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From e-waste to eco-sensors: synthesis of reduced
graphene oxide/ZnO from discarded batteries for
a rapid electrochemical bisphenol A sensor
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Improper disposal of used dry cell batteries and the leaching of bisphenol A (BPA), a prevalent endocrine
disruptor present in food packaging, into surface water pose a significant threat to both the environment
and drinking water, threatening the sustainability of the ecosystem. Thus, it is imperative to manage
detrimental e-waste and regularly monitor BPA using a sensitive and reliable technique. This study
proposes a cost-effective reduced graphene oxide/zinc oxide (rGO/ZnO) nanohybrid, entirely
synthesized from electronic waste, for electrochemically detecting BPA in an aqueous medium. Graphite
and metallic Zn precursors obtained from discarded batteries were employed to synthesize rGO/ZnO.
The successful characterization of the prepared rGO and rGO/ZnO nanohybrid was conducted through
different state-of-the-art techniques. An rGO/ZnO-modified glassy carbon electrode (GCE) exhibited
superior conductivity and a larger surface area. Voltammetric study at the rGO/ZnO-modified GCE
successfully detected BPA in an aqueous medium, demonstrating a one-electron and proton pathway
for BPA oxidation. The sensor demonstrated a linear response within the concentration range of 1-30
uM, with a limit of detection of 0.98 nM and sensitivity of 0.055 pA pM~%. The developed electrode could
also detect BPA in real water samples with reasonable recovery. These findings imply that the developed
sensor has the potential to be a sensitive, practical, and economical monitoring system for BPA in water.

1 Introduction

Bisphenol A (BPA), also known as 2,2'-bis(4-hydroxyphenyl)
propane, functions as a monomer in the synthesis of diverse
plastic materials utilized across various industries, notably in
the production of food and water packaging, from which it
leaches into food stuffs.’”® The widespread application of BPA in
these industries raises concerns regarding the regular ingestion
of minute quantities of BPA by people, which could lead to
higher vulnerability to cardiovascular diseases, obesity, dia-
betes, and adverse effects on sexual differentiation, immuno-
logical function, and cardiovascular health.** Therefore, it is
crucial to establish an accurate and highly sensitive analytical
system for the detection of minute quantities of BPA.

Several methods can be employed for detecting BPA, such as
gas chromatography-mass spectrometry, high-performance
liquid chromatography, chemiluminescence, and -capillary
electrophoresis.>® The utilization of these techniques is highly
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limited by the requirement for complex instrumentation and
substantial time spent, despite their accuracy and sensitivity.>*”
Electrochemical technique, on the other hand, has become
increasingly popular in the field of sensing applications owing
to its many advantages, which include ease of operation, real-
time detection, high sensitivity, and selectivity.*'* However,
achieving these advantages is dependent upon the choice of
appropriate materials for modification of substrate electrodes.

Numerous attempts have been made to develop effective
materials for the fabrication of electrochemical sensors used for
the detection of BPA.”>"""7 To improve the current performance
of BPA sensing electrodes, several endeavors have been under-
taken, such as employing a range of carbon-based materials,
including biochar (BC),”* multi-walled carbon nanotubes
(MWCNTSs),>*® single-walled carbon nanotubes (SWCNTs),*
graphene oxide (GO),%"*?* and reduced graphene oxide
(rGO).7 811151723 Additionally, metal oxides such as zinc oxide
(ZnO),>*11:13:181924 pjckel oxide (NiO),"? iron oxide (Fe;0,),'*>**
copper oxide (CuO)," and molybdenum oxide (M0oOj3)*”** have
garnered considerable attention in these efforts. ZnO has
garnered significant interest in electrocatalysis due to its
notable catalytic activity,>*® stability, and non-toxic nature.**
Despite these advantages, ZnO faces significant drawbacks,
including inadequate electrical conductivity and agglomeration
stemming from its inherent polarity,** making it a suboptimal
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choice for electroanalysis. Additionally, the limited adsorption
capacity of organic compounds on the ZnO surface**** imposes
limitations on its utility in electro-sensors. Consequently, the
integration of a good supporting material becomes essential to
overcome these challenges. Among carbon nanomaterials, gra-
phene-based materials such as GO and rGO have demonstrated
promising potential as supports for metal oxides.***® This is
attributed to their favorable surface-area ratio, high organic
compound adsorption capacity (e.g., BPA), and excellent elec-
trical conductivity and electrocatalytic properties.>*****! There-
fore, the incorporation of ZnO onto the surface of rGO holds
promise for enhancing the electrochemical performance of BPA
sensing.

