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ABSTRACT

Nowadays with increase in the population as well as rapid industrialization leads to affects
the quality of the environment. Various pollutants are released into the surroundings that
have an adverse effect on the life existing on this planet. A variety of pollutants are present
in the environment (inorganic, organic, biological, etc.), but heavy metals due to their non-
biodegradable nature and toxicity are imposing serious threats to the life of this ecosystem.
As heavy metals (HM) are released from various anthropogenic and natural processes into
the environment, their excess concentration in the environment leads to retard the
environment’s ability to promote life, which leads to threatening the health of plants,
animals, and humans. The contamination of environment by the heavy metals (including
Pb?*, Cd**, Cu?, etc.) is a serious concern nowadays and hence their determination and
removal from the environment to monitor its quality is of supreme importance. A variety
of techniques ranging from analytic to electrochemical are employed for the detection of
these heavy metal contaminants from various sources. The electrochemical technique
because of its simple instrumentation, low cost, and rapid analysis gives extra benefits over
other techniques. In spite of the electrochemical technique the type of the electrode material
also plays a significant role in detecting the heavy metal ions. A number of electrodes like
screen-printed carbon electrodes, gold electrodes, glassy carbon electrodes, carbon paste
electrodes, etc. have been employed over the past for the sensing of heavy metal ions. The
sensitivity and selectivity of these electrodes can be further enhanced by fabricating them
with different types of materials. Therefore, researchers are in demand to improve the

electrochemical performance of electrode materials used as HM sensors.

Various types of electroactive materials have been identified to enhance the
sensitivity and selectivity of the bare electrodes for heavy metal detection. These are
mainly classified as organic materials like conducting polymer (CPs, viz. PPY, PANI,
PTH), etc. carbonaceous materials (Graphene/reduced Graphene oxide, Graphene oxide
(GO), graphite, CNTs, activated charcoal/carbon, quantum dots, fullerenes, etc.), non-
carbonaceous materials like Transition metals (their oxides, halides, carbides, nitrides,

hydroxides, etc.) PPY-based electroactive materials have emerged as the potential class for



electrochemical sensing of Pb*' ions, which includes PPY-based binary and ternary
composite. PPY because of its biocompatibility, high conductivity, low cost, and ease of
preparation acts as one of the most reliable materials for the preparation of electrochemical
sensors. Certain limitations of PPY like affinity towards agglomerations, poor solubility in
water difficulty in their extraction from different mediums render their applications in
various fields. To overcome these drawbacks and to improve its electrochemical
performance PPY is fabricated using certain Carbonaceous and non-carbonaceous (viz.,

GO and ZnO respectively) based materials.

The present work focuses mainly on the preparation of the PPY-based binary and then
ternary composites in different weight ratios by ex-situ method. The binary composites of
PPY with GO at % ratios (mg) as (4:1, 2:1, 1:1, and 1:2) are prepared and the optimized
binary composite is then fabricated with ZnO or MnOs to synthesize the ternary composites
at % ratios (mg) as (2:1, 1:1 and 1:2) using the above-mentioned method. The
electrochemical techniques Cyclic voltammetry (CV) and electron impedance
spectroscopy (EIS) were used to study the electrochemical behavior of the individual and
prepared composites as well as for the optimization of the binary and ternary composite for
further studies. The individual as well as composite material was characterized using FTIR,
XRD, SEM, XPS and TGA to study its structural, morphological, and thermal properties.
The sensing of Pb* ion has been carried out using the DPASV technique on the PG 1 and
the ternary PGZ 2 and PGM 1 composite. Electrochemical studies reveal that polypyrrole-
based composites exhibit superior detection capabilities for Pb>* ions at trace levels due to
their high surface area, excellent charge transport properties, and specific metal-binding
interactions. The electrode material (PGZ 2) shows a linear response (R? = 0.97) with a
limit of detection of 0.05 pM for Pb>" ions within the concentration range of 0.3 to 3.0 pM.
Similarly, the electrode material PGM 1 shows a linear response (R? = 0.99) with a limit
of detection of 0.03 uM for Pb>" ions within the concentration range of 0.3 to 3.0 pM. The
interference study of the electrodes (PGZ 2 and PGM 1) in the presence of other metal ions
(Cd*" and Cu*") shows a good response. These results show that the prepared electrodes

can be employed for the detection of other heavy metal ions from various aqueous sources.

v



Despite the detection of the Pb?" ions by the prepared electrodes, these are also helpful in
the removal of Pb?" ions which has been carried out by UV-visible spectroscopy. PGZ 2
and PGM 1 electrodes show a removal efficiency of 86.92 and 84.89 percent for Pb%" ions

after 24 hours of contact.

Overall, these PPY-based ternary composites (PGXs) exhibit immense potential as
advanced functional materials for the dual detection and removal of toxic metal pollutants.
Their synergistic properties arising from composite engineering make them highly
efficient, selective, and reusable, addressing key challenges in environmental remediation.
Future research will focus on the large-scale production, cost-effectiveness, and integration
of these materials into practical sensing and filtration devices for industrial applications.
The development of smart, self-healing, and responsive polypyrrole-based composites can
further revolutionize environmental monitoring and water purification technologies,

ensuring a cleaner and safer ecosystem
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CHAPTER 1 INTRODUCTION

1.1. Introduction to heavy metals: Heavy metals (HMs) are natural constituents having
high atomic mass and density in the range of 5 g cm ™ compared to other lighter metals.
Heavy metals have high electrical conductivity and show a tendency to form cations by the
loss of their valence shell electrons. Heavy metals are distributed in various environmental
spheres (atmosphere, lithosphere, hydrosphere, and biosphere) in varying amounts and
concentrations. (Koller, M., and Saleh, H. M., 2018; Azeh E. G., et al., 2019). Due to the
presence of HMs in trace concentrations (ppb range to less than 10 ppm) in various
environmental segments, these are also known as trace elements. (Tchounwou, P. B., et
al., 2012). Although HMs are the natural constituents distributed on the earth’s crust, a
large number of anthropogenic activities (agricultural activities, industrial processes, fossil
fuel combustion, etc.) and natural processes like soil erosion, volcanic eruptions, etc., are
also responsible for their distribution on the earth's crust. During the extraction of HMs
from their ores, these are left behind in the soil, spread in large amounts in the environment,
and transported to other parts by air and water (Tchounwou, P. B., et al., 2012; Azeh E.
G., et al,, 2019).

HMs exist in varying amounts and concentrations in the environmental sphere and
hence are taken by animals, plants, etc., residing in the contaminated areas. These are also
accumulated in the human body through the consumption of these plants, animals, or by
using contaminated water. (Ding, R., et al., 2021). Some of the heavy metals, iron, zinc,
nickel, etc., when present in required amounts, function as essential nutrients needed for
the normal functioning of the human anatomy. Their defect and the excess amount in the
body may also lead to adverse effects. Certain HMs like lead, arsenic, mercury, cadmium,
copper, etc., even when present in minute concentrations, lead to adverse effects on various
biological processes. (Tchounwou, P. B., et al., 2012; Koller, M., and Saleh, H. M.,
2018). These HMs are carried and distributed in the body cells and tissues of various

organisms through binding with proteins, nucleic acids, etc., leading to the destruction and



alteration of the normal functioning of these macromolecules. The toxicity of heavy metals
has several adverse effects on plants, animals, and human beings. In the human body, their
toxicity leads to several disorders, and damage to the lungs, kidneys, and blood
constituents, leading to several diseases. The accumulation of heavy metals for a long time
in the body weakens the neurological, muscular, and physical processes, causing diseases
like Alzheimer's, Parkinson’s, etc. (Masindi, V., and Muedi, K. L., 2018; Azeh E. G., et
al.,, 2019). Although the mechanism of carcinogenicity and toxicity induced by heavy
metals is not elucidated, their toxicological mechanisms of action depend on their unique
physicochemical properties. (Tchounwou, P.B., et al., 2012; Sing, G., et al., 2022). As
HMs are released from various anthropogenic and natural processes into the environment,
their excess concentration in the environment leads to retard the environment’s ability to
promote life. This leads to threatening the health of plants, animals, and humans. The
presence of heavy metals in different environmental segments (air, soil, and water) above
their permissible amount alters the system's normal function, which in turn affects the life
of this ecosystem. (Ding, R., et al., 2021). The ecosystem can tolerate a limited range of
heavy metals, above which they become pollutants in the environment. HMs, like As, Cr,
Cu, Hg, Pb, and Zn, are reported in Table 1, which shows the contamination source, side
effects, and permissible limits of these HMs. The most prevailing pollutants in the
environment by States Environmental Protection Agency (USEPA) report. (Verma, S., et

al., 2021; Mitra, S., et al., 2022).



