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ABSTRACT: Cadmium (Cd) and lead (Pb) are classified as
category one toxicants. The provisional guideline values, according
to the World Health Organization (WHO), for Cd and Pb are 3
and 10 ppb, respectively. An easy, quick, and cheap analytical
technique is in demand for the determination of these toxic heavy
metals in water. Hence, a novel electrochemical sensing platform is
developed by modifying the glassy carbon electrode with
ethylenediaminetetraacetic acid (EDTA)-functionalized reduced
graphene oxide (ErGO) for the low-cost simultaneous quantitation
of toxic heavy-metal ions, lead and cadmium, in real water samples.
EDTA is grafted to the surface of graphene oxide, via amine
linkage, and the oxygen functionality is reduced by a green agent,
tyrosine. Various physical and electrochemical characterizations of the as-prepared electrocatalytic material were performed by X-ray
diffraction (XRD), Fourier transform infrared (FTIR) spectroscopy, thermogravimetric analysis (TGA), ¢-potential, ultraviolet
diffuse reflectance spectroscopy (UV-DRS), cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS), etc. The
glassy carbon electrode (GCE) is modified with ErGO by a simple drop-casting method for simultaneous metal-ion quantitation by
differential pulse voltammetry (DPV). EDTA functionalization of graphene oxide and its further reduction using the green agent
enhance the stability and sensitivity of the electrode substrate. The limits of detection for cadmium and lead ions calculated for
ErGO/GCE are 1.02 and 2.52 ppb, while the limits of quantification for lead and cadmium ions are 3.41 and 8.4 ppb, and their
sensitivities are 0.8 and 0.6 nA/ppb, respectively. Real river water contains 200.2 + 0.38 ppb of Pb** ions (mean =+ stdev, n = 3) by
the DPV technique, which is validated by ICP-OES analysis.
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1. INTRODUCTION

Harmful chemical components, bio-wastes, and other
pollutants have been incessantly contaminating surface water
sources over the past decade due to rapid industrialization and

Although other techniques, such as inductively coupled
plasma-optical emission spectrometry (ICP-OES), inductively
coupled plasma-mass spectrometry (ICP-MS), atomic absorp-
tion (AAS) and atomic emission spectrophotometry (AES),

anthropogenic activities. Among them, heavy-metal ions
(HMIs) are a huge threat to the environment." The toxic
HMIs such as lead, cadmium, chromium, mercury, and arsenic
are present in water at more than the permitted levels of 10
and 3 ppb for lead and cadmium set by the World Health
Organization (WHO).” Lead and cadmium are ranked among
the top 10 under ATSDR 2019 substance priority list. The
main sources of lead and cadmium in environmental samples
are burning fossil fuels, mining, paints and ceramic products,
coal and mineral fertilizers, production of batteries and other
metals like Zn, Cu, etc. Exposure to these heavy metals causes
oxidative damage due to toxic mechanistic actions of these
metal-induced reactive oxygen species (ROS) generation
resulting in damage to tissues, DNA repair, and cancer in
humans and animals.”* The impact is synergistically adverse
when they occur as mixtures, like individual ions in
environmental samples. Therefore, simultaneous detection
and quantitation of multiple toxic analytes is of utmost
importance in the present-day scenario.’
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mass spectrometry (MS), and high-performance liquid
chromatography (HPLC) offer high resolution and sensitivity,
voltammetry techniques are preferred for its portability,
accuracy, and easy and cost-effective methodology.® Differ-
ential pulse voltammetry is one of the most sensitive
voltammetry techniques.” In recent times, graphene-modified
electrodes have drawn attention for heavy-metal-ion detection
due to their high sensitivity and accuracy.®

Materials with a controllable structure and size, high
porosity, large electroactive area, and low charge-transfer
resistance are desirable for electrode modification to enhance
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Scheme 1. Chelation Mechanism of Target Metal Ions with the COO™ Group of EDTA
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sensitivity.” Also, the material should be able to detect trace-
level quantities with ultrasensitivity, good selectivity, repeat-
ability and stability, and lower limits of detection."’