To our knowledge, this study represents the first use of rGO/
ZnO derived from discarded batteries for electrochemical
detection of BPA in aqueous media. We successfully synthesized
a rGO/ZnO nanohybrid using precursor materials obtained
from graphite and zinc extracted from discarded dry cells,
enabling a cost-effective and innovative source for the synthesis
of this nanohybrid material. The utilization of electronic waste
(e-waste) as the exclusive source of precursors not only
enhances cost-effectiveness but also addresses environmental
concerns by repurposing and management of detrimental e-
waste. Analytical measurements were performed using cyclic
and linear sweep voltammetry techniques. The prepared rGO/
ZnO nanohybrid offers advantages such as environmental
friendliness, low cost, scalability, and high sensitivity.

2 Experimental

2.1 Reagents and chemicals

H,SO, (CAS No. 7664-93-9) and KMnO, (CAS No. 7722-64-7)
were purchased from Scharlau, Spain. H;PO, (CAS No. 7664-38-
2) was purchased from Janssen Chemica, Belgium. NaOH (CAS
No. 1310-73-2) and HCI (CAS No. 7647-01-0) were purchased
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from Sigma-Aldrich, USA. N,H,-H,0 (CAS No. 7803-578),
KHPO,, K,HPO,, and KOH were purchased from AppliChem,
Germany. BPA was collected from Sigma Aldrich, Switzerland.
All reagents were of analytical grade and used without further
purification. All solutions were prepared using ultrapure
deionized water (18 MQ cm).

2.2 Instruments

The morphology of the prepared samples was studied by scan-
ning electron microscopy (SEM) (JEOL, JSM 6490LA, USA), and
photographs were taken by changing different magnifications
by stereo SEM at 30 tilt and 10 kV. Transmission electron
micrographs were obtained with transmission electron
microscopy (TEM) (JEOL, JEM 2100F, Japan) operated at 200 kV
FE (field emission) accelerating voltage. An energy-dispersive X-
ray (EDX) spectrometer (JEOL, JED 2200, Japan) was utilized for
the elemental composition determination of the prepared
samples. Fourier transform infrared (FT-IR) spectra were
acquired in the transmittance mode using a Fourier transform
spectrophotometer (Frontier FT-NIR/MIR, PerkinElmer, USA).
The X-ray diffraction (XRD) patterns of the materials were
acquired with ARL, Equinox (Thermo Scientific) diffractometer
running at 40 kv and 30 mA using a Cu Ko, (A = 1.5406 A)
source. The CHI660 (USA) instrument was used to perform all
electrochemical analysis, and glassy carbon (CHI104, ¢ = 3
mm), Ag/AgCl/KCl (sat.) (CHI111) and spiral Pt wire (BAS Inc, 23
cm) were used as the working electrode, reference and counter
electrodes, respectively.

2.3 Recovery of graphite and Zn-metal from waste dry cell

Graphite rods and zinc metal were obtained from abandoned
dry cells obtained from residential houses. Scheme 1 shows the
schematic diagram of the recovery of graphite and Zn from the
wasted dry cell and the synthesis of rGO/ZnO nanohybrid. To
maintain the integrity of the graphite rods and Zn shell, the dry
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Scheme 1 Synthesis of rGO/ZnO utilizing graphite and Zn collected from wasted dry cells.
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cells were carefully disassembled. Then, in order to remove the
adherent paste made of MnO,, NH,Cl, carbon powder, etc., the
collected graphite rods and Zn shells were cleaned with DI
water. The extraction of graphite powder from the collected
graphite rods was described in detail in our previous
publications.**** For the Zn metal, sandpaper etching and
thorough washing with Triton-X-100 surfactant were performed
to remove any adherent impurities, resulting in a shining Zn
metal, as shown in Scheme 1.

2.4 Synthesis of GO

GO was prepared from the obtained graphite using the modi-
fied Hummers' method. Briefly, a solution of H,SO, and H;PO,
was mixed with KMnO, and graphite powder, heated to 50 °C
for six hours, cooled, and then gradually DI water and H,O,
were added while stirring continuously at almost 4 °C. After the
reaction was halted, the product was separated using centrifu-
gation and then underwent a washing process. The GO powder
was obtained after drying the freshly prepared GO.

2.5 Synthesis of rGO/ZnO nanohybrid

100 mg of GO was suspended thoroughly in 100 mL of DI water
using an ultrasonic bath for about 30 minutes at room
temperature. In a separate beaker, 25 mg of Zn metal was
completely dissolved in a sufficient amount of concentrated
HCI (eqn (1)), and then 1 M NaOH was added dropwise until
Zn(OH), was completely precipitated (eqn (2)). The contents
from the two beakers were mixed thoroughly.