Table 1. A list of HMs present in potable water with permissible limits, sources, and probable side effects.

Heav Permissible Sources from where the
metali limit (mg/L, contaminate water y Side effects Reference
WHO)
PVC pipes, nzftural and Anem?a, lear.ning and Puri and Kumar (2012),
Pb 0.05 household plumbing systems, | behavioral disturbances,
Sanyal et al (2020)
etc. etc.
It ffect th N
Industrial, household, atlects ¢ N5 .
) teratogenesis, Mudila et al (2018), Sanyal
Cd 0.005 vehicular, and other wastes, ) i
etc carcinogenesis,  numerous | et al (2020)
' body parts, etc.
Hg 0.001 Use of fertilizers etc. Depression,  carcinogenic, | Mudila et al (2018), Sanyal
etc. et al (2020)
Industrial processes, sewage | Haemorrhagicnecrosis. Mudila et al (2018), Sanyal
Fe 0.1 ) .
discharges, etc. Hemochromatosis etc. et al (2020)
Use of fertilizers, | Organ failure, liver damage, | Puri and Kumar (2012),
Cr 0.1 . e . .
industrialization, etc. carcinogenic effects, etc. Sanyal et al (2020)
L 1 is, keratosi
Natural and anthropogenic e.ucome ANOSIS,  KCTatosts, Mudila et al (2018), Sanyal
As 0.01 skin cancer. CNS
sources. et al (2020)

disturbance etc.




The contamination of the environment by heavy metals is a serious concern
nowadays, and hence their determination and removal from the environment to monitor its
quality is very important. (Masindi, V., and Muedi, K. L., 2018; Ding, R., et al., 2021).
Various organizations like the Environmental Protection Agency (EPA), World Health
Organization (WHO), etc., have set certain permissible limits of concentrations of heavy
metals to be present in various samples in the environment. Therefore, the detection and
removal of their quantities present in the various samples is of supreme importance in
monitoring environmental quality. The determination of these HMs is not possible through
sight, smell, or taste; highly selective and sensitive techniques are required for their
detection from the various samples of air, food, water, soil, etc. (Bansod, B., et al., 2017;

Mudila, H., et al., 2018)

1.2. Techniques for heavy metal detection: Different types of techniques are employed
for the determination of these heavy metal contaminants from various sources. These
include spectroscopic, optical, and electrochemical techniques, each having its own

benefits and limitations.

1.2.1. Spectroscopic techniques: A large number of spectroscopic methods like
Inductively coupled plasma mass spectroscopy (ICP-MS), Neutron activation analysis
(NAA), X-ray Fluorescence Spectrometry (XRF), etc. are used for the
detection/determination of HMs from various intricate mediums present in the
environments (Bansod, B., et al., 2017). These analytical techniques are fast operating,
sensitive, and highly selective, and used for the determination of a variety of trace and
ultra-trace elements with low detection limits, having good accuracy, and with a minimum
level of interference from other elements present in the sample. Although these techniques
are convenient, have broad applications, but have a high cost and a complex operating
system, which requires an expert to operate. Due to the heavy operating system used in
these techniques, these are not carried to the field for analysis purposes. For the analysis
of multiple elements, these techniques require changing the light source and coupling with

other chromatographic techniques for quantitative analysis. These techniques require the



sample to be pre-transformed into a solution, and the risk of sample storage and handling

increases. (Jin, M., et al., 2020)

1.2.2. Optical technique (Spectrophotometric measurements) is also used for the
determination of heavy metal ions. These techniques are also not the most reliable for in-
field applications because of their multipart equipment, including photodetectors, lasers,
and high power required for their operations, and the high cost of the equipment. All these

require extra care and precision for their operation in the determination of heavy metals.

1.2.3. Electrochemical techniques: as compared to other techniques employed for heavy
metal detection, they are simple, reliable, low-cost, suitable for short analytical time for in-
situ and on-line measurements, and hence are employed largely in the area of research. A
large number of techniques are available for the determination of HMs. Some of these
techniques involve Cyclic voltammetry (CV), Differential pulse anodic stripping
voltammetry (DPASV), Linear sweep voltammetry (LSV), and square wave anodic
stripping voltammetry (SWASV). These techniques require a simple procedure, in which
the contaminated samples of interest to be monitored are fabricated even on small circuits.
Although electrochemical methods are the most reliable and are being used by researchers,
these methods also have some drawbacks. These methods have poor sensitivity, lower
value of the limit of detection (LOD), and poor reproducibility and stability; therefore are
not useful in the detection/determination of HMs in real samples and complex matrices.
Due to the interference of some materials like quantum dots and mercury, these methods
require consideration before they are applied to Heavy metals in real water samples and
other environmental spheres. The LOD and sensitivity of these techniques are enhanced by
the fabrication of different sensing electrodes with these techniques. (Bansod, B., et

al.,2017; Ramalechume, C., et al.,2020)

The instrument/cell employed for the detection of heavy metals electrochemically consists
of three electrode systems i. The reference electrode (RE), ii. Working electrode (WE),
and iii. Counter electrode (CE). Fig. 1.



Figure 1: Typical representation of an electrochemical cell

All three electrodes are placed in an electrolytic cell containing an electrolytic solution.
The surface of the WE is modified with different materials to provide a better surface area
for HM ions. During the operation of the cell, oxidation or reduction of HM by the loss or
gain of electrons takes place on the surface of the working electrode. As a result, the current
flows between WE and the CE, and the relationship between the concentration/amount of
HM ions and the current is obtained. A high input impedance device is used to measure the
potential between WE and RE and to stop the reversal of current from the working

electrode. (Bansod, B., et al., 2017; WU, Q., et al., 2021).

The results obtained during the electrochemical process largely depend on the
category of electrode employed as the WE. The limitations of bare electrodes, like slow
charge transfer kinetics, low selectivity and sensitivity, overpotential for surface reactions,
and poor current signal in the electrochemical process, render their applicability in sensing.
To overcome these limitations, researchers are exploring various binding materials on the
surface of bare electrodes to increase their sensitivity and selectivity. Various methods like
drop-casting, electro-polymerization, doping, and chemical layer-by-layer methods are
employed to modify the conventional electrode surface. A variety of materials, ranging

from conducting polymers, carbon-based materials, and transition metal oxides etc., have



been employed by the researcher to enhance the electrochemical activity of the unmodified

electrode. (Islam, S., et al.,2021; WU, Q., et al.,2021)

1.3. Conducting Polymers (CPs): CPs are also named synthetic metals because of their
similarities in properties (electrical and electrochemical) with traditional semiconductors
and metals. The addition/removal of electrons from the n-bonded polymer results in the
generation of charge carriers, promoting the charge transfer reactions. The conductivity
can be improved by many factors, like alteration in temperature, doping, etc. CPs are used
in the applicable field of capacitors, actuators, sensors, biosensors, etc. (Le, T.H., et al.,
2017). Conducting polymers like Polypyrrole (PPY), Polyaniline (PANI), Polyacetylene
(PACE), Polythiophene (PTH), etc. have specific properties viz. physical, mechanical,
chemical, electrical, environmental stability, low cost, easy formation (via chemical or
electrochemical processes), tunable charge transfer ability (via copolymerization or
structural derivations), and adaptability which make them suitable to be used for different

application including sensors (Bai, H., and Shi, G., 2007).

