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ABSTRACT

Metal ion pollution poses serious threat to environment. Analysis of Cd (II) and Pb (II) ions using chemically
modified mercury free electrode is a feasible routine analytical tool. Developing an electrode surface modified
with conductive 2D carbon and metal complexing ligand created a synergetic effect towards sensitive and se-
lective electrochemical determination of metal ions. The present study focused on green chemistry approach
towards synthesis of reduced graphene oxide using a natural flavonoid (Quercetin) that acts as a reducing,
functionalizing agent and also as metal complexing agent. This quercetin reduced graphene oxide (Q-rGO) was
surface modified over paraffin wax impregnated graphite electrode. The resulting Q-rGO electrode was used as a
mercury-free electrode for simultaneous analysis of Pb (II) and Cd (II) ions. Physico-chemical parameters of the
synthesized Q-rGO and modified electrodes were characterized using X-ray diffraction, UV-Vis, FT-IR, and
Raman spectrometer. The morphology of the material and surface topography of the modified electrode was
observed using HR-TEM and FESEM, respectively. Cyclic voltammetry (CV) and AC impedance (EIS) were
adopted for electrochemical characterization and Differential pulse anodic stripping voltammetry (DPASV) was
chosen for simultaneous sensing of metal ions using Q-rGO electrode. Analytical parameters such as effect of
electrolyte, effect of pH, preconcentration time and deposition potential were optimized. The experimental re-
sults suggested that the Q-rGO electrode is capable of sensing Pb (II) and Cd (II) ions individually and simul-
taneously. Inference from the calibration plot showed that the Q-rGO electrode was capable of sensing the
concentration range of Cd (II) ion form 0.19 to 2.5 p,gL’1 with LOD-0.05 ng’1 and Pb (II) ions from 0.19 to 3.1
ngL~! with LOD 0.06 pgL™?.

1. Introduction

protocols and standard procedures have been established for the quan-
titative and qualitative estimation of aforementioned pollutants. Among

The human population is seriously threatened by environmentally
hazardous inorganic heavy metal pollutant such as Hg (II), Pb (II), Cd
(D, Zn (II), Cu (II) etc [Sriram, G, 2017]. High level contaminations of
these pollutants are prevalent in the water system due to industrializa-
tion and life style. Some of the above mentioned pollutant contributes
for the fatal diseases such as Cancer, Parkinson’s etc [Kilaru Har-
shaVardhan, 2019]. Occurrence of these diseases is common in metro-
politan areas as well as in the rural areas. Hence it is important for the
periodic monitoring of these pollutants. Several analytical methods,

them ion-exchange chromatography [Sarzanini, C, 2001], spectroscopy
[Khalid Siraj, 2013], and inductively coupled plasma resonance
methods [K.A. Isai 2015] have been widely used analytical techniques in
industries and research. Although these techniques are accepted by
several regulatory bodies, periodic monitoring of these pollutant are
hardly possible due to sophisticated instrumentation, tedious sample
preparation, and in-house analysis [Lu, Y, 2018]. Electroanalytical
methods overcomes the limitation of other techniques with miniaturized
cost effective instruments, field analysis, low sample volume, simple
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method of analysis, direct sensing with no pre-sampling procedures, and
picomolar sensing of analysts [“Hassan Karimi-Maleh, 2021] [bHassan
Karimi-Maleh, 2021]. Simultaneous analysis of individual and multiple
analytes without overlapping or interference can be achieved using
electroanalytical methods [Tahernejad-Javazmi, 2018]. By Differential
Pulse Anodic Stripping Voltammetry (DPASV) technique, heavy metal
pollutants can be specifically analyzed with preconcentration, pre-
anodisation and stripping procedures [Lu, Y, 2018 ]. Conventionally,
mercury based electrodes were employed for metal ion sensing, but
again the toxicity associated with mercury seeks an alternate electrode
for stripping voltammetric analysis of metal ions. There are several
chemically modified electrodes (CMEs) developed as an alternate to
mercury based electrodes towards determination of toxic metal ions. But
the present work described about the synergetic effect of composite
material consisting of natural chelating ligand (Quercetin) and a con-
ducting 2D carbon based material (rGO). Fabricating the electrode
surface with such composite enhanced the electrochemical performance
with good sensitivity [Tahernejad-Javazmi, 2019], [Hassan
Karimi-Maleh, 2020]. Functionalized biopolymer is found to be suitable
electrode material for adsorption preconcentration of Pb (II) ions [Ani-
tha, T, 2015].