Zn (s) + 2HCI (aq) = ZnCl, (aq) + H, (g) 1)
ZnCl, (aq) + 2NaOH (aq) = Zn(OH), (s)| + 2NaCl (aq) (2)

To reduce GO, 10 mL of 1 M N,H,-H,0 was slowly added.
The entire mixture was stirred at 80 °C for 2 hours in an oil bath
at 400 rpm. The resulting nanohybrid was separated through
centrifugation and washed with DI water several times until
a pH of 7 was reached. Finally, the mixture was washed with
ethanol to remove any organic residue present. The prepared
nanohybrid was dried at 80 °C for 24 hours in a vacuum drying
oven.

2.6 Fabrication of the rGO/ZnO modified GCE

The glassy carbon electrode (GCE) (CHI104, ¢ = 3 mm)
underwent meticulous polishing using a polishing microcloth
and an aqueous slurry containing fine alumina particles. After 5
minutes of ultrasonication in DI water, any remaining alumina
particle was extracted from the GCE. Sonication was employed
to dissolve 1 mg mL ™" of active materials in DI water for
a duration of 30 minutes in order to modify the GCE. Drop-
casting the homogeneous suspension onto the GCE and
allowing it to dry at room temperature resulted in the formation
of a film composed of uniform active materials (1.13 mg cm ™ 2).
The modified electrode was utilized in subsequent electro-
chemical analyses. Before each electrochemical experiment, the
electrolyte was saturated with Ar gas to remove dissolved

© 2024 The Author(s). Published by the Royal Society of Chemistry
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oxygen, ensuring the highest standard of experimental consis-
tency. Although oxygen does not interfere within the specific
potential window studied, this step eliminates any possibility of
unforeseen interactions between oxygen and BPA.

3 Results and discussion

We synthesized rGO/ZnO nanohybrid from the wasted batteries
and used it in the electrochemical BPA sensors. The thorough
characterization of the prepared materials, as well as their
electrochemical performance, are discussed.

3.1 Characterization

The prepared rGO/ZnO nanohybrid was characterized using
various techniques, including SEM, EDX, CHNS, EDX, FTIR,
and XRD, as described in the following subsections.

3.1.1 Physical morphology and elemental analysis. The
morphology and microstructure of the prepared rGO and rGO/
ZnO nanohybrid were determined by analyzing the SEM images.
The SEM images of rGO, shown in Fig. 1a, elucidate the
morphology of rGO, revealing a network of thin, sheet-like
structures with distinct wrinkles and folds.*® These character-
istics signify a substantial surface area, a pivotal attribute for
electrochemical applications due to the abundance of surface
available for interaction.* Fig. 1b and ¢ show the SEM images of
the rGO/ZnO nanocomposite at two different magnifications.
These images unveil ZnO nanoparticles intricately attached to
the surface of the rGO sheets. The morphology displays ZnO
nanoparticles in spherical form, uniformly dispersed across the
rGO surface. This distribution effectively mitigates ZnO nano-
particle agglomeration while concurrently reducing their indi-
vidual particle sizes. Such a morphology optimizes the
utilization of numerous active sites present on both ZnO and
rGO components, facilitating enhanced electrochemical
sensing capabilities in ZnO/rGO nanocomposite-based sensors.
Fig. 1d shows the EDX spectrum of the rGO/ZnO nanohybrid
indicating the elemental composition within the material.
Analysis of weight and atomic percent data reveals substantial
amounts of carbon (C) at 21.43% (with an atomic percent of
47.96%), oxygen (O) at 15.55% (with an atomic percent of
26.12%), and zinc (Zn) at 63.03% (with an atomic percent of
25.92%). These results indicate the successful integration of
ZnO into the rGO matrix, with graphene sheet structures
abundant in carbon, likely accompanied by oxygen-containing
functional groups on the surface, and zinc predominating the
weight of the nanohybrid. Furthermore, CHNS elemental anal-
ysis shows that GO and rGO exhibit C-to-H ratios (C : H) of 27.3 :
1 and 49.5: 1, respectively. The higher C: H in rGO suggests an
effective reduction process that eliminates certain oxygen-con-
taining functional groups inherent in GO, which was also evi-
denced in the FTIR spectrum (Fig. 2a) and XRD pattern (Fig. 2b).

To obtain further insights into the nanostructure
morphology, ZnO particle size, dispersion, and lattice structure,
and TEM images were analyzed. TEM images in Fig. 1e-h depict
the unique surface characteristics of rGO and rGO/ZnO.***
Fig. 1e illustrates the layered planar structure with a wrinkled
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Fig. 1 SEM images of (a) rGO and (b and c) rGO/ZnO. (d) EDX spectrum of rGO/ZnO; TEM images of (e) rGO and (f-h) rGO/ZnO at different

magnifications.

surface of rGO as indicated by a yellow-colored circle, consistent
with SEM images and previous study.*® Fig. 1f-h shows the TEM
images of rGO/ZnO at different magnifications. The TEM

36076 | RSC Adv, 2024, 14, 36073-36083

images revealed that the ZnO nanoparticles were well integrated
into the rGO nanosheet with minimal agglomeration. The
average diameter of the ZnO nanoparticle was estimated to be

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) FTIR spectra and (b) XRD patterns of rGO and rGO/ZnO nanohybrids.

ca. 35 nm analyzed by Image] software (64 bit). Furthermore,
the lattice fringes of rGO and ZnO with the spacings of 0.283,
0.258 and 0.230 nm correspond to the (100), (002) and (101)
crystal planes, respectively, of ZnO, which were visible in the
TEM images (Fig. 1g and h).**»**° The presence of these planes
was also supported by the XRD pattern (Fig. 2b).

