassy carbon electrode (Sigma-Aldrich, USA) was used in this research.
All reagents were of analytical grade or better.

2.2. Preparation of graphite nanoparticles.

The graphite powder was milled using a planetary ball mill (model PM 100, Retsch
Laboratory Mills, Germany) at the rotation speed of 200 rpm, 250 rpm, and 300 rpm for 3 hours
https://biointerfaceresearch.com/ 9267
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each and 200 rpm for a period of 5 hours and 6 hours. The 50 mL capacity stainless steel
grinding jar with 5 stainless steel balls of 8 mm diameter was used as the grinding medium.

2.3. Characterization of graphite nanoparticles.

The characterization of milled graphite powder was carried out using a scanning
electron microscope (SEM) (model JSM-6610LV, JEOL, USA) and X-ray diffractometer
(XRD) (model Rigaku Miniflex I, Rigaku, Japan). The parameter of SEM used for
characterization was 10 kV at the magnification of x20,000 to obtain the average particle size.
XRD for milled graphite analysis used the start angle of 10° and stopped angle of 80° with an
X-ray output of 30 kV, 15 mA, and the scan speed of 2° per minutes.

2.4. GN-PTA-nafion electrode modification.

The glassy carbon electrode (GCE) was polished using alumina slurry. The polished
GCE was then washed with distilled water to obtain a clean surface. The GCE was later dried
at the room temperature. 12 mg of graphite nanoparticles (GN) were prepared with 5 mL
distilled water and sonicated for 5 minutes that later produced a 0.20 mol L™* GN solution,
while 144 mg of phosphotungstic acid (PTA) was added to 1 mL of distilled water to produce
a0.05 mol L of PTA solution. 1 uL of GN was then dropped on the surface of GCE followed
by 1 uL PTA and dried at the room temperature, which is later deposited on the surface of
GCE. 1 pL Nafion then added on GN on the surface of GCE and resulting GN-PTA-Nafion
film. The prepared GN-PTA-Nafion electrode was used as the working electrode. The
simplified preparation of GN-PTA-Nafion is shown in Figure 1.

GCE
GN powder
Alumina shorry
Distalled
Filter paper Ay water

l wash + dry

Nafion GN-PTA-Nafion
+ E— modified GCE

GN

solution

PTA +
distilled water

Figure 1. Preparation of GN—-PTA—Nafion.
2.5. Optimization of parameters.

The parameters for an electrochemical method such as scan rate, pH of supporting
electrolyte, equilibrium time, and the amount of GN loaded were obtained to ensure the most
suitable condition for the electrochemical analysis or determination of BPA content and
increases the reliability or quality of the results obtained.

The effect of the scan rate to the electrochemical behavior of BPA was investigated.
Scan rate ranging from 10 mV s to 200 mV s at pH 7 of supporting electrolyte was compared
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for the cyclic voltammetry (CV) response (PGSTAT 910, Metrohm). The electrochemical
behaviors of an analyte, which is reduced or oxidized, were characterized using CV. The anodic
peak potential (Epa), cathodic peak potential (Epc), anodic peak current (Ipa), and cathodic peak
current (Ipc) were observed and studied in the CV.

The pH may affect the stability of the analyte and substances used to modify the
electrode. Phosphate buffer was used as the supporting electrolyte for this research. The
determination for the known BPA content in phosphate buffer with pH ranged from 4 to 10
using a modified electrode, and DPV was used to analyze the effects of pH.

Equilibrium time will be able to improve the sensitivity of the sensor [3]. Six
equilibrium time ranging from 5 seconds to 30 seconds were selected. Each equilibrium time
for the detection of BPA was tested with DPV using BPA standard solution with known
concentration. The adsorption that reached the saturation and was used as the processing
equilibrium time for DPV.

The amount of GN loaded will contribute to better sensing of the current signal with
the exception that it is too thick that end up resulting adsorbed molecules unable to transfer the
electrons with its far distance [28]. However, if it is too thin, the reactive group will be fewer
and lead to a weaker electrochemical response [30]. The most suitable amount of GN ranging
from 6 mg to 24 mg, which were 0.1 mol L™ to 0.4 mol L of GN solution, was loaded in the
modified electrode preparation and was tested with a known concentration of BPA standard to
ensure a better electrochemical sensing property.