Graphene, a 2-dimensional monolayer, honeycomb crystal lattice of
carbon atoms and it is the basic building block of all graphitic materials [
AK. Geim, 2007]. Single layered graphene sheets were first isolated
from graphite flakes using the scotch tape method by Novoselov and
Geim in 2004 [K. S. Novoselov, 2004]. The graphene possesses superior
electrical [K. S. Novoselov, 2005], electrochromic [B. Gadgil, 2015],
mechanical [C. Lee, 2016] and thermal properties [A.A. Balandin,
2008], The unique 2D structure of graphene increased its attention in
various fields from optical instruments, solar cells, sensors, thin-film
transistors and photocatalysis, biosensor [G. Gnana Kumar, 2014]
[Mohanraj, J, 2020]. Versatile application of 2D carbon increased the
demand for the large scale production of graphene. Conventional tech-
niques used for high quality and high yield of graphene are by physical
and chemical methods. The term ‘graphene’ is used for the mono-
layer/few layers of graphene sheets prepared by bottom-up
approach/physical method [B. Gadgil, 2015]. On the other hand when
graphene is prepared by the top-down approach/chemical methods,
usually by the reduction of graphite oxide, the resulting material is
termed as ‘reduced graphene oxide’ (rGO) [Y.F.X. Wang, 2014].
Chemical reduction of graphite oxide into rGO is usually done with the
help of poisonous reductant. In the chemical reduction process, the
oxygen containing functional groups of graphene oxide (GO) such as
carboxyl, hydroxyl and epoxy groups are reduced with the help of these
reducing agents resulting in the formation of rGO with more C-C bonds.
Although the chemical methods can result in higher yields of rGO than
physical methods, toxicity associated with the usage of reducing agents
is one of the major environmental concerns [Y.N. Singhbabu, 2013].
Moreover, it is highly difficult to remove the impurities produced by
these reducing agents [C. Singh, 2016]. Therefore, environment friendly
and non-toxic reducing agents are need of the hour for the production of
rGO.

For the past few years, green chemistry has contributed many non-
toxic innovative methods for the reduction of graphite oxide into rGO.
Various agents such as phytochemicals of Azadirachta indica extract [G.
Gnana Kumar, 2014], fenugreek extract [C. Singh, 2016], Terminalia
bellerica extract [S.B. Maddinedi, 2016], Annona squamosa extract [B.
Chandu, 2017], caffeic acid [Z. Bo, 2014], green tea extract [Y. Wang,
201117, glucose [I. Akin, 2014] etc, have been used for green synthesis of
rGO. Apart from reducing the GO sheets, these agents are also capable of
providing unique functional groups and properties for the rGO sheets.
The reviews [S. Thakur, 2015] [M. T. H. Aunkor, 2016] listed the
existing literature reporting the green reduction of GO using natural
reagents. Plant polyphenols such as curcumin is one such material for
the effective reduction of GO to rGO and several studies using curcumin
for the reduction and functionalization of GO have been reported for
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cancer treatment [S. Hatamie, 2015]. Another closely related flavonoid
molecule to curcumin is quercetin which is also found to possess
reducing capacity.

Quercetin, chemically known as 3, 5, 7, 3/, 4-pentahydroxyflavone is
a natural flavonoid obtained from many vegetable and fruit extracts. It
was well known for its various applications ranging from electro-
chemical analysis to nanoparticles synthesis. Quercetin is found to
possess electrocatalytic activity which makes them a suitable mediator
for the fabrication of chemically modified electrodes (CMEs) [Z. Wang,
2011]. It also exhibits strong chelating activity with many metal ions
due to the presence of carbonyl, hydroxyl group at C3 and C5 position
and catechol group of C3’' and C4’ [B.A. Zsembik, 2006]. Quercetin has
been used as a capping and reducing agent for the green synthesis of gold
nanoparticles [R.M. Devendiran, 2016]. It is also found to be a suitable
analytical reagent for the voltametric determination of Antimony (III)
[C. Rojas, 2013].

Although quercetin exhibits such versatile and desirable properties,
there is no existing report where quercetin was employed as function-
alizing and reducing agent during synthesis of rGO. In this study, we
have successfully prepared rGO using quercetin as a reducing, stabiliz-
ing and functionalizing agent. Quercetin reduced graphene oxide (Q-
rGO) was fabricated onto the paraffin wax impregnated graphite (PIG)
electrode surface and used as a mercury-free electrode for the determi-
nation of metal ions. Previous study stated that the application of sul-
fonated biomaterials for adsorption and removal of Pb (II) ions [A.
Saravanan, 202112, Cd (II) ions [A. Saravanan, 2021]b, and Cr (VI) ions
[S. Suganya, 2018] pollutant from water system. Similarly quercetin
also has the property to form metal complex. The presence of bioma-
terial quercetin at the surface of the rGO sheets exhibits redox property
and also acts as metal chelating ligand by complexing with lead and
cadmium ions. Owing to this property, the Q-rGO electrode was
employed for the analysis of Cd (II) and Pb (II) ions using DPASV
technique.