3.1.2 Functional group analysis. Surface functional groups
of the synthesized rGO and rGO/ZnO nanohybrid were charac-
terized using FTIR spectra, as depicted in Fig. 2a. The FTIR
analysis of rGO revealed low-intensity peaks within the 2000~
1000 em ™" range (Fig. 2a), indicating the reduction of most
oxygen-containing functional groups present in GO.*>****%> The
peak at 2937 cm™ ' suggests the reduction of carbonyl groups
(C=0) to methylene (-CH,-) groups. Specifically, this transition
reflects the change from the stretching frequency of the
carbonyl group, typically observed around 1700-1750 cm ', to
the stretching frequency of the methylene group, which appears
around 2850-2950 cm ™. The appearance of the peak at 2937
cm ' indicates the successful reduction of C=0 groups, char-
acteristic of the carbonyl compounds, to -CH,- groups, a key
step in the reduction process. Peaks observed around 3405 and
1620 cm ™! in rGO correspond to ~OH groups on the basal plane
of graphene sheets and C=C aromatic bonds, respectively.**
The FTIR spectrum of rGO/ZnO as shown in Fig. 2a displays
distinct peaks associated with rGO as mentioned and the peaks
corresponding to ZnO, where the peaks at 875 and 435 cm ™" are
attributed to the bending and stretching of the Zn-O bond,
respectively, within ZnONPs.***”**->* This observation provides
compelling evidence for the successful formation of ZnONPs.
Furthermore, peaks at 3405 and 1615 cm ™' confirm the pres-
ence of ~-OH groups on the surface of ZnONPs.”> The confir-
mation of ZnONP formation was also substantiated through
XRD analysis (Section 3.1.3) and morphological and elemental
analyses (Section 3.1.1). The presence of peaks associated with
both rGO and ZnO in the FTIR spectrum of rGO/ZnO further
supports the successful formation of the rGO/ZnO nanohybrid.

3.1.3 X-ray diffraction. Fig. 2b depicts the XRD patterns of
both the synthesized rGO and rGO/ZnO nanohybrid. In the XRD

© 2024 The Author(s). Published by the Royal Society of Chemistry

pattern of rGO, illustrated in Fig. 2b, a prominent peak at 20 =
26.2° and a smaller peak at 260 = 44.3° were observed, corre-
sponding to the (002) and (100) planes present in rGO, respec-
tively.>® The (002) plane is indicative of graphitic carbon, while
the (100) plane corresponds to the in-plane ordering of carbon
atoms within the graphene layers of rGO. Notably, the absence
of a peak around 26 = 10-12°, which would correspond to
oxygen-containing functional groups such as hydroxyls, epox-
ides, and carboxyl groups between the graphene layers in GO,
indicates the successful reduction of GO to rGO.* This infer-
ence is also supported by the analysis of functional groups
(Fig. 2a) as well as morphological and elemental analysis
(Section 3.1.1). The XRD pattern of the rGO/ZnO nanohybrid, as
depicted in Fig. 2b, reveals distinct diffraction peaks of ZnO at
26 values of 31.90°, 34.57°, 36.41°, 47.70°, 56.76°, 62.97°, 66.58°,
68.07°, 69.21°, 72.75°, 76.98°, and 81.51°, corresponding to the
lattice planes of (100), (002), (101), (102), (110), (103), (200),
(112), (201), (004), (202), and (104), respectively.**** The narrow
and strong diffraction peaks, particularly for (100), (002), and
(101), signify the high crystallinity of ZnO, consistent with SEM
and TEM analyses. Notably, no additional diffraction peaks
were observed, indicating the purity of the sample. The average
crystallized size (d) of the ZnONPs was calculated using Debye-
Scherrer's eqn (3).