1.3.1. Polypyrrole (PPY): PPY, likewise other CPs, has a conjugated system of n-electron
cloud that can be prepared by an oxidative polymerization process by deposition at the
electrode surface chemically or electrochemically. PPY is considered an important CP due
to its good electrical/electrochemical properties, better stability to exist in the environment
in ambient conditions, and lesser toxicological harms. Likewise, other CPs PPY can also
conduct electricity owing to their conjugated system and thus find their explicit
technological application in supercapacitors, corrosion inhibition, light-weight batteries,
EMI shielding, and a variety of sensors. (Kumar A., et al., 2020). PPY, because of its low
cost, high conductivity, and ease of preparation, acts as a reliable material for the
fabrication of electrochemical sensors. Numerous research works on PPY (and
functionalized PPY') show that it is used for the sensing of large numbers of heavy metals.
PPY exhibits a high electrical conductivity of 10> S/cm (comparable to In and Sn). PPY
(bound with epoxy, Opuntia Ficus Extract) based heavy metal sensor has been employed
for the determination of HMs (Pb%", Cd**, Cu**, and Zn?" ions). (Quintana, H., et al.,

2013). Conductive PPY NPs were successfully synthesized using CQAS (chitosan
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quaternary ammonium groups) and LSN (lignosulfonate) as dispersants. A PPY NPs-
modified on GCE was designed as an electrode material, enabling highly sensitive
detection/determination of Pb?" with a low LOD of 0.055 umolL" in the concentration
range of 0.1-50 pmolL™' (Xu, T., et al., 2020). PPY coated with Sulphur-containing
carboxy methyl ion-imprinted polymers (S-1IPs) modified on GCE was used for the
detection of Hg?" in water using SWASV. The developed sensor has a LOD of 0.1 ugL™!
within the concentration range of 20-800 ugL! for Hg** ions. (Velempini, T.,et al., 2018)

Both the performance and properties of PPY, like other CPs, are enhanced with the
introduction of nano dimensions to it and hence are of significant importance in diverse
fields of research. PPY nanomaterials have increased surface area as compared to simple
PPY and hence are a potent component for the fabrication of various sensing materials used
in the detection of heavy metals and other analytes. (Harlin, A., and Ferenets, M., 2006).
New developments in the fields of nanotechnology and nanoscience have been achieved
over the last few years by the combination of different carbon nanomaterials (graphene,
CNTs, carbon nanofillers, etc.). These carbon nanomaterials are combined with PPY and
are employed as sensing materials in diverse fields. Due to the enlarged surface area and
large penetration depth of these nanostructured PPY, they facilitate the diffusion of the
analyte to a much greater extent. The use of these nanostructured PPY also results in the
improvement of the detection limits. Nanostructured PPY used as sensing material
includes nanowires, nanofibers, nanotubes, etc. (Fourati, N., et al., 2016; Oularbi, L., et
al.,2017). Some unique and advantageous physical, chemical, and electronic properties of
PPY and its composites with Graphene, MWCNTs, metal, metal oxide NPs, etc., allow it
to be a potent material in electrochemical sensing of HMs present in various samples.
(Naveen, M. H., et al., 2017). A PPY/rGO hydrogel composite was employed by (Suvina.,
V., et al., 2018) for the sensing of HMs (Hg?*, Cu?" Cd**, and Pb*"). The sensor shows the
detection limits much lower than the limits given by the WHO and other polymer-based
heavy metal sensors. From their studies, they concluded that the high surface area (21.48
m? g!) and increased pore volume of PPY/rGO hydrogel composite result in the

accumulation of large metal ions on its surface and hence enhance the sensitivity of the



material for HMs sensing. A low LOD (0.3 nM) for Pb?** metal ions was reported in their
studies. An ion-imprinted polypyrrole (IIP) and reduced graphene oxide (IIP/rGO) based
binary composite was employed by (Hu, S., et al., 2019) to detect Cd*" in water. The
increased surface area of (IIP/rGO) results in the fast electron transfer kinetics among Cd>*
and the electrode surface. A LOD of 0.26 ug/L was reported for the trace level of Cd*"in
water samples. A rapid, sensitive, and selective electrochemical sensor for Pb?* ions
detection was fabricated by (Rong., R., et al., 2017) employing PPY/rGO nanocomposite.
Because of its polyporous structure, and ease of synthesis, the sensor renders decent
reproducibility, selectivity, and long-term stability it acts as a potent material for the
determination of Pb** ions. The result of Pb?* on the PPY/rGO modified electrode was
linear, with a LOD of 4.7x 10"!! mol/L. (Zhuang., Y., et al., 2018) reported a high
electrochemical response for Hg?" using PPY/rGO/ZnO composite with an interference
barrier. The physical barrier acts as a shield for the electroactive material and as a driving
force for electrochemical detection with outstanding anti-interference capacity because of
the Schottky barrier. Differential pulse voltammetry (DPV) was used for detecting the Hg>"
electrochemical behavior with varying concentrations, and a sensitive and high response
was obtained with a change in the concentration of Hg?" using PPY/rGO/ZnO composite

in comparison to the PPY/rGO and PPY/ ZnO composites under the same conditions.

Likewise, the detection of heavy metals involves various detection technique,
numerous methods have also been employed for the removal of HMs ions from aqueous
sources. These methods include adsorption, membrane filtration, ion exchange,
electrodeposition, coagulation—flocculation, and chemical precipitation. Each method has
its own mechanism, benefits, and loopholes compared to others. Among the various
treatment methods for HM—contaminated effluents, adsorption and ion reduction emerge

as the two most prominent mechanisms.

Adsorption-based technologies are extensively applied in environmental
remediation to mitigate industrial pollution, particularly in the purification of wastewater,
potable water, and other aqueous effluents. Fundamentally, adsorption is a surface-driven

phenomenon in which HM ions or atoms interact through physical or chemical forces with
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the surface of the adsorbent. Surface atoms possess higher energy than those within the
bulk material because they are not fully coordinated by neighboring atoms, thereby
facilitating adsorption. The process becomes more pronounced as the number of active
sites on the adsorbent surface increases. Consequently, a thin layer of adsorbate is formed
over the active surface of the adsorbent. The key advantages of this technique include its
simple operation, versatility, time efficiency, and cost-effectiveness (depending on the
adsorbent used). Additionally, the adsorbent can often be recovered and reused for multiple
cycles, while maintaining a high capacity for capturing heavy metal ions. (Yadav, V. B.,

et al 2019; Sosa Lissarrague, M. H., et al, 2023).

1307 Gl (adsorbed)

PPY/GO/MO

Figure 2: Adsorption of HM ion on the surface of composite materials

In this work, the adsorbent used for removing Pb?* metal ions from aqueous sources is the
ternary composite of PPY/GO/ZnO and PPY/GO/MnO,. The presence of PPY, GO, and
TMOs (ZnO and MnO,) leads to the synergistic effect in the ternary composite. the
improved structural framework, enhanced surface area, conductivity, and redox behavior
of the composite material facilitate the adsorption and fast adsorption kinetics on its
surface. The improved surface area and the presence of different oxygen functionalities in
the ternary composite result in the adsorption of Pb** ions from the aqueous sources

through Electrostatic attractions, surface complexation, - stacking etc.
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Though a number of materials had been used for effective determination and
decontamination of aqueous sources from a variety of heavy metals, but still a significant
material with maximum efficiency and minimum hazard is to be searched. Researchers
employed various types of materials for the same (as mentioned in the previous section),
individual, binary, and ternary components with their certain benefits, which had been
considered. However, most of them are set back with limited efficiency, high cost,
environmental hazards, and time-consuming, so a more perfect material is to be sought. In
this direction, we proposed a ternary material of PPY/Graphene/TMO for effectively
detecting these heavy metals from water wastes. This proposed material will have the
essence of all three components, which have their benefits and can overcome certain

loopholes.