2. Methodology
2.1. Materials, chemicals and reagents

Graphite powder, a spectroscopic grade graphite rod (Length- 150
mm, Diameter- 3 mm), the analytical standards of cadmium acetate and
lead acetate were procured from Sigma-Aldrich and quercetin was ob-
tained from SRL Chemicals. All other chemicals used in this study such
as ammonium sulfate ((NH4)2SO4), acetic acid, ammonium nitrate
(NH4NO3), dipotassium hydrogen phosphate (K3;HPO,4), hydrogen
peroxide (30% Hy05), potassium sulfate (K2SO4), potassium perman-
ganate (KMnOg4), potassium nitrate (KNOs), potassium dihydrogen
phosphate (KH3POy4), sodium acetate (CH3COONa), sulphuric acid
(H2SO4) sodium sulfate (NapSO4), and sodium nitrate (NaNO3), were
procured from Merck. All the aqueous reagents and buffers were pre-
pared using double distilled (DD) water.

2.2. Instrumentation

Material characterizations of synthesized GO and Q-rGO was done
using UV-Visible absorption spectroscopy, recorded in Diode array
spectrophotometer, model-8453 (Agilent technologies, USA), Powder
XRD spectra obtained with Bruker D8 advance X-Ray Diffraction (Cu Ka
radiation) and the morphology of Q-rGO was obtained using High Res-
olution Transmitted Electron Microscopic (HR-TEM) imaging and
selected area electron diffraction (SAED) pattern were performed with
H7650 Microscope (Hitachi, Japan).

For the surface characterization of unmodified PIG and modified
working electrodes, the IR spectra were recorded using Fourier Trans-
form Infra-Red (FTIR) spectrometer, model- Cary 630 (Agilent tech-
nologies, USA) in Attenuated Total Reflection (ATR) mode and Raman
spectra were recorded using 532 nm laser beam Raman 11i system
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(Nanophoton Corp., Japan). The morphology of the electrodes was
analyzed using Field Emission Scanning Electron Microscope (FESEM)
model- Quanta FEG 200 (FEL, USA). All the electrochemical analysis
such as CV, EIS, Chronoamperomerty, DPASV were performed using
electrochemical workstation, model- 660 B (CH Instruments, USA) in a
three-electrode cell setup, (i) reference electrode-standard calomel
electrode, (ii) auxiliary/counter electrode-platinum electrode and (iii)
working electrode-CMEs. In this study, four CMEs were chosen as
working electrode for comparison such as (a) unmodified PIG, (b) gra-
phene oxide (GO), (c) quercetin (Q) and (d) quercetin-reduced graphene
oxide (Q-rGO) electrodes. The solutions pH and buffers were make-up
using ELICO pH meter (Model CM-180).

2.3. Synthesis of GO

Graphene oxide (GO) was prepared by modified Hummer’s method
[William S. Hummers, 1958]. Briefly, 2 g of graphite fine powderand 1 g
of NaNO3 were mixed with 100 ml of conc. HoSO4 for 30 min under an
ice bath (<10 °C). Following this, KMnO4 (7 g) was added in little
portions to prevent any explosion. After addition of KMnOQy, the color
change from black powder to purple slurry was observed. The slurry was
left to stir under an ice bath for 1 h. The slurry mixture was removed
from the ice bath and stirred continuously for 24 h for efficient oxidation
resulting in dark brown color. To this, DD water (100 ml) was added
very slowly which caused an exothermic reaction. After the heat sub-
sided, DD water (500 ml) was added in excess. To stop the reaction, add
10 ml of H03 (830%) solution which resulted in bright yellow-orange
colored suspension. Keep it undisturbed for overnight and discard the
supernatant. Filter the resulting precipitate and washed with 10% HCl
several times to remove impurities. Finally neutralized the resulting
mixture by washing with DD water and GO slurry was obtained by
centrifugation. The slurry was vacuum dried in the oven resulting in
graphite oxide flakes and sonication of graphite oxide in DD water
resulted in well dispersed Graphene Oxide (GO).

2.4. Green synthesis of Q-rGO

Chemically exfoliated GO was simultaneously reduced and func-
tionalized using quercetin by following the procedure previously re-
ported for the synthesis of curcumin reduced and functionalized rGO
composite [S. Hatamie, 2015]. Briefly, to the prepared GO suspension,
10 ml of an ethanolic solution containing 5 mg of quercetin was added
under stirring. To facilitate the reduction of GO to rGO, pH of the me-
dium was raised to pH 10 with the addition of 10 pL. ammonia solution
and increased the temperature to 85 °C for 30 min under stirring. The
change in color from brown to black indicates the successful reduction of
GO to rGO. Finally, the quercetin functionalized reduced graphene oxide
(Q-rGO) was neutralized with DD water and centrifuged at 3500 rpm to
obtain the material.