K
~ Bcosd

(3)

where, K = 0.9, A = 0.15406 nm for CuK,, § is the FWHM (the
line width at half-maximum height) and 6 is the diffraction
angle. The average d of the ZnONPs, calculated from the width
of (101) peak using the eqn (3), was found to be ca. 34 nm. This
finding is aligned with the TEM analysis. Furthermore, the
presence of a peak at 26.2°, associated with the (002) planes of
rGO, confirms the successful integration of rGO with ZnO,
forming the rGO/ZnO nanohybrid. However, in the XRD pattern
of the rGO/ZnO nanohybrid, the peak at 26 = 44.3°, present in
the XRD pattern of rGO, is absent. This absence could be
attributed to an interaction between ZnO and rGO, possibly
resulting in deformation or dislocation of the (100) planes of

RSC Adv, 2024, 14, 36073-36083 | 36077
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rGO. This interaction is also evident in the FTIR spectrum
(Fig. 2a).

3.1.4 Electrochemical analysis. The redox activity and
electrochemical surface area of the prepared materials were
investigated by cyclic voltammetric studies. Fig. 3a shows the
cyclic voltammograms (CVs) at rGO and rGO/ZnO-modified
GCE in a 5 mM [Fe(CN)q]*/[Fe(CN),]*~ solution containing 0.1
M KCl in the potential range of 0 to + 0.5 V with a scan rate (v) of
50 mV s '. The increased current density (j) at rGO/ZnO-
modified GCE compared to rGO-modified GCE indicated
enhanced catalytic activity of rGO/ZnO-modified GCE. Addi-
tionally, the ratio of the cathodic to anodic peak current density
(fpelipa) for GO, and rGO/ZnO was 1.03 and 1.07, respectively,
showing that the Fe**/Fe*" couples were undergoing reversible
electron transfer.*® It is seen clearly from the » dependent CVs of
the rGO/ZnO modified electrode (Fig. 3b) that both peak current
densities (j,,) increase as the v increases. The plot of j, vs. v'/> as
presented in the inset of Fig. 3b suggests that the redox kinetics
of the Fe**/Fe*" pair are diffusion controlled.*>*

The electrochemically active surface area of the rGO/ZnO
nanohybrid modified GCE was determined by calculating the
slope of the i, vs. v"* plot, depicted in the inset of Fig. 3b, and
employing the Randles-Sevcik eqn (4).

n3F3

iy = 0.4463 ( T

1/2
) AC(Dv)'? (4)
where, n = number of electrons transferred (1), F = Faraday's
constant (96485.339 C mol '), R = universal gas constant
(8.31447 ] K" mol™"), T = absolute temperature (298 K), A =
surface area of electrode (cm?), C = molar concentration of
redox-active species (5 mmol L"), and D = diffusion coefficient
(0.06 cm® s '). The surface area of rGO/ZnO nanohybrid
modified GCE was measured at ca. 0.103 cm?, representing
a 45% increase compared to that of the bare GCE (0.071 cm?).
This finding implies a notable augmentation in the surface
area, attributable to the presence of the rGO/ZnO nanohybrid.
The improved electrocatalytic activity and high surface area will
greatly benefit the electrochemical sensing of BPA in aqueous
media‘38,40,43
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3.2 BPA sensing application

3.2.1 Electrochemical behavior of rGO/ZnO modified GCE
towards BPA oxidation. The sensing performance of an elec-
trode is determined by its electrochemical redox capability with
the target analyte (i.e., BPA) at a desired rate. The high surface
area of rGO, together with its capacity to absorb BPA through
a variety of interactions, including hydrogen bonding and w-m
interactions,>” and the existence of active sites for the elec-
trochemical oxidation of BPA on the surface of ZnO,*® can be
utilized to improve the sensing performance of rGO/ZnO-
modified GCE. Fig. 4a shows the comparison of CVs of 20 uM
BPA in an Ar-saturated 0.1 M PBS solution (pH = 7) at ZnO and
rGO/ZnO-modified GCE with a v of 50 mV s~ . In the absence of
BPA, the ZnO and rGO/ZnO-modified GCE did not show a redox
response in the PBS solution. On the other hand, in the pres-
ence of 20 uM BPA, the ZnO and rGO/ZnO-modified GCE
showed anodic peak currents (ip,) (oxidation) of 1.4 and 3.2 pA
at an anodic peak potential (E,,) of 0.58 V, respectively. The iy,
at rGO/ZnO-modified GCE was nearly 2.3 times higher than at
ZnO-modified GCE, on the other hand, no such i, was observed
at rGO-modified GCE (data not given). The substantial increase
in the i, at the rGO/ZnO-modified GCE could be attributed to
its large surface area (45% increased), excellent oxidation
capability as shown in the catalytic activity of iron couples, and
improved interaction between the electrode surface and BPA
molecules, resulting in higher BPA accumulation on the elec-
trode surface. In contrast, pure metal oxide has a low surface
adsorption capacity for BPA, which slows down its total reaction
rate.”® After removing background currents from the CVs, the
peak currents for BPA oxidation at the ZnO and rGO/ZnO-
modified electrodes were found to be 0.35 and 0.61 pA cm 2,
respectively. This result further confirms the enhanced perfor-
mance of the rGO/ZnO electrode compared to ZnO. However, in
the case of the rGO/ZnO-modified electrode, distinct oxidation-
reduction peaks at lower potential were observed both in the
absence and presence of BPA (Fig. 4a). This distinctive CV
pattern has been previously reported by Shi et al. for Cu,O/rGO-
modified electrodes in a PBS solution.® The separation of these
peak potentials is ~0.03 V, suggesting a highly reversible redox