Graphene-based nanomaterials are a great choice for
electrochemical detection because of their conductivity and
good electron transfer behavior.""'* Graphene oxide (GO) is
the oxidized form of graphene with various oxygen
functionalities such as hydroxy, epoxy, carbonyl, and carboxyl
groups present on their basal planes and edges, respectively.
Functionalized reduced graphene oxide is of much interest
where the functionalizing agent-specific interaction of the
functional site plays an essential role in the selectivity of the
analyte."* Generally, covalent functionalization through chem-
ical methods is an economic and effective way of protection
strategies of two-dimensional (2D) materials for stability,
excellent surface activity, and biocompatibility.'>'®

To enhance sensitivity, ethylenediaminetetraacetic acid
(EDTA) has been used to functionalize GO by grafting via
an amine linkage in the present work (Scheme 1). EDTA is a
hexadentate chelating ligand that binds to the metal ion to
form a complex. On the other hand, tyrosine, a biomaterial, is
used for the reduction of EDTA-functionalized GO to enhance
stability further. The nitrogen-containing groups contribute to
the stability and chelating factors of the material for its effective
performance. The stability of the material is also contributed
by the covalent amine linkage between the EDTA groups and
rGO. A lot of efforts have been made earlier to synthesize
EDTA-based graphene composites through chemical methods
such as silanization,'” solvothermal,"® hydrothermal'® meth-
ods, etc. These materials have been widely used in the
adsorption of metal ions”*~** and organic pollutants.”*™*” The
EDTA-modified electrodes’”’ and their composites on
graphene®”®' and polymer®” supports have been used for
electrochemical sensing of various analytes.”” It has been
reported that EDTA significantly increased the sensitivity due
to its strong binding ability with metals, as well as improved
selectivity, stability, and reproducibility.”* The selectivity of the
EDTA group depends on the pH of the analyte solution. In
this work, all analyses, including real sample analysis, have been
done at the original pH values.

The physiochemical characterization and functionalization
of the materials were confirmed by X-ray diffraction (XRD),
Fourier transform infrared (FTIR) spectroscopy, thermogravi-
metric analysis (TGA), {-potential studies, ultraviolet diffuse
reflectance spectroscopy (UV-DRS), scanning electron mi-
croscopy (SEM), and field-emission scanning electron
microscopy (FESEM). The electroanalytical measurements
have been carried out by cyclic voltammetry (CV), electro-
chemical impedance spectroscopy (EIS), and simultaneous
quantitation of metal ions by the differential pulse voltammetry
(DPV) method.

For the detection of heavy-metal ions and their interference
studies, the glassy carbon electrode (GCE) is used because of
its large potential window, ease of surface modification, and the
highly conductive surface. Surface modification was done by a
simple drop-casting method over GCE where the prepared
electrocatalyst material was coated and air-dried for all
electrochemical experiments. The z—n interaction of the
materials with the electrode surface is aided by performing at
least 20 segments of cyclic voltammetry at a scan rate of S0
mV/s. No additional binders have been used in this work.

In this paper, EDTA-functionalized GO was synthesized by
chemical functionalization followed by a green reduction
technique, devoted to a low-cost voltammetric quantitation of
simultaneous Pb** and Cd** ions in the water samples
collected from the River Palar, Vellore. The electrochemical
performance of the material is due to both EDTA and rGO. To
our knowledge, this is the first report of green-reduced EDTA-
functionalized GO (ErGO) for simultaneous quantitation of
heavy-metal ions by the DPV technique.

2. EXPERIMENTAL SECTION

2.1. Chemicals and Reagents. Graphite flakes, sodium
nitrate (NaNO;), potassium permanganate (KMnO,), con-
centrated sulfuric acid (H,SO,, 98%), hydrogen peroxide
(H,0,, 30%), ethylenediamine, ethylenediaminetetraacetic
acid (EDTA), N-methyl-2-pyrrolidone (NMP), and L-tyrosine
were used for the synthesis of the material. Ethanol, potassium
ferricyanide, potassium chloride, sulfuric acid, potassium
dihydrogen phosphate, disodium phosphate for phosphate
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Figure 1. Physicochemical characterization of the synthesized GO, rGO, and ErGO materials: (A) XRD, (B) FTIR, (C) TGA, (D) ¢ potential

studies, and (E, F) UV-DRS spectrum.

buffer, anhydrous sodium acetate and glacial acetic acid for
sodium acetate buffer, lead acetate, and cadmium acetate were
used for the electrochemical studies. Mercury (II) chloride,
magnesium (II) acetate, zinc (II) acetate, nickel (II) nitrate,
cobalt (II) acetate, copper (II) acetate, and iron (II) nitrate
were used for interference studies. All materials were
purchased from Merck and Sigma-Aldrich.