2.6. Measurement of the modified electrode using the electrochemical method.

Three electrode systems with GN-PTA-Nafion electrode as working electrode,
platinum (Pt) wire as the reference electrode, and silver/silver chloride (Ag/AgCl) electrode as
the auxiliary or counter electrode was used. The GN-PTA-Nafion electrode was incubated in
BPA solution to ensure a better BPA enrichment and accumulation. It was analyzed using CV
and differential pulse voltammetry (DPV) (PGSTAT 910, Metrohm). The process was repeated
using bare GCE instead of GN-PTA-Nafion electrode for the comparison of their efficiency
and performance. The CV was used to detect electrochemical properties of the modified
electrode using 50 mM potassium ferricyanide, Ks[Fe(CN)s] solution in 0.1 M KCI. LOD and
LOQ were identified by preparing a few standard solutions of BPA with different
concentrations and were detected using the modified electrode.

2.7. Reproducibility.

The reproducibility of the modified electrode was identified by comparing the peak
current of the fixed concentration of BPA (0.05 M) using a newly modified electrode for each
measurement.

3. Results and Discussion
3.1. Physical characterization of milled graphite powder.

The scanning electron microscope (SEM) was used for surface analysis, which provides
the form or morphology for the surface. Figure 2 shows the surface morphology and the
estimated particle size of milled graphite powder using SEM.
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Figure 2. SEM of milled graphite powder for (a) 3 hours 250 rpm, (b) 3 hours 300 rpm, (c) 5 hours 200 rpm,
and (d) 6 hours 200 rpm.

The milled graphite powder with different parameters was characterized using SEM
with the magnification of x20,000 and 10 kV. The graphite powder was milled with a parameter
of 3 hours for the speed of 250 rpm and 300 rpm, 5 hours for speed of 200, and 6 hours with
200 rpm using the planetary ball mill. The surface morphology showed that the graphite
particles still maintain their crystallinity even after prolong milling, where graphite with its
layered or flake structure [31]. The average estimated size of milled graphite powder was
identified and calculated using 5 randomly chosen size. The resulting average size of graphite
powder milled for 3 hours and 250 rpm, 3 hours and 300 rpm, 5 hours 200 rpm, and 6 hours
200 rpm contained were 149.4 nm, 131.6 nm, 138.2 nm, and 158.0 nm, respectively. The
reduction in particle size means that the milling method was effective as a fragmentation
process for the graphite. Table 1 shows the centripetal force and kinetic force transferred during
the milling process with the 6 stainless steel milling balls of 8 mm diameter.

The graphite powder was milled by moving in a circular path or movement in the
milling bowl against the inner wall with the centrifugal force. When the stainless steel balls in
the milling bowl compressed the graphite particles between them, the transfer of kinetic energy
from milling ball to graphite particles occurred [32]. The centripetal force and transferred
kinetic force was calculated using the following equations. (Equation 1 and Equation 2).

F = mro? (Equation 1)

where F is the centripetal or working force (N) on the particles surface, m is mass of ball (kg),
r is the orbit radius (m) of ball movement, and o is angular speed or milling rate (rad s™).

1
E= > nmv? (Equation 2)

where E is kinetic energy (J), n is the number of balls, m is mass (kg) of the ball, and v is
tangential speed or circumferential velocity (m s™).
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Table 1. Centripetal force and kinetic force are transferred in the milling process.

Milling speed (rpm) Milling rate (rad s) Centripetal force (N) | Kinetic energy transferred (J)
200 20.944 0.028 2.229 x 108
250 26.180 0.043 3.483 x 10
300 31.416 0.062 5.015 x 10

X-ray diffractometer (XRD) was used to identify the particle size of the milled graphite
powder. The analysis of particle size using XRD was fixed at the X-ray output of 30 kV, 15
mA, and scan speed of 2° per minute in the angle range of 10° to 80°. Figure 3a and Figure 3b
show the X-ray diffraction graph for comparison of the milled graphite powder using the
different parameters of speed and time for planetary ball mill, while Figure 4 shows the range
where graphite peak appeared.
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Figure 3. X-ray diffractometry of milled graphite powder with (a) different speed and (b) different milling period.