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) CVs at the ZnO and rGO/ZnO-modified GCE in the absence and presence of 20 uM BPA in an Ar-saturated 0.1 M PBS solution at a » of

50 mV s~ (b) CVs at the rGO/ZnO-modified GCE in the presence of 20 pM BPA in an Ar-saturated 0.1 M PBS solution at different ». A plot of fpa VS.
v (c) and Ep, vs. log v (d) was obtained from (b) (error bar indicates the standard deviations of the three replicate experiments).

process occurring on the electrode surface—recognized as
surface redox reactions—a phenomenon commonly associated
with electrodes modified with graphene-based materials.®* The
presence of oxygen-containing functional groups on the rGO/
ZnO modified GCE surface, as evidenced by FTIR spectra
(Fig. 2a) and XRD patterns (Fig. 2b), facilitates the participation
of these groups in the redox process, thereby contributing to the
observed characteristic CVs. However, no reduction peak was
observed associated with BPA or its oxidized form on these
modified electrodes, as shown in Fig. 4a, indicating an irre-
versible electrochemical redox reaction at these modified elec-
trodes. Moreover, irreversible reactions or electrode surface
fouling frequently cause cyclic voltammetry loops to stay open,
impeding the reverse process. This observation aligns with prior
reports,>*>*® emphasizing the propensity of the modified elec-
trodes to favor an irreversible electrochemical pathway for the
electrochemical process of BPA. Moreover, we conducted 10
sequential cyclic voltammetric experiments at the same condi-
tions mentioned in Fig. 4a. The results showed that the CV
shape remained consistent across all measurements, with only
a 3.7% decrease in peak current after the 10th cycle. This
indicates that the electrode is robust and reliable for BPA
sensing.

3.2.2 Kinetics of BPA oxidation at the rGO/ZnO electrode.
The charge transfer characteristics provide vital information

© 2024 The Author(s). Published by the Royal Society of Chemistry

about the electrochemical sensing mechanism, and the number
of electron transfers at the rate-determining step (RDS) is a key
performance indicator for the electrochemical oxidization of
BPA. An understanding of this aspect can be achieved through
the analysis of v dependent iy, and Ep, of BPA for the rGO/ZnO-
modified GCE electrode. Fig. 4b shows CVs at different v (i.e.,
50, 60, 70, 80 and 100 mV s~ ') for 20 uM BPA in Ar-saturated 0.1
M PBS solution at rGO/ZnO-modified GCE. The CVs indicate an
increase in i, and a shift of E,, towards more positive values
with higher », consistent with the findings of other
researchers.>***>% Generally, increasing the » typically leads to
higher currents. As the v increases, the diffusion layer thickness
reduces, resulting in increased peak and background currents.®
Fig. 4c shows a linear relationship of i, and v (ip, = 70.15 v,
coefficient of determination, 7* = 0.95). The linear relationships
of i, and » indicate that the electrochemical process involved
with BPA and the surface of rGO/ZnO is an adsorption-
controlled process as aligned with the previous report.*® More-
over, there is a linear relation between the E,, and log of » (log »)
as shown in Fig. 4d, and expressed by the eqn (5).

E,, =0.06logv + 0.65 (5)

For an irreversible faradaic process, the E,, is related to the
log v following eqn (6).%
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where, E°, o (0.5 for an irreversible electrode process), n and K;
are formal redox potential, charge transfer coefficient, number
of electrons involved in the rate-determining step (RDS) and
standard rate constant of the reaction, respectively. The other
quantities are the same as mentioned above. Comparing eqn (5)
and (6), the value of n was calculated to be 1.17, which is close to
1 as reported in a previous study.® This indicates that the RDS
of the oxidation process of BPA involved one electron at rGO/
ZnO-modified GCE in an Ar-saturated 0.1 M PBS solution.