2.2. Instrumentation. CV, EIS, and DPV studies were
carried out using the electrochemical workstation (model
CHI660C, CH Instruments). The characterizations of the
materials GO, rGO, and ErGO were analyzed using a Powder
XRD (Model Bruker D8 Advance), FTIR spectrophotometer
(Model Shimadzu IR Affinity-1), TA instruments (Model SDT
Q600), Nanosizer (Model Horiba Scientific, SZ 100), UV—
visible spectrophotometer JASCO (V-670 PC), SEM (Model
Carl Zeiss EVO/18 Research), FESEM (Thermo Fisher FEI
QUANTA 250 FEG), and Avio 200 ICP-OES (Perkin Elmer).

2.3. Synthesis of EDTA-Functionalized rGO. GO was
synthesized by modified Hummer’s method through the
oxidation of graphite.” Briefly, 2 g of graphite flakes, 2 g of
sodium nitrate, and 90 mL of concentrated sulfuric acid were
stirred in an ice bath. KMnO, was added as an oxidizing agent
to the suspension very slowly and stirred for 4 h while the
reaction temperature was maintained below 15 °C. A pasty

45471

brownish suspension was diluted by slow addition of distilled
water under vigorous stirring at room temperature. After 2 h,
the mixture was refluxed at 98 °C for 15 min and the
temperature was then changed to 30 °C, which gave a brown-
colored solution. It was then finally treated with 40 mL of 30%
H,O0, to remove any unreacted ions. The resulting yellowish-
brown mixture was washed repeatedly using 10% HCI and
distilled water several times until the gel was formed and a
neutral pH was obtained. The final product was dried in a hot
air oven at 60 °C to obtain GO.*

GO was functionalized with EDTA through an amine
linkage. EDTA-functionalized GO was synthesized based on a
reported method after some modifications.”” Briefly, GO
dispersion in ethylenediamine was sonicated and then stirred at
50 °C. EDTA aqueous solution was added to the amine-
functionalized GO dispersion and the resulting mixture was
refluxed at 80°, for 24 h. The black suspension was centrifuged
and washed with distilled water. The product was dried in a
hot air oven at 60 °C to obtain EDTA-functionalized graphene
oxide (EGO).

EGO was reduced using tyrosine, a bio-reductant and
stabilizing agent based on a reported method by our group.’®
Then, 50 mL of EGO (1 mg/L) dispersion was treated with
500 mg of tyrosine. Ammonia solution was added to maintain
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Figure 2. Microscopic study of the synthesized nanomaterials: (A—C) SEM images, (D—F) FESEM images, and (G—I) EDAX spectra of GO,

rGO, and ErGO, respectively.

pH at 12. The reaction mixture was refluxed at 100 °C in an oil
bath for about 8 h. The black suspension was centrifuged and
washed with ethanol and distilled water several times. The final
product was dried in a hot air oven at 80 °C to obtain EDTA-
functionalized reduced graphene oxide (ErGO). rGO was also
synthesized from GO following the same reduction method.*
The electrochemical performances of the as-synthesized rGO
and ErGO materials are compared using CV and EIS.

2.4. Preparation of the Electrode. The electrochemical
studies were carried out using a three-electrode system,
consisting of a modified glassy carbon working electrode, an
Ag/AgCl reference electrode, and a platinum wire counter
electrode. The ErGO material (1 mg) was dispersed in 1000
uL of ethanol by sonication for 2 min before coating on the
electrode surface. The modification of GCE was done by drop-
casting the ErGO dispersion. The electrode was then air-dried
and the modified electrode was represented as ErGO/GCE.
The rGO/GCE was also prepared by a similar method.

2.5. Preparation of Real Samples. The real water sample
collected from a nearby river water source was centrifuged and
filtered to remove any solid impurities. The pH of the water
sample was kept original. DPV measurements were done for
river water and samples spiked with 10, 20, and 30 ppm by the
standard addition method.””*’

3. RESULTS AND DISCUSSION

3.1. Characterization of GO, rGO, and ErGO Materials.
The physiochemical characterization of the synthesized
materials was done by XRD, FTIR, TGA, Raman, and {-
potential studies (Figure 1). The X-ray diffraction patterns of
GO and ErGO reveal changes in the structure in
functionalization and reduction (Figure 1A). The sharp
diffraction peak at 26 of 10.26° confirms the formation of
GO. After functionalization and reduction, the peak is shifted
to 26 of 23° due to a decrease in interlayer spacing and
exfoliation of the crystalline structure.