1.4. Objectives of the research work

The specific objectives of the research topic are

1. Preparation of polypyrrole, and Graphene oxide/Graphene using graphite

2. Fabrication of Polypyrrole (PPY) based ternary nanocomposites using transition metal
oxides (TMO) and Graphene oxide /graphene in varying concentrations

3. Detection and removal of heavy metals with electrochemical techniques using

Polypyrrole based nanocomposites
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CHAPTER 2 LITERATURE REVIEW

2.1. Conducting polymers (CPs) and CP-based materials for heavy metal sensing: In
contrast to conventional organic polymers, conducting or conjugated polymers are a new
class of materials with fewer monomer units. Conducting polymers consist of alternate
single and double bonds in which the delocalization of the n-bonds results in the generation
of a variety of charge carriers, like bipolarons, solitons, polarons, etc. The exceptional
physical properties of conducting polymers, largely dependent on their size and length,
include low cost and lightweight, corrosion resistance, and exceptional optical, electrical,
mechanical, and conducting properties. Some of the CPs include polypyrrole (PPY),
polyaniline (PANI), poly(para-phenylene) (PPP), polyacetylene (PA), polythiophene
(PTH), etc. (Naveen, M. H., et al., 2017; K, N., and Rout, C. S., 2021)

PPY, likewise, other CPs have a conjugated system of m-electron cloud that can be
prepared by an oxidative polymerization process by deposition at the electrode surface,
chemically or electrochemically, both involving electron transfer. The chemical oxidative
method is most frequently preferred to the electrochemical method because of the better
structural feature and higher mass of the resulting polymer. (Fourati, N., et al., 2016). The
effect of oxidants (ferric chloride and ammonium persulfate) on the morphology of PPY
and hence on the conductivity and stability was studied by (Yussuf, A., et al., 2018). The
conductivity of PPY synthesized using ferric chloride as an oxidant is higher than that of
ammonium persulfate. This enhancement in conductivity may be ascribed to the difference
in structures and the mode of interaction of oxidants with monomer pyrrole during PPY
synthesis. The stability, melting point, glass transition temperature, etc., of the PPY are

also influenced by the ratio of monomer to oxidant.

PPY is considered an important CP due to its good electrical/electrochemical
properties, better stability to exist in the environment in ambient conditions, and lesser
toxicological harms. The mechanical properties, processability, and other physiological
characteristics of PPY can be enhanced by amalgamating it with other CPs or by forming

copolymers of PPY. These PPY-based composites/nanocomposites possess electrical

12



properties similar to those of metals or semiconductors and thus have found their
application in diverse fields. PPY, because of its great conductivity, cost effectiveness, and
simple preparation, acts as a reliable material for the fabrication/generation of
electrochemical sensors. Many studies on the PPY (and functionalized PPY) show that it
is used for the detection of large numbers of heavy metals from various sources (Harlin,
A., and Ferenets, M., 2006; Yussuf, A., et al., 2018). Despite numerous advantages of
PPY structural degradation, like agglomeration of such materials during the
charging/discharging process can seriously disrupt the cyclability and rate capability
performance of PPY towards the sensing of HMs. To overcome these limitations, certain
materials like carbonaceous-based and metal nanoparticles have been used by the
researcher in combination with the PPY to improve the stability and the electrochemical
performance of the employed modified electrodes toward the detection of HMs (Cui, L.,

et al., 2015).

Graphene oxide (GO), a 2D carbonaceous material synthesized from graphite,
results in a layered structure having oxygen functionalities (carbonyl, carboxyl, epoxide,
and hydroxyl groups, etc.) present on its edges as well as on the basal planes. These oxygen
functionalities on the surface of GO act as an active center for the redox reactions to take
place and binding sites for its surface modifications making it a potent material to detect
the presence of analytes in various samples and for surface modifications of electrodes
(Chang, J., et al., 2014; Islam, S., et al.,2021). With certain remarkable properties (high
surface area, mechanical stiffness, etc.,) GO is an excellent material for developing high-
performance platforms across various applications. However, its tendency to restack and
irreversibly agglomerate—driven by n-m interactions and weak physical forces—can lead
to the formation of graphite. To enhance graphene’s sensing capabilities and mitigate this
aggregation, surface functionalization or the incorporation of other components is
necessary. (Akhtar, M., et al., 2020). Integrating graphene oxide (GO) with other
components, like conducting polymers (CPs) and metal oxides (TMOs), enhances its

electrochemical performance. This improvement is due to a synergistic effect that stabilizes

13



the structure, reduces the ion diffusion path, and facilitates rapid electron transport on their

surface. (Ghanbari, K., and Bonyadi, S.,2018).

TMOs are the most important class of materials that have found their potential in
various areas, including their use as adsorbent for the removal of heavy metals pollutants
from various sources. TMOs have certain remarkable properties that enable them to find
wide applications in electrochemical sensing, electrode materials in metal ion batteries, etc.
The roughened surface and small size (nanoscale) of these TMOs allows them to modify a
variety of electrodes and in the determinations of various analytes electrochemically. A
wide area of bio and electrochemical sensing, catalysis, etc., is enhanced by the use of these
TMOs because of their fast electron kinetics. The better sensitivity and selectivity in
enhancing catalytic activity depend on the morphological shapes of TMOs (Agnihotri, A.
S., et al., 2021; Seisenbaeva, G. A., et al., 2014).

2.2. PPY as Sensing Material: Oularbi, L., et al., (2017) developed a nanocomposite of
PPY and carbon nanofibers (CNF) modified on the carbon paste electrode (CPE)
(PPY/CNF/CPE) for determining Pb?*. The unique properties of both PPY and CNF were
fabricated on the surface of CPE by dispersion of functionalized CNFs and electro-
polymerization of PPY using galvanostatic mode. The electro-polymerization of the PPY
on CPE and CNF/CPE was carried out using CV in LiClO4 (0.25 M) electrolyte at 0.05 V/s
scan rate. Well-defined redox peaks in PPY/CPE and PPY/CNF/CPE were obtained. The
enhancement of the redox peaks and decreased peak separation in PPY/CNF/CPE
compared to PPY/CPE were reported, which is attributed to the presence of CNF that
improves the electron transfer ability of the PPY in the composite. The interfacial behavior
of the respective electrode material was further studied using EIS studies. In the case of
PPY/CNF/CPE the charge transfer resistance is found to be lower as compared to the CPE,
CNF/CPE, and PPY/CNF electrode which is credited to the synergetic influence of both
CNF and PPY that facilitates the fast electron transfer reaction of [Fe(CN)6] >/ SWASV
was employed for the Pb 2 detection in acetate buffer having acidic pH (4.5). An anodic
stripping peak with enlarged intensity due to the oxidation of Pb to Pb?" ion was

encountered on the modified electrode (PPY/CNF/CPE). The improved intensity of

14



stripping peak value on PPY/CNF/CPE compared to the other electrodes resulted from the
improved/enhanced surface area, decent electrical conductivity, and the chelating effect of

PPY for Pb in the composite material. A LOD of 0.05 ugL™" for the Pb?* ions was reported.

Zhang, H., et al. (2023). developed a PPY functionalized by phytic acid (PA/PPY)
electrode fabricated on SPCE for the electrochemical sensing of Pb?" ion using Differential
pulse anodic stripping voltammetry (DPASV) within the concentration range of 10 to 600
nM. The sensor (PA/PPY/SPCE) exhibits decent stability with a relative standard deviation
(RSD) of 3.1%, repeatability RSD of < 2%, and a low LOD of 0.43 nM, demonstrating
exceptional detection capabilities. Additionally, the sensor has a high recovery rate (>93%)
and exhibits promising findings in the sensing of Pb*" ions in water samples. Lo, M., et
al., (2018) employed PPY bonded with benzene sulfonic acid (BSA) modified with
aminobenzenediazonium-based ITO electrode (PPY/ ITO-AP) for the determination of
HMs (viz., Cd**, Cu**, and Pb**) by DPV. LODs of 0.99, 8.95, and 11.6 nM Pb**, Cd*"
and Cu*" were reported, which are lower than the reported by WHO. The electrode film
shows greater selectivity with distinguishable and remarkable peaks of interfering metal
ions at same and different concentrations. Diazonium salt plays a key role in sticking PPY
films to the ITO’s surface, thus constructing the electrode (PPY/ ITO-AP) useful for the

sensing of HMs in an aqueous medium.