The pH of the solution is a critical factor influencing the
electrochemical oxidation of BPA, impacting both E,, and i,,.
Generally, the Ej, shifts towards more positive and negative
directions with lower and higher pH, respectively.*>***

Fig. 5a shows that CVs at the rGO/ZnO-modified GCE in a 20
uM BPA solution of various pH, revealing a negative shift in Ep,
with increasing pH, coupled with an increase in i}, at lower pH
(Fig. 5b). These observations align with previous reports**® and
can be rationalized by considering the pH-dependent ionization
state of BPA and its adsorption interactions with the surface of
rGO/ZnO. The phenolic -OH groups of BPA undergo pH-
dependent ionization; in acidic conditions, they become fully
protonated (BPA + 2H" — BPAH, "), while in basic conditions,
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they become fully deprotonated (BPA — BPA®>~ + 2H"). These
ionization states such as BPAH,", BPA? and BPAH?", influence
the redox properties of BPA, affecting its electrochemical Ep,.
Additionally, the pH of the solution affects the ionization of
functional groups on the rGO/ZnO surface, altering the nature
of the surface charge. Changes in pH can thus modify electro-
static interactions between charged surface groups of rGO and
BPA.>* Even, at higher pH, metal ions on metal oxide may form
hydroxide complexes, potentially influencing BPA adsorption.*
Therefore, the decrease in iy, at higher pH values may be
attributed to electrostatic repulsion between negatively charged
BPA”~ and the rGO/ZnO surface. However, a linear relationship
(r* = 0.99) is observed between E,, and the pH as shown in
Fig. 5b following the eqn (7).

Ey, =

~0.0567pH + 0.9919 (7)

The ratio of proton to electron transfer in the oxidation of
BPA can be calculated by comparing eqn (7) and (8).

dE,, mRT
=2.303 o
apii = 2303 5 (8)

where, m and n are the number of protons and electrons,
respectively. The other quantities are the same as mentioned

5
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(a) CVs at the rGO/ZnO-modified GCE in the presence of 20 uM BPA in an Ar-saturated 0.1 M PBS solution at different pH values at a v of

50 mV s~ . (b) Plot of Epa vs. pH and ip, vs. pH was obtained from (a). (c) LSVs at the rGO/ZnO-modified GCE at different concentrations of BPA

solution in an Ar-saturated 0.1 M PBS solution at a » of 50 mV s (d) A p
indicates the standard deviations of the three replicate experiments).
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lot of i, vs. concentrations of BPA was obtained from (c) (the error bar
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Table 1 Comparison of the ZnO and graphene-based electrode for the detection of BPA in water”

Electrode Method Sensitivity pA pM LOD uM Reference
CTAB/Au/ZnO/rGO DPV — 0.00495 8
NiO/ZnO/rGO DPV — 0.004 11
ZnO/GO/MCPE Voltammetric — 2.760 19
Gd@ZnO-MWCNTSs DPV 0.02633 0.2 9
Ui0-66-NDC/GO DPV — 0.025 20
Pt@SWCNTs-Mxene-rGO 0.0028 12
Ag@Fe;0,-1GO DPV — 0.028 10
BMO/rGO DPV — 0.004 7
Zn0/ZnCo,0, DPV — 0.01 24
MWCNTSs/Ag-ZnO Voltammetric — 0.006 18
ZnO/BC DPV 0.092 0.1 13
CuO/GO DPV 0.093 14
rGO/MoO;NPs DPV 13.96* 0.00012 27
Ce-MOF-ErGO 0.0019 15
TiN-rGO 0.00019 23
AgNPs/rGO 2.56%* 0.14 16

I-rGO DPV — 0.02 17
rGO/ZnO Voltammetric 0.055 0.00098 Present study

“ BMO: barium oxide/molybdenum oxide; CTAB: cetyltrimethylammonium bromide; DPV: differential pulse voltammetry; ErGO: electrochemically

reduced graphene oxide;

MCPE: modified carbon paste electrode;

MOF: metal organic framework; MXene: Ti;C,; NDC: 1,4-

naphthalenedicarboxylate; SWV: square-wave voltammetry; UiO-66: Zr(iv) dicarboxylate; *: pA (log nM) ™' em™2; **: pA (log uM) ' em ™2,

above. The m/n calculated to be 0.96 for the oxidation of BPA,
which is close to 1, indicating that the number of protons and
electrons involved in the oxidation of BPA were equal, signifying
a one-electron-one-proton electrochemical process.*

It has been observed that there is no significant increase in
the i, even after a 30 minute of the accumulation time, during
the oxidation of BPA (data not provided) and BPA is a non-polar
organic compound, therefore, its accumulation would not be
affected by applying a potential (known as accumulation
potential).® The lack of a need for accumulation time can be
ascribed to the ultrafast adsorption® capability of rGO/ZnO
towards BPA.* This indicates a rapid sensing process for BPA in
aqueous media employing rGO/ZnO-modified electrodes, which
is crucial for practical applications.