The functionalizing groups on the surface of GO were
further confirmed by FTIR analysis (Figure 1B). The
characteristic peaks for the oxygen functional groups of GO
are observed at 3250 cm™' (—OH), 1725 cm™ (C=0
stretching in COOH), 1620 cm™ (C=C stretching in the
aromatic ring), 1370 cm™' (C—H stretching), 1215 cm™ (C—
O stretching in epoxy), and 1032 cm™ (C—O stretching in
alkoxy), respectively. The intensity of peaks at 1725 and 1032
cm™ is decreased on amine functionalization due to the
formation of —CONH linking between GO and EDTA. After
EDTA functionalization, a new strong peak appears at 1200
cm™' due to the stretching vibration of C—O in COO~ of
EDTA. A strong peak at 1540 cm™ is due to the asymmetric
and symmetric vibrations of COO™ from EDTA. Another new
peak at 1018 cm™ is due to the N—C bonds present in EDTA.
From the FTIR spectra, it is observed that all of the oxygen
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Figure 3. Cyclic voltammograms of GCE vs rtGO/GCE vs ErGO/GCE in (A) acetate buffer and the (B) [Fe(CN)4]>~/*~/KCl system at a scan rate
of 10 mV/s. (C) Nyquist plots recorded in 5 mM [Fe(CN)4]*~47/KCL. (D) Bar graph for the loading effect of the electrocatalyst material on GCE
in sodium acetate buffer. (E) Effect of the scan rate recorded using ErGO/GCE in acetate buffer. (F) Calibration plot showing the linear

relationship of current with the square root of scan rate.

functional groups are dramatically reduced in rGO, while in
ErGO, the characteristic peaks of EDTA are retained and only
the oxygen functional groups on the GO surface are reduced.

The thermogravimetric analysis (TGA) of the GO and
ErGO samples was performed to determine the structural
changes before and after functionalization (Figure 1C). The
samples were heated from 100 to 1200 °C at a heating rate of
20 °C per min. The initial decomposition in the range of 30—
100 °C is due to the evaporation of H,O molecules. In the case
of GO, the weight loss between 150 and 300 °C is due to the
loss of oxygen functionalities and the final weight loss between
300 and 1200 °C is due to the decomposition of graphene
layers. In the case of ErGO, the decomposition was observed in
the range of 250—700 °C due to the loss of EDTA groups. For
the ErGO sample, the weight loss is initiated at a higher
temperature, comparatively, which reveals the stability of the
material.

The { potential values obtained from dynamic light
scattering (DLS) analysis further suggest that ErGO is more
stable than GO and rGO (Figure 1D). The sample (1.0 mg)
was dissolved in 10 mL of double-distilled water for the DLS
analysis. The { potential values obtained are —23.2, —46.3, and
—58.0 mV for GO, rGO, and ErGO, respectively. High
negative values of { potential suggest their high stability in
aqueous dispersion or negligible sedimentation tendency.
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The band gap values for rGO and ErGO were evaluated to
be 2.99 and 2.49 eV, respectively, using the Kubelka—Munk
equation from the UV-DRS spectrum (Figure 1E,F). The
decrease in band gap energy value can be due to increasing
surface concentration upon functionalization. Also, the
absorption band in the visible region is shifted due to changes
in lattice parameters and band gap transition (inset, Figure
1E,F). This shows the high conductivity behavior of the ErGO
electrocatalyst compared to rGO.

Morphological changes of GO due to functionalization and
reduction were investigated by SEM and FESEM analysis
(Figure 2). Based on the results of EDAX attached to SEM,
Figure 2A shows the GO layers with the presence of oxygen
functionalities; Figure 2B reveals the image of rGO where all of
the oxygen-containing functional groups are reduced, while
Figure 2C represents the presence of EDTA groups on the
reduced graphene surface. Figure 2D—F show layered patterns
of GO, rGO, and ErGO in the FESEM images. From the
FESEM-EDAX images, EDTA groups may be present on the
edges (Figure 2F). The elemental (wt %) analysis values from
EDAX spectra attached to FESEM reveal oxygen-rich GO
(Figure 2G), decreased oxygen content after reduction (Figure
2H) and high nitrogen content in ErGO from EDTA (Figure
21). All results are from the previously reported literature.””