2.5. Electrode preparation

The graphite electrode was impregnated with paraffin wax as re-
ported previously [ F. Scholz, 1992] under vacuum to block the pores
present at the sidewall of the rod. The PIG electrode was surface polished
with 350 pm followed by 1000 pm emery paper. The surface of the
electrode was smoothed to a mirror finish by polishing on different
alumina slurry of 0.1, 0.3, and 0.05 pm size and washed with DD water.
CMEs were prepared by 5 pL of drop-casting GO, quercetin and Q-rGO to
individual unmodified PIG electrode surface. These CMEs were used as
the working electrodes for comparative study during analysis.
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3. Results and discussion
3.1. Characterization of physico-chemical properties

The physico-chemical characteristics of synthesized material were
studied using spectroscopic and microscopic techniques. The crystalline
property of graphite, quercetin, GO and Q-rGO, were studied using XRD
analysis and the results are shown in Fig. 1(i). The diffraction pattern (a)
corresponds to the pristine graphite which showed a sharp peak (0 0 2)
at 20 = 26.65° with an interlayer d spacing of 0.33 nm. The diffraction
pattern (b) for quercetin showed multiple peaks confirming its amor-
phous nature [J. Yan, 2014]. For GO, a new characteristic carbon peak
(001)at20=10.15° with d = 0.87 nm (graph c) was observed due to an
increase in the interlayer spacing of graphite. During oxidation of
graphite into GO, inclusion of oxygen functionalities groups results in
increasing the interlayer spacing between the graphene sheets [F.M.
Casallas Caicedo, 2020]. The diffractogram of Q-rGO (graph d) showed
the disappearance of GO peak at 10.15° and appearance of new peak (0
0 2) at 25.28° with d = 0.35 nm. The d space value of Q-rGO (d = 0.35
nm) was lesser when compared with the d space value of GO (d = 0.87
nm) and it is closely associated with the d space value of graphite (d =
0.33), this may be due to the re-establishment of sp2 carbon network,
decrease in the oxygen groups and intercalated of quercetin during
reduction [V. Sharma, 2017].

The UV-Vis absorption spectra were performed for the samples GO,
Quercetin and Q-rGO in the aqueous medium (Fig. 1(ii)). The spectrum
(a) showed major peaks at 368 nm and 254 nm corresponding to the
cinnamoyl and benzoyl groups of a free form of quercetin [S.B. Bukhari,
2009]. In the spectrum (b) of GO, a peak at 233 nm and a shoulder peak
at 309 nm corresponding to the n—zn* transition of C=C and n—x*
transition of C—=O was observed, which indicates the oxidation of
graphite [Z. Luo, 2009]. The spectrum of Q-rGO (c) showed a shift in the
peak from 233 nm (n- n* transition) to 266 nm due to the reduction of
GO to Q-rGO and restoration of carbon conjugated structure [S. Yang,
2012]. A shoulder peak at 368 nm accompanied with rGO peak confirms
the presence of quercetin along with rGO. The digital image of GO and
Q-rGO suspension is shown as an inset Fig. 1(ii), where brown color GO
suspension had turned into black color after reducing with quercetin.

The surface functional group of graphite electrodes before and after
modifying with GO, quercetin and Q-rGO were characterized by ATR-IR
spectrophotometer (Fig. 1 (iii). For paraffin wax impregnated graphite
(PIG) electrode, the spectrum does not show any significant peak due to
the absence of any functional groups. But for quercetin electrode, the
spectra showed multiple peaks at 1670 cm™! (C=0) 1317 cm™!
(C-H-0), 1558 ecm ! (C=C), 1260 cm ! (C-0-C), 3412-2343 cm
(O-H) [ T. Kumar, 2020]. The spectrum for GO showed a stretching
vibration peak for the alkoxy group (C-O) at 1036 cm ™, and the epoxy
group (C-O) at 1224 em~ L. Also, a peak at 1420 em~! (-OH) corre-
sponding to the alcohol group was observed [B. Chandu, 2017]. The
Q-rGO electrodes showed no distinct peaks for IR absorption but a
characteristic peak for reduced carbon was observed at 1575 cm ™. The
IR fingerprint region of quercetin disappeared or a decrease in the peak
intensity was observed during the reduction process.

Raman spectroscopy is considered as a promising technique for the
characterization of carbon materials. The structure and quality of the
carbon material can be analyzed precisely, as this technique gives in-
formation about the first-order scattering of sp? carbon atoms (G band)
and breathing mode of x-point photons of A;g symmetry (D band) which
are highly specific for graphitic materials. [S. Gurunathan, 2013].
Raman spectra for unmodified PIG, GO and Q-rGO electrodes were
shown in Fig. 1 (iv). The G band for the unmodified PIG electrode
appeared at 1564 cm ™! with the absence of the D band which indicates
that the unmodified PIG electrode has no defect or there is no structural
imperfection. For GO electrode, the Raman spectrum exhibited the G
and D bands at 1584 cm™! and 1344 cm™?, respectively with a more
intense D band when compared with the G band. Peak shift in the G band
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Figure-1. (i) XRD diffractrogram for (a) Graphite powder, (b) GO, and (c) Q-rGO, (ii) UV-Visible absorption spectra for (a) quercetin, (b) GO, and (c) Q-rGO, (iii)
ATR-FTIR spectra and (iv) Raman spectra for the (black line) graphite electrode, (red line) GO electrode, (blue line) Quercetin (Q) electrode, (green line) Q-rGO
electrode. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