Wanekaya, A., and Sadik, O. A., (2002) prepared an overoxidized Polypyrrole
(OPPY) doped with 2(2-pyridylazo) chromotropic acid anion (PACh?) electrode for the
sensing of Pb*" ion using the DPASV technique. Comparative CV studies were performed
in the presence of Pb** ions using PPY/PACh* and OPPY/PACh? electrodes.
Voltammograms reveal that OPPY/ PACh? electrode shows well-defined and sharp peaks
of Pb*" ion compared to PPY/ PACh*. This may be occurring because of the strong
complexing tendency of the HM ions with the anion PACh? and the elimination of the
background as observed in the case of the PPY/ PACh?" electrode. well-defined stripping
peaks with a LOD of 10 ng/ml for Pb?>" ion on OPPY/ PACh?" electrode were reported
using DPASV measurements. The results of both measurements (CV and DPASV) for the

sensing of Pb*" ion using PACh? based electrode are in agreement with each other. The
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electrochemical response of the Pb?>" ion on PPY doped with iminodiacetic acid (IDA)
modified on CPE has been studied by Joseph, A., et al., (2014) using DPASV. CPE/PPY-
IDA modified electrode shows better electrochemical response for the sensing of Pb>" ion
compared to the bare CPE electrode. This occurs as a result of the binding of Pb* ions to
the surface of PPY-IDA containing carboxyl groups, thus leading towards the
accumulation of a large number of metal ions on its surface, resulting in a higher peak
response when compared to the bare electrode. The stripping peak response for other
divalent metal ions (Zn**, Cd?", Co**, Hg*", Ni**, and Cu?") was also studied within the
working concentration of Pb** (1 x 107 M or less). Studies show that only Cu*" and Cd**
show stripping behavior at this concentration. The stability constant of Cu®* is higher
compared to Cd*" also the response of Pb?* is lower than both Cu?*" and Cd** ions. The
sensitivity of the CPE/PPY-IDA electrode material is also influenced due to foreign metal
ions. Studies show that the current response of the Pb?" ion reduces in presence of 1 x 107
M interference metal ion (Cu?" and Cd*") whereas in the presence of Hg?* ion response
increases compared to that of an individual Pb>" stripping response in the absence of
interfering ions. CPE/ PPY-IDA electrode shows a good correlation for the sensing of Pb?*
ion within the range of 1 x 10® M to 5 x 1072 M with LOD 0f 9.6 x 10™° M.

EIS studies were carried out to study the reaction kinetics at the electrode and the
solution interface. The results depict that the rate of electron transfer at GCE/PPY is higher
than at GCE/PPY/S-IIPs. The higher charge transfer resistance of GCE/PPY/S-IIPs is due
to the presence of non-conductive S-IIP that slows the rate of the electron-transfer process
in the composite material. The peak current response for the detection of Hg** using
SWASYV for the electrode material (GCE/PPY/S-IIPs) is higher as compared to the other
electrodes which may be result of strong binding of metal ions (Hg?") with the nitrogen of
PPY and the presence of higher number of active sites for the deposition of Hg?* on the
GCE/PPY/S-1IPs surface. Velempini, T., et al. (2018) reported a LOD of 0.1 pugL™! for
Hg?"ion using GCE/PPY/S-IIPs which is less compared to those reported by WHO (1 pugL-
Y and EPA (pgL™).
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The electrochemical performance of the PPY Multiwalled carbon nanotube
(MWCNT) modified on a gold (Au) electrode was analyzed using CV, showing a higher
current response for PPY/MWCNT as compared to PPY/Au and Bare Au electrodes. This
enhancement is because of the improved surface area available post-modification of the
electrode (Au) with PPY/MWCNT allowing smooth transfer of electrons between Fe(CN)s
3-/* and the electrode material. A higher peak current response for the detection of Pb*" at
low concentration on PPY/MWCNT was observed in comparison to the bare Au electrode,
which may be attributed to the strong affinity of MWCNT towards Pb?* ions. A LOD of

0.65 pugL-! for Pb?" was reported by Zhu, X., et al., (2017) in their studies.

2.3. Binary Composites as sensing materials: While individual materials often exhibit
limitations in selectivity and sensitivity, the synergy between conducting polymers and
other materials (Carbonaceous and non-carbonaceous) has demonstrated significant
improvements in electrochemical performance. The enhanced catalytic activity,
conductivity, rapid electron transfer kinetics, large surface area, and high sensitivity of
these composites make them promising candidates for water quality monitoring (Diedhiou,

L., et al., 2023)

2.3.1. PPY-based Binary Composites: Smarzewska, S., and Ciesielski, W., (2014)
developed a GO/CPE electrode, for the detection of Pb?" ions in real water samples. Due
to the greater stability, reproducibility, and other promising properties of the electrode, it
is employed for lead determination. The peak current values (maximum current value) of
Pb?*ions on the surface of GO/CPE are higher than those on the bare CPE, which is
ascribed to the increased conductivity, surface area, and strong affinity for the metal ion,
allowing fast reaction kinetics. A LOD of 2.18x 107® mol L™ was reported. Seenivasan,
R., et al., (2015) employed cysteine-functionalized graphene oxide (sGO)/PPY composite
to detect and remove Pb?* ions in aqueous solution using DPV. The current value of the
redox peaks in GO is less compared to PPY because of the presence of oxygen
functionalities on GO surface, which hindered the electron transfer process. The
enhancement in the peak current of the Pb?* ion on the (sGO)/PPY electrode compared to

that of individual PPY and GO electrodes improved conductivity and surface area
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facilitating fast electron transfer on the surface of the electrode. The sensor had a

measurable detection limit of 0.07 ppb, below the WHO’s 10 ppb threshold.

Cd** sensing using three-dimensional porous PGO/PPY was developed by Song,
Y., et al., (2019) for environmental applications. The sensing of Cd** on the PGO/PPY
electrode was performed using SWSV and DPSV techniques. Both techniques follow the
same procedure that involves the accumulation of Cd on the electrode’s surface at a
potential of -1.1 V in 0.1M acetate buffer, followed by oxidation to the metal ions by
sweeping in the potential range of -1.1 V to -0.5 V. The results show a better sensitivity
and stable deviation for the Cd?* detection in the case of DPSV compared to the SWSV
technique. The sensor demonstrated a LOD of 0.05 pgL~!, lower than the WHO standard
limit, and was suitable for tap, pond, and river water, minimizing electroactive ions. Dai,
H., et al., (2016) introduced an electrochemical sensor for determining HMs ions (Cd*",
and Pd*") on a PPY functionalized with phytic acid (PA) and GO-modified electrode
(PA/PPY/GO). The sensor, which measured Pd** and Cd>" with a working range of 5-150
ngL™!, showed an appreciable electrochemical conductivity with a significant increase in
peak current when compared to other modified electrodes (PPY/GO and PA/GO). The peak
current values obtained using the DPV technique show that current intensity is proportional
to the amount/concentration of Pd*" and Cd*" ions and the obtained LODs for these metal

ions are 0.41 pgL ' and 2.13 pgL ™"

Suvina, V., et al., (2018) reported a LOD of 0.3 nM for Pb>" ions which is lower
than reported by WHO using PPY/rGO hydrogel composite material. The increase in
surface area (21.48 m?/g) and pore volume of the composite material, as compared to the
PPY (5.89 m?/g) enhances the interaction of HM ions with the composite material. This
increased area in the PPY/rGO binary composite by the presence of rGO on the PPY’s
surface facilitates efficient adsorption and detection of metal ions, leading to enhanced
sensitivity of the electrode for Pb** ions. An electrochemical sensor made of ion-imprinted
PPY and rGO modified on GCE (IIP/rGO/GCE) was developed by Hu, S., et al., (2019)
for the trace-level determination of Cd** in water. SWASV technique was applied for the

determination of Cd**, showing a substantial difference in the Cd** peak current variation
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between [IP/rGO/ GCE and NIP/rGO/GCE electrodes. A sharp and higher peak current of
Cd?" in the case of IIP/rGO/GCE is observed. This is due to the enhanced strong binding
affinity of Cd>" ions on the surface of IIP/rGO/GCE which has now enhanced surface area.
The electrode material shows greater stability reproducibility and a LOD of 0.26 ugL™

within the concentration range of 1- 100 pgL .