3.2. Electrochemical Behavior of the Modified
Electrodes. Preliminary electrochemical characterizations of

https://doi.org/10.1021/acsomega.2c06080
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rGO and ErGO were evaluated by CV and EIS.*' The cyclic
voltammograms were recorded for rGO-modified GCE and
ErGO-modified GCE between the potential windows of 1 and
—1 V vs Ag/AgCl at a scan rate of 10 mV/s in different

electrolytic media having a 0.1 M concentration. The electrode
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performance was found to be better in 0.1 M sodium acetate
buffer (pH S) (Figure S1).

The non-Faradaic, band-like current response in sodium
acetate buffer evidences the conductive nature of the material.
The obtained current value for ErGO/GCE (curve blue) was
20 times higher compared to rGO/GCE (curve pink) (Figure
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Figure 6. DPV responses of the ErGO/GCE toward bCd** and Pb**

ions in the real sample between potential window 1 and —1 V under
previously optimized conditions.

Table 1. Quantitation of Cd*" and Pb** Ions in Water
Samples on the ErGO/GCE

real sample  metal ions added (ppm) found (ppm)  recovery (%)

river water cd* 0 0
10 10.2 102 + 0.01
20 20.22 101.1 + 0.02
30 30.3 101 + 0.08
Pb* 0 0.2
10 9.6 96 + 0.04
20 19.3 96.5 + 0.16
30 303 101 + 0.14

3A). The stability of the material on the GCE was attained
through continuous CV responses, showing no decrement in
the current (Figure S2).

The electron transfer nature of the modified electrode was
evaluated with the help of the [Fe(CNg)]>~/*~ redox mediator
(Figure 3B). The redox peak increased with an increased peak-
to-peak potential separation value, which shows the high
conductivity of rtGO/GCE (curve pink), whereas, the faradaic
peak current was further enhanced while the peak-to-peak
separation decreased for ErGO/GCE (curve blue). The cyclic
voltammogram shows a decreased overpotential and an
increase in the current factor by 1.2 times for ErGO/GCE
compared to rGO/GCE (Figure 3B). The Ep values are
substituted in the formula AE, = (Epa - EPC) and obtained as
88, 130, and 76 mV for bare GCE, rGO/GCE, and ErGO/
GCE, respectively. From the Randles—Sevcik equation, the
electroactive surface area (Ageo in cm?) is calculated by
substituting the constant values of the diffusion coefficient (D
in cm’s™"), the number of electrons (1), scan rate (v in V/s),
and concentration (C in mol cm™). The surface areas are
calculated to be 0.071, 0.058, and 0.089 cm?” for GCE, rGO/
GCE, and ErGO/GCE, proving the excellent electrocatalytic
activity of the ErGO/GCE.

Electrochemical impedance spectroscopy (EIS) measure-
ments were carried out to further investigate the electro-

chemical properties and stability of the electrocatalyst materials
in the $ mM [Fe(CN),]>~/*/KCl system in a frequency range
of 10° to 0.1 Hz. The Z” is the imaginary component of the
impedance and Z’ is the real component of impedance in the
Nyquist plot. The shorter linear region and smaller semicircle
diameter reveal lower interfacial charge-transfer resistance with
superior electrochemical properties,"”* as well as the
minimum influence of Warburg impedance on the efliciency
of ErGO/GCE (curve blue) compared to bare GCE (curve
black) and rGO/GCE (curve pink)** (Figure 3C). The
diameter of the semicircle demonstrates the interfacial charge-
transfer resistance. From the inset of Figure 3C, a large
diameter semicircle was seen for the bare GCE with a larger R,
value of 1.63 k€, while the rGO/GCE and ErGO/GCE
showed negligible R, values of 5.14 and 1.18 u&2, respectively,
after fitting the experimental data with Randles equivalence
circuit model. This suggests the fast ion diffusion in
electrolytes and adsorption on the electrodes resulting in
higher charge-transfer between adsorbed metal ions and
electrocatalysts with high efficiency (Scheme 1).