and increase in the intensity of D band shows higher defects, with the
ratio of Ip/Ig for GO electrode as 1.68. This is due to the insertion of
oxygen atom containing epoxide or hydroxyl group during the oxidation
process of GO. As expected for the Q-rGO electrode, the Raman spectrum
showed that the G band was shifted to its original position at 1564 cm ™!
and the D band appeared to have less intensity with a shift in the peak at
1338 cm™ L. Comparatively the Ip/Ig ratio of Q-rGO was reduced to 0.61.
The variation of intensity and peak position of both G and D band before
and after the oxidation-reduction process was due to changes in the state
of the electronic configuration of carbon [F.M. Casallas Caicedo, 2020].

3.2. Microscopic characterization

For HR-TEM analysis, the Q-rGO samples were dispersed in distilled
water and sonicated until a homogenous suspension was obtained, the
resulting suspension was coated onto a copper grid, air-dried and
observed under HR-TEM. The microscopic image of Q-rGO showed a
single sheet structure of exfoliated reduced graphene functionalized
with quercetin which was highlighted in Fig. 2 (i) (a). The thickness of
the Q-rGO 2D membrane was expected to be very less, approximately 10
nm due to the exfoliation of graphene and the reduction process. Fig. 2
(i) (b) is the higher magnification HR-TEM image of Q-rGO at the
selected area, which showed discontinued fringes with the interlayer
distance of 0.7-0.9 nm. The SAED pattern at selected area showed

polycrystalline ring pattern with many diffraction spots (Fig. 2 (i) (c))
[F.M. Casallas Caicedo, 2020]. This result suggested that, the rGO sheets
showed destruction of long-range ordering.

The surface morphology of unmodified PIG electrode, GO, quercetin,
and Q-rGO electrodes were observed using FESEM. Fig. 2 (ii) shows the
FESEM image of the unmodified PIG electrode (image a), where the
surface seems to be clean and smooth. In GO electrode, (image b)
showed multi-layered wrinkled carbon sheets present on the GO coated
electrode surface. The FESEM of quercetin coated PIG electrode showing
a cluster of spherical shaped agglomerated particles around 25 nm in
size (image c). Exfoliation of graphene layer was observed in FESEM
(image d) and functionalization of quercetin between the graphene
layers was observed in the higher magnified image (e). The Q-rGO
electrode with a wrinkled paper-like structure of monolayer rGO sheets
was observed. The higher magnification of monolayered Q-rGO sheets
and functionalization of the cluster of spherical nanoparticles revealed
the presence of quercetin between the graphene layers.

3.3. Electrochemical characterization

The electrochemical behavior of unmodified PIG and different CMEs
were studied using CV and EIS techniques. Fig. 3 (i) showed the CV
curve for (a) unmodified PIG, (b) GO, (c) quercetin and (d) Q-rGO
electrodes in blank 0.1 M KNOs, at 50 mVs~! scan rate. The unmodified
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Fig. 2. (i) HR-TEM image of (a-b) Q-rGO, (c) SAED pattern; (ii) FESEM image of (a) unmodified PIG, (b) GO, (c) Quercetin, (d-e) Q-rGO electrodes.

PIG and GO electrodes (a & b) exhibit a plain CV curve without any
redox behavior, but a change in the background current was observed.
Naturally GO is considered to be a poor conductor [S. Stankovich,
20061, so the background current for the GO electrode is less compared
to other modified electrodes. The CV curve c of quercetin electrode
showed a redox peak at Ep, = 0.4 V and Ep, = 0.28 V. In Q-rGO elec-
trode (curve d) a redox peak at Ep, = 0.5V, Ep. = 0.35 V was observed.
Compared with the quercetin electrode the intensity of background
current for the Q-rGO electrode was found to be higher.

Herein, the electrochemical behavior of the unmodified PIG and
different CMEs in 0.1 M KNOs electrolyte containing 1.0 mM of ([Fe
(CN)5]3 /4 redox probe which was tested using CV technique. The
Fig. 3 (ii) shows the CV curve for (a) unmodified PIG, (b) GO, and (c) Q-
rGO electrodes in 0.1 M KNO3 containing [Fe(CN)G]3 ~/4 -~ at the scan
rate of 50 mVs . The CV curve a for unmodified PIG electrode exhibited
a redox peak at Ep, = 0.24 V, and Ep, = 0.10 V, respectively which
corresponds to the redox process of Fe®*/Fe?*. A very low intensity
redox peak at the same potential was observed for the GO electrode
which was due to the poor electrical conductivity of GO (curve b). But
for the Q-rGO electrode, there was an appearance of two anodic peaks
Epai = 0.27 V for oxidation of Fe?*, Ep,y = 0.5 V for oxidation of
quercetin and two cathodic peaks Epe; = 0.08 V for reduction of Fe3*
and Ep¢y = 0.41 V for reduction of quercetin were observed. This proves
that the electrochemical behavior of quercetin was enhanced upon
functionalization with rGO.