The range of maximum peak for graphite is at about 26° [33-34], where the maximum
peak obtained in this study is in the range of 26.134° until 26.317°, which indicates that it has
the structure of graphite and used for the calculation of particle size. Scherrer equation
(Equation 3) was used to determine the particle size of graphite, where it is based on the peak
broadening.

_ Ka
_Bcose

(Equation 3)

where D is crystallite or particle size (nm), K is Scherrer constant (0.9), A is the wavelength of
x-rays radiation (1.541 A or 0.154 nm), B is full width at the half maximum peak (FWHM)
(radians), and 0 is the diffraction angle or peak position (radians) [35].

The particle size was calculated using the full width at half maximum (FWHM) at the
highest peak, and standard errors were identified. The XRD pattern of milled graphite powder
using different milling time and speed was analyzed, as shown in Table 2.
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Figure 4. X-ray diffractometry of milled graphite powder with 300 rpm for 5 hours.
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The size of graphite powder milled for 10 hours showed that the smallest particle
obtained when compared to other milling time at the fixed milling speed parameter of 200 rpm.
Whereas, the milling speed of 300 rpm was obtained for the smallest in size by comparing at
the fixed milling time of 3 hours. The reduced particle size will increase the surface area of the
active site, thus increase its effectiveness [36].

Table 2. The particle size of graphite with different milling times and speed.

Milling time Milling speed 20 °) FWHM Standard I_Darticle
(hours) (rpm) error size (hm)
3 200 26.134 0.630 0.0033 12.937
3 250 26.210 0.644 0.0030 12.661
3 300 26.248 0.669 0.0031 12.188
5 200 26.157 0.624 0.0029 13.062
5 300 26.137 0.632 0.0033 12.914
6 200 26.140 0.634 0.0029 12.860
8 200 26.151 0.641 0.0031 12.716
8 250 26.203 0.671 0.0033 12.159
10 200 26.317 0.681 0.0033 11.985
10 250 26.259 0.694 0.0035 11.760

3.2. Modification of electrodes.

The GCE was modified with different chemicals and analyzed using cyclic
voltammetry with the fixed-parameter as following; scan rate of 100 mV s, start potential,
and lower vertex potential of -0.2V, upper vertex potential of 0.6 V, stop the potential of -0.15
V, and 11 number of scans. The GN-PTA-Nafion modified electrode showed a greater
sensitivity compared to the bare GCE, GN, and PTA modified electrode (Figure 5). Based on
this result, it is proven that GN has the capability to increase the electron transfer, thus
improving the detection, while PTA contributed to the improvement of sensitivity.
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Figure 5. Cyclic voltammogram of comparison of modified electrode.

3.3. Effect of scan rate, pH, equilibrium time, and amount of GN loaded.

The optimization of GN concentration used for the modification of the electrode was
carried out to ensure that the most suitable concentration was used. For the measurement of
different GN concentrations ranging from 0 mol L™ to 0.4 mol L, GN concentration at 0.2
mol L showed the greatest current signal, as shown in Figure 6. The peak current obtained
slightly increased at 0.15 mol L™ and reached the maximum peak at 0.2 mol L%, where it later
started to decrease until 0.4 mol L. The changes in peak current had proved that the GN
concentration loaded to the GCE for modification contributed to the elevation effect of the
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current signal. The concentration of GN used will contribute to better sensing of current signal
with the exception that it is too thick that end up resulting adsorbed molecules unable to transfer
the electrons with its far distance [27]. However, the reactive group will be fewer and lead to a
weaker electrochemical response if it is too thin [30]. Thus, 0.2 mol L of GN is proven to be
the most suitable for modification as it did not apply a too thick or too thin layer and allowed
better sensing of current.
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Figure 6. Graph of current against GN concentration
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Figure 7. (a) Effect of scan rate on the CV response of GN-PTA-nafion on GCE with 5mM Kj[Fe(CN)g]
solution in 0.1 M KCI; and (b) a plot of anodic peak current (Ipa) versus square root of scan rate (v*?).