The loading effect of electrocatalyst materials was optimized
in sodium acetate buffer using cyclic voltammetry and
compared as a bar chart to understand the physical nature
and stability of the modified electrode (Figure 3D). From the
prepared dispersion, a range of 1—5 uL of catalyst dispersion
was coated on the surface of the GCE. The Faradaic current
increased in proportion to the catalyst loaded on GCE,
revealing the active sites present on the catalyst. The current
response for ErGO is better compared to rGO, which shows
the efficiency of the material after functionalization. An
optimum volume of 3 uL of the rGO and ErGO dispersion
was loaded on the GCE for further electrochemical studies to
enable a neat and efficient drop-casting and to avoid
overflowing of the catalyst on a 3 mm GCE surface.

The effect of scan rates ranging from 10 to 100 mV/s was
performed for ErGO/GCE in an acetate buffer solution
(Figure 3E). The conductance band-like response increased to
the square root of the scan rate (Figure 3F). No electron
transfer behavior was seen in the catalyst; however, it confirms
the conductive nature of ErGO, which improves the sensitivity
as a catalyst material. The obtained results suggest that ErGO/
GCE showed better performance compared to rGO/GCE and
bare GCEs.

3.3. Electrochemical Detection by Differential Pulse
Voltammetry. The simultaneous DPV curves of Pb** and
Cd** ions on bare GCE, rGO/GCE, and ErGO/GCE were
recorded to compare the current responses. The highest
response was observed for ErGO/GCE due to low charge-
transfer resistance and high conductivity (Figure S3). A
minimal or negligible current response for Pb*>" and Cd*" ions
was seen on bare GCE, while the i, values slightly increased on
rGO/GCE and large i, values were seen on the ErGO/GCE
(Table S1).

The pH effect of acetate buffer was studied on the ErGO/
GCE. The results revealed that the ErGO-modified electrode
attained maximum peak current for both the Pb** and Cd*
ions between solution pH of 4 and 5. The actual pH of the
sodium acetate buffer prepared was S. Hence, pH changes for
the buffer solution were avoided before analysis (Figure S4).

The electrochemical quantitation of Pb** and Cd** ions was
carried out individually (Figures 4A,B) and simultaneously
(Figure 4C) with ErGO-modified GCE for concentrations
ranging from 0.01 to 100 ppm in sodium acetate buffer. The
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peak current appeared at potentials of —0.6 and —0.85 V for
Pb** and Cd** ions, respectively. The peak current increased
with the addition of Pb** and Cd*" concentration.

Both individual and simultaneous voltammograms of Pb**
and Cd** ions showed a linear relationship between the analyte
concentrations and peak current ranging from 0.01 to 100 ppm
(Figure 4D—F). For individual analysis, the sensitivity and
regression coefficient (R*) values were found to be 0.6 uA/
ppm and 0.997 for Pb** ions and 0.50 uA/ppm and 0.996 for
Cd** ions, whereas 0.8 yA/ppm and 0.994 for Pb** ions and
0.6 uA/ppm and 0.997 for Cd** ions in the case of
simultaneous analysis. The results were almost similar for
individual and simultaneous analysis, thereby showing no
mutual interferences between Pb** and Cd** ions during
simultaneous analysis.

The standard deviation (6) value was obtained from ten
blank measurements of 0.1 M sodium acetate buffer electro-
Iyte. The slope (m) value was obtained from the calibration
plot of the analyte concentration.”” The LOD (36/m) and
LOQ (106/m) values were calculated to be 1.02 and 3.41 ppb
for Pb** ions and 2.52 ppb and 8.40 ppb for Cd** ions from the
calibration curves of simultaneous analysis.

3.4. Selectivity, Repeatability, and Stability. Possible
interfering metal ions such as Hg', Mg**, Fe*", Co**, Ni*,
Cu®, and Zn*" ions (100 ppm) were analyzed individually and
along with the target analyzed mixture. The presence of other
metal ions did not influence the peak current and peak
potential of Pb*>" and Cd** ions (Figure SA). A negligible peak
current was observed for Cu** and Hg** ions, whereas no peak
signals were seen for other ions. Also, no shift in the peak
potential and peak current were observed for target analytes.
The selectivity of the electrocatalyst material toward Pb** and
Cd*" ions is due to the chelation of EDTA (Scheme 1) and pH
of the electrolyte (inset of Figure SA).