Under the same electrolyte condition, the EIS analyses for all these
electrodes were recorded (frequency range-100 to 0.01 kHz). The Fig. 3
(iii) shows the EIS plot for (a) unmodified PIG, (b) GO, (c) quercetin, and
(d) Q-rGO electrodes. Each electrodes at higher frequency region
showing the Nyquist plot containing semicircle due to the charge
transfer resistance (Rcr) (inset figure) and linear part due to diffusion
process at lower frequency region. From the inset Fig. 3 (iii), it was
determined that the semicircle formed for quercetin was higher
compared with unmodified PIG, and Q-rGO electrodes. This is due to the
repulsion of charge creating resistance between quercetin and [Fe(CN)g
1374 present in the electrolyte [Y. Yao, 2016]. The EIS plot for the GO
electrode showed control of the diffusion process, as the linear part
increased in the lower frequency. The GO electrode showed larger
impedance and higher R¢r than other electrodes. Compared with the
quercitin electrode the semicircle of the Q-rGO electrode was smaller
which implies that the R¢r of Q-rGO is lesser. The impedance of Q-rGO
electrode was less when compared to the quercetin and GO electrodes,
whereas the unmodified PIG electrode showed higher impedance. Here
the Q-rGO electrode showed an increased linear slop line exhibiting
excellent capacitance behavior at a lower frequency [E. Casero, 2012].
This is evidence that Q-rGO film is capable of increasing the electron
transfer process. A synergetic effect between Q and rGO could facilitate
better electron transfer between electrode surface and electrolyte when
compared with all other electrodes [Z. Wang, 2011]. Fig. 3 (iv) shows
the Nyquist plot before and after fitting the derived equivalent circuit for
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Fig. 3. (i) Cyclic voltammogram for (a) unmodified PIG, (b) GO, (c) Q and (d) Q-rGO electrodes in 0.1 M KNOj solution. (ii) Cyclic voltammogram for (a) unmodified
PIG, (b) GO, and (c) Q-rGO electrodes in 0.1 M KNOj3 solution containing 1 mM of K3Fe(CN)s. Potential Scan —0.4 to +-0.8 V at scan rate 50 mVs ™. (iii) EIS plot for
(a) unmodified PIG, (b) GO, (c) Q and (d) Q-rGO electrodes. (iv) EIS plot for Q-rGO electrode before and after fitting the equivalent circuit. (v) Corresponding
equivalent circuit for Q-rGO electrode in 0.1 M KNOj3 solution containing 1 mM of K3Fe(CN)e.

the Q-rGO electrode. Based on the EIS graph for the Q-rGO electrode, an
arbitrary equivalent circuit with complex elements was plotted (Fig. 3
(v)). An equivalent circuit derived from the Nyquist plot having a phase
angle of 45°. The slope value account for the Warburg resistance (Z)
followed by a large linear slope at lower frequency region accounts for
the double layer capacitance (C) of Q-rGO electrodes was observed.
Initially, there was a resistance created between working and reference
electrode, and electrolyte interface. From the experimental results, we
conclude that on comparing the R¢r obtained for unmodified PIG and
Q-rGO electrodes, the R¢r for GO electrode is much higher.

3.4. Parameter optimization

Factors influencing the performance of the Q-rGO electrode during
stripping analysis of metal ions were studied under different experi-
mental conditions. The effect of background electrolyte, electrolyte pH
and preconcentration time, were optimized for a fixed concentration of
Cd (I1) and Pb (II) ions.

The composition of background electrolyte may affect the complex
formation of metal ions (Cd (II) and Pb (II)) at the active surface of the Q-
rGO electrode. Hence experiments with different background electro-
lytes of fixed concentration (0.1 M) were studied. Chloride-based elec-
trolytes (complexing anion) were avoided due to the precipitation of Pb
(II) ions [H.C.H. Hahne, 1973], whereas nitrate and acetate (non--
complexing anion) did not precipitate Pb (II) ions. Anodic stripping

scans were performed from —1.0 to O V in different stripping medium
such as (a) ammonium nitrate, (b) potassium nitrate, (c) sodium nitrate,
(d) phosphate buffer, (e) acetate buffer, (f) potassium sulfate, (g) sodium
sulfate and (h) ammonium sulfate. Fig. 4 (i) shows the bar chart repre-
senting the stripping current corresponding to Cd (II) and Pb (II) from
Q-rGO electrodes in different electrolytes. Among all electrolytes, 0.1 M
acetate buffer showed a better response with the maximum stripping
signal for both the metal ions. Hence, the background electrolyte was
choosen to be 0.1 M acetate buffer for further analysis.