Li, S., et al., (2012) synthesized the PPY/GO composite for the removal of Cr*®
from the aqueous solutions. The removal efficiency of Cr*® ion by PPY/GO is 5.644
mmol/g and the individual PPY electrode is 2.715 mmol/g, which is two times less
compared to the binary composite. The improved surface area (84.8 m?/g) of the composite
material compared to PPY (41.3 m?%/g) creates more adsorption sites on the surface of
PPY/GO composite that enhances its removal efficiency. The removal efficiency of the
Cr*¢ ion also depends on the initial concentration of the metal ion. The binary composite
shows higher percentage removal (adsorption efficiency) for Cr*® ion at concentrations of
0.38 mmolL"' and its removal percentage decreases at a concentration of 1.97 mmolL .
This may be due to a decrease in the number of active sites on the surface of the composite
material at higher concentrations. Rong, R., et al., (2017) developed a PPy/rGO
nanocomposite electrode material for the rapid, selective, and sensitive Pb?* detection. A
highly linear response of Pb?* on the nanocomposite-modified electrode (PPY/GO) with a
LOD of 4.7x 107! molL"! was encountered.

Palanisamy, S., et al.,, (2017)., designed a PPY decorated with graphene/f-
cyclodextrin (PPY /Gr/CD) modified on SPCE electrode for the detection of Hg?" in water.
A sharp anodic peak due to the oxidation of Hg” to Hg?* with enhanced current value was
observed in the case of the composite as compared to the electrodes of PPY, Gr/CD, and
Gr. The formation of a stable complex of Hg?* by binding with the nitrogen of PPY and
the Gr-CD’s enhanced surface area, which provides more number of active sites for Hg*
adsorption in PPY /Gr/CD composite, ensuing a rapid electron transfer kinetics and
improving the sensitivity for Hg>" sensing. A low detection limit of 0.47 nM L™ for Hg*"
ions was reported, which is lower than that reported by WHO and USEPA). An
electrochemical sensor constructed with PPY, pectin, Gr (PPy/Pct/Gr) for Hg*" ions
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determination in femtomolar concentration was developed by Arulraj, A.D., et al., (2016).
The electrode achieved a sensitivity of 28.64 pA uM™! and a LOD of 4 fM, nearly 6 orders

of magnitude lower than the recommended concentration in drinking water.

2.3.2. TMOs-based binary electrode material: The electrochemical behavior of the
prepared electrodes rGO, rGO/ZnO, and Co/ rGO/ZnO was studied using CV. The current
values of the prepared electrodes follow the sequence as GO < rGO/ZnO < Co/rGO/ZnO
suggesting the better electrochemical response of the latter electrode. This may be
attributed to the incorporation of Co in the composite that facilitates the faster diffusion of
ions between electrode and electrolyte. Distinct and sharp anodic stripping peaks of HMs
(Cd*" and Pb*") with increased current values compared to other electrodes were observed
using DPV. LODs of 0.94 pgL™! for Cd*" and 0.83 pgL ! for Pb?" within the concentration
range of 10 - 90 pgL™! were reported using Co/ZnO/rGO electrode were reported by
Karthik, R., and Thambidurai, S., (2017). The improved selectivity and sensitivity of
the Co/ZnO/rGO electrode is due to the reduction in the band gap resulting after the
formation of a fused alloy of ZnO when doped with cobalt ion.

ZnO/ polyvinyl alcohol (PVA) nanocomposite incorporated with Graphene was
employed for the detection of Cd** ions. The conductivity of ZnO/PVA/Gr composite was
found to be higher than ZnO/PVA composite, which may be the result of the synergetic
effect of both polymer and Gr that provides a conductive network and increased surface
area for charge storage and its transportation. Furthermore, the photocatalytic properties of
the ZnO/PVA/Graphene composite were also enhanced, which may be ascribed to the
interaction between ZnO and graphene resulting in the reduction of band energy in
modified ZnO compared to that of pure ZnO that improves the absorption of the composite
material. A enhanced current response than the ZnO/PVA composite, LOD of 9.88 ppm,
and accuracy in the range of 0 to 80 ppm for the Cd** ions using ZnO/PVA/Gr composite
was reported by Ismardi, A., et al., (2024). They reported that the presence of -OH group
on the surface of ZnO firstly provides the negative surface in the case of ZnO/PVA/Gr,

then acts as the binding site for the positively charged metal ion from the.
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Yukird, J., et al., (2018) synthesized a ZnO/Gr composite for the simultaneous
detection of HMs ions (Pb?" and Cd?") using an ASV technique. ZnO was prepared from
zinc acetate by the decomposition method, and then it was employed for the preparation of
ZnO/Gr composite by a colloidal coagulation effect at room temperature. The stripping
peak current values for both metal ions increase with the increase in the amount of Gr (10-
20%), and above 20% it decreases, which is due to the agglomeration of Gr sheets.
Similarly, the electrochemical response of the ZnO/Gr firstly increases with the
concentration of the suspension (1 - 2 mg/mL). Then it declines with an increase in the
concentration (> 2 mg/mL) of the suspension. A LOD of 0.8 and 0.6 ugL™" for Pb** and

Cd*" respectively, within the 10-100 pgL~! concentration range was reported.

A GCE modified with MnO; and GO (MnO>/GO/GCE) was reported by Sun, H.,
et al., (2019) for the effective detection of HMs (Cu®* and Pb*") ions in the water. The
structural and morphological studies show the uniformity of MnO on the surface of GO
in the composite. The electrochemical response of the working electrodes was analyzed
using techniques like EIS and CV. The resistance to charge transfer in the case of bare
GCE and MnO2/GCE is higher compared to that of MnO,/GO/GCE. The higher charge
transfer resistance in MnO»/GCE is due to the low conductivity of MnO>, thus hindering
the smooth transfer of electrons. The surface area as well as the conductivity of
MnO>/GO/GCE is improved by the incorporation of GO, which acts as a carrier facilitating
the fast transfer of electrons, resulting in higher redox peaks when compared to the GCE
and MnO,/GCE electrodes. The detection of both Cu?* and Pb** metal ions on
MnO,/GO/GCE was studied using the SWASYV technique. The stripping peak currents for
Cu**and Pb*" (-0.07 V and -0.56 V) increase with an increase in the concentration of these
metal ions. The synergetic effect of GO and MnO> in the composite material provides a
porous surface for the adsorption and improves the conductivity, this enhances the overall
electrochemical performance of the electrode for the determination of HM ions. The
prepared electrode showed greater stability, repeatability, and anti-interference properties
with LOD of 19 nM and 17 nM for Pb?>" and Cu?" within the concentration range of 0.05
uM to 1 uM.
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MnO; nanoflower after surface modification with the oxygen functionalities and
phosphate ions (PO4)* (p- MnO2) was employed by Liao, J., et al., (2021) for the detection
of Pb?* ion using the SWASYV technique. The electrochemical performance of the MnO»
and surface-modified p-MnO> on the GCE was studied using EIS and CV. The results show
that p-MnO> based electrode shows higher electrochemical performance compared to un-
modified MnO>. This may be ascribed to the increased conductivity and specific surface
area of the p-MnO; electrode allowing the fast redox process to take place on its surface
thus enhancing the redox peaks current values compared to the MnO: electrode. The results
of their studies show that the p-MnO; electrode has a sensitivity that is 2 times and lower
LOD compared to that of a better MnO»-based electrode. The presence of phosphite ion
(PO4)* binds to the metal ion and acts as a bridge for the redox process to take place on
the surface of the p-MnO: electrode. A inferior LOD of 0.0012 pM compared to the LOD
of 0.025 for the MnO; electrode within the concentration range of 0.2 to 1.4 was reported
for p-MnO>. The p-MnO: electrode shows greater stability and reproducibility, offering a

promising strategy in diverse applications.