The repeatability of the ErGO/GCE was determined by
performing five repetitive measurements of simultaneous DPV
responses for 1 ppm of Pb** and Cd** in 0.1 M sodium acetate
buffer electrolyte (pH S). The current intensities were almost
similar with relative standard deviation (RSD, n = 5) values of
1.00% for Pb*" and 1.64% for Cd** using the ErGO/GCE
(Figure SB).

Stability was evaluated by time-dependent DPV responses.
The ErGO-modified GCE, stored at room temperature
retained a current response of 85.5% of Pb*" and 75% of
Cd**, exhibiting good stability for 7 days (Figure SC).

3.5. Analysis of the Real Water Sample. To validate the
practical application of the ErGO/GCE toward electro-
chemical quantitation of Pb** and Cd** ions, the collected
river water sample was subjected to DPV analysis. DPV was
recorded in the river water sample without spiking first and
with known concentrations of 10, 20, and 30 ppm analytes,
which are represented as R + 10, R + 20, and R + 30 ppm by
the standard addition method (Figure 6). The concentrations
of Pb** and Cd** ions in the river water sample were found as
represented in Table 1. The peak response for Cd** ions was
not observed distinctly in the real sample originally; however,
on standard addition, the peak signals corresponding to Cd**
ions were observed. These results demonstrate satisfactory
recovery values of the target analytes (96—101% for Pb*>" ions
and 101—102% for Cd** ions). The river water contained only
200.2 + 0.38 ppb of Pb*" ions (mean + stdev, n = 3),
determined by the DPV technique. The result was compared
with the ICP-OES analysis results and the concentration of
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Pb?* ions was 199.90 + 0.49 (mean =+ stdev, n = 3), which is
highly comparable to DPV analysis results. Hence, the
developed sensor can be successfully used for the quantitation
of Pb** and Cd*" ions in environmental water samples.

Table 2 summarizes and compares the LOD values of the
ErGO/GCE from the reported works in the literature. The
data are a review of GCE modified with GO-based materials
for the simultaneous voltammetric detection of Cd** and Pb**
ions in various samples such as milk, tea, wastewater, etc.
Though there are works in the literature that report trace-level
detection limits for Pb** and Cd*" ions, the present work meets
the acceptable LOD, LOQ, and sensitivity values using the
DPV technique. The present work highlights the significance of
functionalized rGO-based materials in the field of electro-
chemical detection and quantitation. The electrode modifica-
tion and voltammetric quantitation methods presented in this
paper are simple, low-cost, and fast. Therefore, Table 2
presents the reliability of the present work on par with the
reported works in the literature for their practical applications
on environmental samples.**™*’

4. CONCLUSIONS

In summary, an ErGO/GCE-modified electrode was success-
fully developed for the simultaneous quantitation of Cd** and
Pb** ions in environmental samples. ErGO was synthesized by
chemical functionalization followed by green reduction
methods. The changes in the material after functionalization
and reduction were studied by various physiochemical
characterization techniques such as XRD, FTIR, TGA, DLS,
and UV-DRS. The electrochemical behavior of the modified
electrode was analyzed by CV and EIS. The GCE was modified
with ErGO dispersion by a simple drop-casting method and
applied for the simultaneous quantitation of Cd** and Pb**
ions by the DPV technique. The developed electrode substrate
showed a satisfactory linear range, high sensitivity and
selectivity, good repeatability, stability, negligible interference
of other metal ions, and an acceptable low detection limit,
below the standard values set by the WHO. In addition, the
synthesized electrocatalyst was explored for its practical
applications in the river water sample and the results were
compared with ICP-OES results. Therefore, the developed
electrocatalyst material could be employed for simultaneous
monitoring and assessment of heavy-metal-ion load in real
environmental samples.
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CV graphs of the ErGO/GCE in different 0.1 M
electrolytes (potassium chloride, phosphate, acetate, and
sulfuric acid) to study their effects on the current factor;
current stability of ErGO/GCE for repeated 50 CV
cycles at a scan rate of 10 mV/s in acetate buffer within
the potential window from 1 to —1 V; DPV graphs of
bare GCE, rGO/GCE, and ErGO/GCE in sodium
acetate buffer electrolyte (0.1 M) containing 1 ppm of
Pb** and Cd*>* each with previously optimized
conditions; DPV graph of ErGO/GCE in acetate buffer
of different pH values showing better current response
for simultaneous analysis of Pb** and Cd** at pH 4 and
pH 5 (actual buffer pH = S); comparison of current
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