3.2.3 Quantitative determination of BPA. Fig. 5c depicts
the linear sweep voltammograms (LSVs) for BPA concentrations
ranging from 1 to 30 uM at the rGO/Zn-modified GCE in an Ar-
saturated 0.1 M PBS solution of pH = 7 at a » of 50 mV s~ *. The
peaks at 0.58 V in the LSVs are responsible for the oxidation of
BPA, as seen in the CVs (Fig. 4a), which is further confirmed by
these LSVs as the iy, increases with increasing concentrations of
BPA ([BPA]), following a linear relationship (calibration line) as
depicted in Fig. 5d. The linear equation of the calibration line is
ipa = 0.0547 [BPA] + 1.9912 with an r* = 0.99. The limit of
detection (LOD), defined as LOD = 3S/m (where, S is the stan-
dard deviation of the blank solution and m is the slope of the
calibration curve), is estimated to be 0.98 nM and the sensitivity
is calculated to be 0.055 pA pM~*. The LOD is below the pre-
dicted-no-effect-concentration concentration of BPA in water
for aquatic organisms.? It is observed that the rGO/ZnO nano-
hybrid-modified electrode has achieved a low LOD and excellent
sensitivity for the detection of BPA. The improved

© 2024 The Author(s). Published by the Royal Society of Chemistry

electrochemical detection performance of BPA at the rGO/ZnO
nanohybrid fabricated electrode can be attributed to the highly
effective surface area of the modified electrode and enhanced
adsorption interactions, ie., hydrogen bonding, m-m interac-
tions, Lewis acid-base interactions, between BPA and the
surface of the modified electrode. Xu et al. reported that gra-
phene shows the highest BPA adsorption capacity (182 mg g )
among various carbonaceous materials.> Additionally, Wang
et al. found that BPA can form hydrogen bonding and m-m
interactions with GO, along with a Lewis acid-base interaction
between anionic BPA and Fe,0;.>” Table 1 presents a compar-
ison of ZnO and/or graphene-based electrodes for detecting BPA
in water, revealing that our approach of synthesizing rGO/ZnO
from e-waste leads to a lower LOD for electrochemical BPA
detection. Although
demonstrated comparable or superior detection performance of
BPA, the rGO/ZnO prepared in our study offers notable advan-
tages, including its affordability, non-toxic nature, and
straightforward preparation process. Additionally, the use of e-
waste as the only source of precursors for the synthesis of rGO/
ZnO nanohybrid not only contributes to cost-effectiveness but
also addresses environmental concerns by managing and
repurposing detrimental e-waste.

3.2.4 Real water sample analysis. The practical utility of the
rGO/ZnO electrode for the detection of BPA was evaluated by
measuring the concentration of the BPA in real tap water
samples. Tap water was utilized without further treatment to
maintain the presence of ionic species that could interfere with
BPA detection. The recovery studies were carried out utilizing
the cyclic voltammetric technique and the standard addition
method. In this study, tap water samples were spiked with a 2
uM BPA in 0.1 M PBS solution (pH = 7) to prepare different

certain alternative electrodes have

RSC Adv, 2024, 14, 36073-36083 | 36081
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Table 2 Recovery of BPA from tap water using the rGO/ZnO-based
electrochemical sensor

Concentration of BPA (uM)

Sample no. Added Found Recovery (%)
1 0.50 0.53 £ 0.02 106
2 1.00 1.03 £ 0.02 103
3 1.50 1.42 +£0.01 95
4 2.50 2.68 + 0.03 107
5 5.00 4.90 £ 0.02 98

concentrations of BPA, as shown in Table 2. The background
current, representing the current without any BPA addition, was
corrected to accurately calculate the percentage recovery of BPA,
and three consecutive experiments were conducted and recor-
ded. Table 2 shows that the developed sensor recovered
a reasonable amount of BPA (95-107%) using the simple cyclic
voltammetric technique. These findings suggest that the
proposed sensor is successful in detecting BPA in real water
samples.

4 Conclusions

A cheaper method is unveiled for the synthesis of ZnO nano-
particles using metallic Zn shells collected from the waste dry
cells via the precipitation method. A simple, low-cost and
sensitive electrode material for the electrochemical detection of
BPA based on rGO/ZnO nanohybrid was fabricated. The fabri-
cated electrode demonstrated excellent electrochemical sensing
performance towards the detection of BPA with a limit of
detection of 0.98 nM and sensitivity of 0.055 pA pM ™" in water,
which is below the predicted-no-effect-concentration in water
for aquatic organisms. Furthermore, the suggested sensor has
the ability to detect BPA in real water samples. The oxidation of
BPA at the electrode surface followed one electron reaction with
enhanced sensitivity due to the highly effective surface area and
enhanced interaction of the BPA molecules with the rGO/ZnO
electrode. The low cost of the precursors for the synthesized
rGO/ZnO nanohybrid, derived from discarded dry cell batteries,
makes it a feasible solution for detecting BPA in economically
challenged and resource-limited regions, while also contrib-
uting to the environmentally sustainable management of e-
waste.
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