The effect of pH plays an important role in the coordination of metals
ions with Q-rGO electrode. The electrostatic attraction and repulsion of
Cd (II) and Pb (II) ions depend on the surface charge density on the
electrode [M. Gratzel, 2001]. The coordination of Cd (II) and Pb (II) with
Q-rGO at the electrode surface was highly favoured in acidic medium
whereas in the basic medium, metal/Q-rGO complex was less stable and
may leach out from the electrode. Hence the pH of the acidic acetate
buffer was chosen between 3.0 and 5.5 for further optimization. Fig. 4
(ii) shows the current response obtained during DPASV analysis for Cd
(II) and Pb (II) preconcentrated Q-rGO electrodes in 0.1 M acidic acetate
buffer with varying pH. The maximum response was obtained at pH 4.5.
At pH > 4.5, hydrolysis of Pb (II) occurred which was not favourable for
the coordination of metal ion with the modified electrode and hence a
decrease in stripping signal was observed [S. Morante-Zarcero, 2010].
The same condition was found to be suitable for the stripping mea-
surement of Cd (II) and maximum stripping current for both the metal



K. Krishna Kumar et al.

20

[ Jcaan]| .
ey () | (l)
15
—_
<
—
e’
-
= 104
(%]
I
Tt
=
O .l
0
XHJN(), K_\()A NaNO, PBS ABS K:S()‘ Na:SOJ (‘\‘H‘)IS()4
Electrolytes (0.1 M)
16
—a—Cd (I1) see
L [T (lll)
124
—_—
< 1o
S’
N —
= 8
F
= 01
=
O 4
2
0
L] L] L] L) L] L) L] i L) b
A3 <12 -1 <10 09 -08 -07 -0.6 -0.5 -0.4

Potential (V vs SCE)

Environmental Research 202 (2021) 111707

14
—=—Cd (I1) (“)
129 —e—pbap 11
104
<
=, 84
N
-
= 6-
W
=
]
24
0 -
L) L] Ll L] L] L)
3.0 3.5 4.0 4.5 5.0 55
pH of 0.1 M Acetate buffer
16
—=— Cd (IT)
144 —e—Pb (I1)
.
- 124 (lV)
<
=104
=
o 81
=
= 64
Q
44
24
0 1] L] T 1) L] L} L}
0 50 100 150 200 250 300 350 400

Preconcentration time (sec)

Fig. 4. The graph plot obtained from the current response during DPASV analysis of Cd (II) and Pb (II) ions by Q-rGO electrode under various experimental con-
ditions (i) 0.1 M of different background electrolyte, (ii) pH effect, (iii) deposition potential and (iv) preconcentration time.

ions intensified under this condition. Therefore pH 4.5 was chosen for
further analysis.

The metal ions were preconcentration from buffer solution to the
surface of Q-rGO electrode, followed by reduction of Cd(II)-Q-rGO, Pb
(ID-Q-rGO ions into Cd (0)-Q-rGO and Pb(0)-Q-rGO which was per-
fromed using chronoamperometry technique. By varying the potential
from —0.4 to —1.2 V, the reduction of metal ions on the surface of the Q-
rGO electrode was measured. The graph in Fig. 4. (iii) showed that the
reduction potential range from —0.4 V till —0.6 V does not show sig-
nificant difference in the stripping current, which means at these po-
tentials the surface adsorption and reduction of Cd (II) and Pb (II) ions
were poor. But further increase in the reduction potential beyond —0.7
V, there was a gradual increase in the stripping signal for Pb (II) and
from —0.9 V for Cd (II) ions, respectively. Maximum stripping current
was observed when the reduction potential of —1.0 V was applied for
both the metal ions. Further increase in the reduction potential till —1.2
V, there was a decrease in the current intensity, this was due to evalu-
ation of bubble at the modified electrode surface. When more negative
potential was applied, the evaluation of bubble could inhibit the surface
adsorbtion of metal ions over the Q-rGO electrode. Therefore the
reduction potential was fixed as —1.0 V for both the metal ions.

The maximum time obtained by Q-rGO electrode to form complex-
ation with Cd (I) and Pb (II) ions present in 0.1 M acetate buffer pH-4.5
was optimized by subjecting the modified electrode to the metal ion
electrolyte solution for 30-360 s. Then the electrodes were washed,
transferred to fresh electrolyte and DPASV response was recorded. From
the graph plot results shown in Fig. 4 (iv), the DPASV response for the
electrodes preconcentrated at the time interval from 30 to 240 s shows a
steady increase in stripping current for Pb (II) and Cd (II). Preconcen-
tration of Cd (II) ions over Q-rGO electrode attains saturation after 180 s,

but for Pb (II), it is further extended to 240 s. The graph plot obtained
from stripping current confirmed that the maximum intensity was ob-
tained at 300 s, where the Q-rGO modified electrode attained saturation
towards preconcentration Pb (II) and Cd (II) ions. Thus the duration of
300 s was choosen to be the optimal preconcentration time for the
simultaneous analysis.