The electrochemical determination of Pb*, Zn?*, and Cd?**, along with their interference
studies with each other, was studied on the different morphologies (MnO2z/nanoparticle,
MnQO>/nano bowls, and MnO»/ nanotube) of MnO»-based nanocrystals by Zhang, Q.X., et
al., (2015). The individual peak current response of all these metal ions (Pb*, Zn**, and
Cd*") varies linearly with the concentration of respective metal ions on different MnO»-
based electrode materials in the absence of any interfering metal ions. The stripping peak
behavior of Cd*" ions within the concentration range (0.1 to 1.6 pM) in the presence of
Zn?" (2.0 uM) as an interfering ion was studied on different MnO>. based modified
electrodes (MnOaz/nanoparticles/Bi MnOz/nano bowl/Bi and MnO»/nanotubes/Bi). The
Cd?" peak current response increases linearly with concentration in the presence of 2.0 uM
as an interfering ion. However, the stripping current of Zn?* ion firstly increases and then
becomes saturated with an increase in the concentration of Cd*" ion. The increase in the
current response of Zn>* is due to the development of a favorable Cd film and Cd-Zn

intermetallic compound, whereas at high concentration of Cd** ion surface saturation of
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the Cd film takes place which levels off the stripping peak of Zn** ion. The sensitivity of
Cd?" ion detection in the presence of Zn?" as the interference ion is 29.73, 26.28, 23.46 pA
uM?' and 18.05 18.69, 1236 pA pM™' in the absence of interference for
MnOz/nanoparticle/Bi MnOz/nano bowl/Bi and MnOxz/nanotubes/Bi electrodes. An
increase in the sensitivity values for Cd*" (in the presence of Zn>") shows the dependence
of Cd*" ion detection on the interference Zn?" ion because of the formation of favorable
intermetallic Cd-Zn film during the deposition step. Similar studies were carried out for
the detection of Zn?" ion in the presence of Cd*" ion (2.0 pM) on these three MnO,-based
modified electrodes. The stripping peak response of the interference Cd" ion increases and
then decreases with further addition of Zn** ion on the surface of both MnO»/nano bowl/Bi
and MnOo/nanotubes/Bi electrodes. However, the peak response on the surface of
MnO»/nanoparticles/Bi decreases with the addition of Cd*" metal ions. This behavior is
due to the competition between Cd*>* and Zn?" for the deposition (reduction) on the active
sites of the electrode surface. The sensitivity of 1.61, 4.20 and 2.50 pA uM™. for the
determination of Zn?* in the presence of Cd>" ion were reported on the three elctrodes
(MnOz/nanoparticle/Bi MnOz/nanobowl/Bi and MnOz/nanotubes/Bi electrodes). A similar
value of sensitivity 1.67, 5.17 and 2.56 pA pM!. for the determination of Zn** in absence
of Cd*" interference was reported showing the no effect of interference on the detection of

Zn*" metal ion on all the three-electrode material.

ZnO/ErGO-modified on GCE was developed by Luyen, N.D., et al., (2024) to
investigate the electrochemical behavior of HMs (Pb?" and Cd?"). They reported a LOD of
0.45 and 1.69 ppb for Pb>" and Cd?*. Stripping peak current values of both Pb?>" and Cd?*
largely depend on the volume of ZnO/ErGO added on the glassy carbon electrode. A 5 uL
volume of ZnO/ErGO on glassy carbon has been reported to be appropriate resulting in the
higher peak current values for Pb** and Cd*", respectively. When the suspension volume
is > 5 pL it results in the formation of an irregular distribution of GO layers that hinder the
electron transfer, which in turn reduces the conductivity as well as electron exchange

becomes difficult, resulting in a decrease of the stripping current.
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2.4. Ternary composite as sensing material

2.4.1. PPY-based Ternary Composites: Rehman, A.U., et al., (2018) employed a ternary
electrode material PPY/rGO/SnO> prepared in the ratio of 4:1 (PPY/rGO/SnO,) for
electrochemical determination of heavy metal ions. The synergetic effect between these
individual materials enhances the electrochemical response of the PPY/rGO/SnO; ternary
composite, making it a potent material for the sensing of HMs ions (Cd?*, Cu?**, Hg*" and
Pb?"). The electrochemical response of the individual (GCE, GO, SnO,) binary
(rGO/Sn0»), and the ternary (PPY/rGO/SnO;) was studied using cyclic voltammetry. The
redox peak current response of 5.1x10 A for GCE and SnO; electrodes is higher compared
to that of the GO electrode. Different oxygen functionalities on the surface of GO slow the
rate of electron transport on its surface. The binary composite (rGO/SnO») shows a higher
current response of 9.3x10 A. Compared to the individual electrode material. compared
to the individual as well as binary electrodes the ternary composite 5.1x10~> A shows higher
electrochemical performance with the current response of 1.14x10™* A. This is due to the
synergetic effect of PPY and GO/SnO: that provide the best electrocatalytic conduct and
the essential conduction gallery for electron transfer on the electrode surface, assisting the
fast electron transfer process at the electrode surface. The stripping peak analysis for the
sensing of Cd?*, Cu?", Hg*" and Pb*" metal ions was studied using SWASV measurements.
The (PPY/tGO/SnO;) electrode shows higher sensitivity, selectivity, and long-term
stability compared to that of individual and the binary composite for the sensing of these
metal ions. They reported a LOD of 7.5 x 10713, 8.3 x 10'%, 8.1 x 10> and 8.8 x 10°* M
for the Cd**, Cu**, Hg*" and Pb** metal ions within 0.5 to 3 uM concentration range on the

surface of the ternary electrode material.

Zhuang, Y., et al. (2018) reported a high electrochemical response for Hg>" using
ZnO/rGO/PPY composite with an interference barrier. The physical barrier acts as a shield
for the electroactive material and as a driving force for electrochemical detection with
outstanding anti-interference capacity because of the Schottky barrier. DPV was employed
for detecting the electrochemical behavior of Hg?** with varying concentrations and a

sensitive and high response was obtained with a change in the concentration of Hg?" using
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ZnO/rGO/PPY composite in comparison to the rGO/PPY and ZnO/PPY composites under
the same conditions. The developed sensors show a LOD of 1.9 nM within the

concentration range of 2 to 10 nM of Hg?" ion in actual seawater.

2.4.2. PANI-based electrode material: A novel PANI/Gr/polystyrene nanoporous fiber-
modified on screen-printed carbon electrode (SPCE) was developed by Promphet, N., et
al. (2014). The electrochemical characterization was achieved by CV measurements by
employing a conventional ferro/ferricyanide [Fe(CN)6]*"* redox pair. The results show a
threefold increase in sensitivity of (Gr/PANI/PS) over unmodified SPCE due to the
increased surface area of the Gr/PANI/PS nanoporous fibers. Pb** and Cd** were measured
simultaneously in the presence of Bi’" using SWASV. The results showed a linear
relationship between peak current and concentration of metal ion over the working range

of 10 — 500 ugL!, with LOD of 4.43 and 3.30 pgL! for Cd*" and Pb*", respectively.