The effect of the scan rate was investigated, as shown in Figure 7a. The Epa increased
as the scan rate increased, which led to the distortion or broadening of peaks where the high
polarization can be seen [37]. The increased voltage difference between the anodic peak and
cathodic peak at a greater scan rate is proven. Even though the low scan rate had a greater
detection, the scan rate of 100 mV s was chosen for further measurement as it is a more
practical application that had the sensitivity but not time-consuming. A plot of Ipa versus square
root of scan rate (v'?) (Figure 7b) was obtained, with a good linear line with a R? of 0.9932.

The optimized equilibrium time will be able to improve the sensitivity for the detection
at a lower concentration. In this study, the optimization of equilibrium time was conducted in
the range of 0 to 30 seconds at a scan rate of 100 mV s™*. The equilibrium time of 5 seconds
showed the most optimized time, as the peak increased greatly compared to 0 seconds (Figure
https://biointerfaceresearch.com/ 9273
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8). The peak current was increased from 0 seconds to the equilibrium time of 5 seconds and
then decreased at 10 seconds and remained stable after that until 30 seconds of equilibrium
time. This showed that the equilibrium time did not have much effect on the peak current after
5 seconds as a limited value of BPA amount on the surface of the electrode was achieved under
the given situation [38].
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Figure 8. Graph of current against equilibrium time.

Differential pulse voltammetry (DPV) was used for the detection of BPA due to its
effectiveness and high sensitivity that able to detect the content of the analyte even if it is very
low. Thus several selected parameters were optimized. The optimization of pH for phosphate
buffer solution as supporting electrolyte was carried out with the start potential of 0 V to stop
the potential of 0.8 V, equilibrium time of 5 s, the step of 0.005 V, modulation amplitude and
time of 0.025 V and 0.05 s respectively and the interval time of 0.5 s, with pH ranging from
pH 4 to pH 10. Figure 9 shows the peaks of pH 4 and pH 6 were not too observable, compared
to the peaks at pH 8 and pH 10. This represents that the pH of phosphate buffer used influenced
the peak current, indicating that the detection of BPA is more suitable in alkaline conditions.
The current or detection of BPA was remarkably enhanced under the condition of pH 8 for the
phosphate buffer solution; thus, it is selected as the most optimized pH of buffer for further
detection using DPV.
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Figure 9. Differential pulse voltammogram for the effect of pH.
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3.4. Reproducibility studies of the modified electrode.

The reproducibility of the modified electrode was identified by comparing the peak
current of the fixed concentration of BPA (0.05 M). The fixed BPA content was detected using
a newly individual modified electrode. The RSD calculated was 2.51%, where it indicates that
the modified electrode had a great reproducibility.

3.5. LOD, LOQ, and percentage recovery from the calibration curve.

The limit of detection (LOD) and limit of quantification (LOQ) were calculated using

(Equation 4), as shown below.
30 100

LOD = ry ; LOQ = e (Equation 4)
Where ¢ is the standard deviation of peak current and S is the slope of the calibration curve.
The calculated LOD is 0.3995 mol L™ and LOQ is 1.332 mol L™t with the standard deviation
of 2.66 x 107, as shown in Table 3.

Table 3. Calculated aspects of the calibration curve.
Slope | Intercept | Correlation coefficient | Standard error | Standard deviation
2x10° | 3x10° | 0.9782 | 133x107 |  266x107

4. Conclusions

The GN-PTA-Nafion was successfully prepared and characterized. SEM results
showed that the particle size remained its crystallinity after the milling, whereas XRD
identified the particle size of milled graphite were all smaller than 100 nm with the peak at
around 26°. The milling for a period of 10 hours with a speed of 250 rpm has resulted in the
smallest particle size in the study, which is 11.75902 nm. The method of polishing the GCE
using alumina slurry was proven to be effective and increased the sensitivity of the detection.
The GN-PTA-Nafion had great sensitivity and faster electron transfer compared to the bare
GCE, GN modified GCE, and PTA modified GCE. The most suitable concentration of GN (0.2
mol L) for loading on GCE surface modification was used. The scan rate of 100 mV s, pH
8 of supporting electrolyte, and equilibrium time of 5 seconds were the optimized conditions
that were used for further measurements. The modified electrode showed a great
reproducibility with a relative standard deviation of 2.51 %. The LOD and LOQ obtained were
0.3995 and 1.332 mol L™, respectively.
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