3.5. Electrochemical analysis

The DPASV analysis for Cd (II) and Pb (II) ions were determined
individually using Q-rGO electrode with subsequent additions of both
the metal ions into the optimized electrolyte condition. By applying a
deposition potential of —1.0 V for a preconcentration time of about 300
s, the metal ions were reduced on the electrode surface. Fig. 5 (i) and (ii)
shows the stripping voltammogram obtained for different concentration
of Pb (II) and Cd (II) ion, respectively. As the figure showed that there
was a gradual increase in the stripping peak current with good linearity
as the concentration of metal ion increased in the electrolyte solution.
The inset Fig. 5 (i) and (ii) showed the calibration plot for the concen-
tration range from 0.19 to 3.1 ng_1 (R? = 0.9954) for the Pb (II) ion and
0.19t0 2.5 ng’1 (R? = 0.9971) for Cd (II) ions. The base current for the
Q-rGO electrode in the blank electrolyte was measured for 10 times to
obtain the standard deviation (SD). The limit of detection (LOD) was
calculated using the equation, LOD = 3(SD)/slope, and limit of quanti-
fication (LOQ) was measured using the equation, LOQ = 10(SD)/slope.
From the given equation, the LOD and LOQ for Pb (II) ion was found to
be 0.06 pgL ! and 0.21 pgL " respectively, LOD and LOQ for Cd (II) ion
was found to be 0.05 pgL ™! and 0.184 pgL !, respectively.
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3.6. Simultaneous analysis of Cd (II) and Pb (II) ions

Under optimized condition, Q-rGO electrode able to measure the Pb
(ID) ions even in the presence of Cd (II) ions. The stripping peak potential
of Pb (II) ion was obtained at —0.58 V, showing a gradual increase in the
intensity of peak current for every successive addition. During this
process, a constant current was obtained for Cd (II) ions (figure not
shown). The DPASV analysis was also performed to evaluate the influ-
ence of Pb (II) ions during the successive addition of Cd (II) ions. The
stripping peak potential of Cd (II) ion was obtained at —0.8 V. The
successive addition of Cd (II) ion showed an increase in the peak in-
tensity and a slight variation in peak intensity of Pb (II) ions was
observed (Fig. 5 (iii). This is because Cd (0) exhibited higher negative
potential (—0.8 V) for the oxidation when compared with Pb (0), which
in turn reflected at the oxidation potential of Pb (II) ions (—0.59 V). Also,
the active site of the Q-rGO electrode was occupied preferentially by Pb
(ID) ions [37]. Fig. 5 (iv) showed the DPASV of simultaneous analysis of
Pb (II) and Cd (II) ions, where an increase in the concentration of both
the metal ions showed a gradual increase in both the peak current. The
co-existence of both the peaks at —0.59 V and —0.8 V increased as the
concentration of Pb (II) and Cd (II) ions increased from 0.19 to 2.5
pgL~L. This was slightly different from the values obtained for the in-
dividual analysis. Interference of coexisting species was considered to be
a common issue during simultaneous analysis. Therefore, the experi-
ments were repeated five times and the reproducibility in the results was
confirmed with the obtained relative standard deviation which is equal
to 3.5%.

4. Conclusion

The present work described an ecofriendly approach towards syn-
thesis of rGO and determination of Cd (II) and Pb (II) ions using DPASV
technique. Toxic agents were avoided during the reduction of GO into
rGO. During the synthesis of rGO, quercetin a natural flavonoid was used
as a reducing and functionalizing agent. Presence of quercetin over rGO
decreased the regraphitization property, thus retaining the electrical
property of rGO. The physic-chemical characterization revealed that the
material Q-rGO showed good electrical conductivity and metal com-
plexing ability. The sensitivity of the quercetin was enhanced upon
functionalizing with rGO. Further modifying the Q-rGO on PIG electrode
surface which act as an alternate to mercury-free electrode for electro-
chemical sensing of metal ions. Under optimized condition, the Q-rGO
electrode was capable of sensing Cd (II) and PB (1) ions individually and
simultaneously. Even though quercetin-rGO has the property to form
complex with some of the additional toxic metal ions, the optimized
parameter such as selection of electrolyte, pH and preconcentration
potential and time are more suitable for the selective determination of
Cd (II) and Pb (II) ions. Parameters provided the analytical conditions
where 0.1 M acetate buffer (pH-4.5) electrolyte, with the deposition
potential of —1.0 V and preconcentration time of 300 s making it more
suitable for Q-rGO electrode for effective sensing of Cd (II) and Pb (II)
ions. Interference study showed that the 100 fold increase in the con-
centration of other metal ions does not alter the analytical results of Cd
(II) ion and Pb (II) ion. The optimized condition provided suitable
environment for the rapid sensing of both the metal ions without
interference. Thus, the developed analytical method provided by green
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chemistry approach which created a new dimension in the synthesis of
rGO and simultaneous sensing of metal ions in the concentration of Cd
(I1) ion form 0.19 to 2.5 pgL ™! with LOD-0.05 pgL~! and Pb (II) ions
from 0.19 to 3.1 pgL ! with LOD 0.06 pgL ™!, respectively.
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