Ruecha, N., et al. (2015) developed an electrochemical sensor for the simultaneous
detection of Pb?*, Cd**, and Zn?>" ions using a PANI /Gr nanocomposite electrode. The
material was deposited on filter paper and plastic films using drop-casting and
electrospraying deposition methods. The PANI/Gr nanocomposites exhibit high
electrochemical performance with an increase in anodic peak current value compared to
the unmodified electrode using the SWASYV technique. The modified electrode is also used
to select target metals in the presence of common metal interferences. A LOD of 0.1 pgL-
! for Cd**, Pb* and 1.0 ugL™! for Zn** was reported. Muralikrishna, S., et al., (2017)
prepared a PANI and GO hydrogel (PANI/GO) composite for Pb* ions detection. The
composites were prepared in different ratios, % w/w as PANI/GO (80:20, 50:50, and
20:80), and correspondingly, their electrochemical behavior was studied. They reported
that the composite with less GO content shows well-defined redox peak current values as
compared to the other composites. The different oxygen functionalities on the surface of
GO hinder the electron transfer process when present in large amounts. They reported a

LOD of 0.04 nM for Pb*" ions.
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Akhtar, M., et al., (2020) synthesized rGO decorated with alanine and PANI
(PANI /rGO/Ala/GCE) through an in-situ oxidative polymerization approach. The
electrochemical response of the electrodes was studied using the CV technique, the results
of which show that the PANI/rGO/Ala/GCE electrode shows a better response compared
to that of other prepared electrodes (Bare GCE, PANI/GCE, rGO/GCE, and Ala/GCE).
The higher peak current in the case of PANI /rGO/Ala/GCE is mainly due to the improved
conductivity, fast electron transfer kinetics, and strong binding affinity. SWASV technique
was used for the sensing of the Cd*" Pb’>" and Cu®". The oxidation peak current
corresponding to these metal ions at different electrodes follows the order as PANI/GCE<
Ala/GCE < rGO/GCE <rGO/Ala/PANI/GCE. A LOD of 0.045, 0.063, and 0.03 nM for

Pb%*, Cu?', and Cd>" was reported.
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CHAPTER 3 MATERIALS AND METHODOLOGY

3. Materials and Methods: Polypyrrole (PPY) has been synthesized by the chemical
oxidative polymerization method using the oxidant ferric chloride. Graphene oxide has
been synthesized using a modified hammer’s method. Binary composites of PPY and GO
(i.e., PGs) at different ratios (wt %) have been synthesized using the ex-situ method.
Similarly, the ternary composites of PPY and GO i.e., (PGXs) with transition metal oxides
(ZnO and MnOy) at various ratios (wt %) have also been prepared using the ex-situ method.
Individual material as well as the prepared binary and ternary composites were then
subjected to various characterizations and are employed for the sensing of detection and

removal of the heavy metals.

3.1. Materials: Monomer Pyrrole (PY, > 99%) was procured from Spectrochem, Dimethyl
formamide (DMF), Graphite powder, Sulphuric acid (H2SO4), Hydrogen Peroxide (H20>),
Hydrochloric acid (HCl), Potassium permanganate (KMnQOs), Cupric chloride (CuCl,), and
Cadmium nitrate [Cd(NO3)2] were acquired from Loba Chemie. Lead nitrate [Pb(NO3)2],
Ferric chloride (FeCls), from Alpha Chemika, Potassium ferricyanide Ks3[Fe(CN)g] from
CDH fine chem, Potassium Chloride (KCl) from Rankem, and ascorbic acid from SD fine
chem. Ltd were obtained. Sodium acetate (CH3COONa) was acquired from Loba Chemie.
Ethanol was used as a medium (for sonication) to prepare both binary and ternary
composites. All the chemicals used were of analytical quality and therefore were not

purified further.
3.2. Preparation of Electroactive Materials

3.2.1. Preparation of Polypyrrole (PPY): The preparation of PPY has been carried out
by the chemical oxidative polymerization method. 0.072 M Pyrrole monomer was added
dropwise into the freshly prepared surfactant solution of N- cetyl -N, N, N-
Trimethylammonium Bromide (CTAB, 4.6 g) in 100 ml distilled water with continuous

stirring (Fig. 3). The process of polymerization starts with the addition of freshly prepared
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oxidant solution of FeCl3 (50ml, 0.074 mol/dL) at the rate of Iml/min to the above solution
content. Polymerization was then allowed to be carried out for 6 hours with continuous

mechanical stirring at 500 rpm and room temperature. The resultant solution was then

filtered, further washed with distilled water, and then dried. (Mudila, H., et al., 2013)

[y

FeCl; Solution

o \ Filtered | : :
CTAB Solution v Washed with DI Mgeraa
And Dried
Constant stirring Black powder of PPY
RT, 6 Hr

Figure 3. Scheme showing the synthesis process of polypyrrole

3.2.2. Preparation of Graphene Oxide (GO): The preparation of GO from pure Graphite
powder was done by the modified Hummers method (Fig. 4). Graphite powder (2g) was
added to the conc. H>SO4 (46 ml) was taken in a beaker, and the above composition was
allowed in an ice-containing bath at 0-5°C for 30 minutes with constant stirring. 46 g of
KMnOj4 was then added slowly to the graphite solution while maintaining the temperature
of 0-5°C with continuous stirring for the next 4 hours. The above reaction solution was then
removed from the ice bath and allowed to stir for 1 hour at a temperature of 30-35°C. 100
ml of Deionized water (DI) was then added to the solution mixture to obtain the
homogeneous suspension, and the temperature of the suspension was allowed to rise to 95-
98°C with constant stirring for 1 hour. 20 ml H,O> and 100 ml DI was then added to the
solution mixture to remove the excess of KMnO4 left in the solution, which was followed
by 2 hours of further stirring. The resultant suspension was centrifuged, washed multiple
times with 5% HCI solution and deionized water until a clear filtrate was obtained. The
brownish-black solid residue obtained was then allowed to dry at 60°C. (Guerrero-

Contreras, J., and Caballero-Briones, F., 2015).
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Figure 4. Scheme depicting the synthesis process of GO.

3.2.3. Preparation of Polypyrrole/Graphene Oxide (PPY/GO, PGs) binary
Composites: The preparation of PGs composite in different ratios was carried out by the
ex-situ method. In this method required amount of PPY and GO was taken in ethanol (as
a medium), followed by mechanical mixing through sonication for 30 minutes to acquire
homogeneity. The resulting mixture was then allowed to dry at 60°C to remove the ethanol,

followed by grinding.

Table 2. Amount of PPY and GO, corresponding to the ratio for preparation of
PPY/GO composites (PGs)

Materials Ratio and corresponding amount

4:1 2:1 1:1 1: 2
PPY (mg) 100 100 100 100
GO (mg) 25 50 100 200
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PGs are prepared in different wt % ratios (mg) as 100:25, 100:50, 100:100, and 100:200
and are named PG 1, PG 2, PG 3, and PG 4, respectively.

3.2.4. Preparation of Polypyrrole/Graphene Oxide/ZnO (PPY/GO/ZnO, PGZs)
Ternary Composites: The preparation of PGZs composite in different ratios was carried
out by the ex-situ method. Binary composite (PG 1 of a fixed amount) and ZnO were taken
in ethanol (as a medium) followed by mechanical mixing through sonication for 30 minutes
to acquire homogeneity. The resultant mixture was then dried in at 60°C to remove the

ethanol followed by grinding.

Table 3. Amount of PG 1 and ZnO, corresponding to the ratio for preparation of
PPY/GO/ZnO composites (PGZs)

Materials Ratio and the corresponding amount

2:1 1:1 1: 2
PG (mg) 100 100 100
Zn0O (mg) 50 100 200

PGZs prepared in different wt % ratios (mg) as 100:50, 100:100, and 100:200 are named
PGZ 1, PGZ 2, and PGZ 3, respectively.

3.2.5. Preparation of Polypyrrole/Graphene Oxide/ MnO: (PPY/GO/MnQ2, PGMs)
Ternary Composites: Preparation of PGMs composites in different ratios was carried out
by the ex-situ method. Binary composite (PG of a fixed amount) and MnO> were taken in
ethanol (as a medium), followed by mechanical mixing through sonication for 30 minutes
to acquire homogeneity. The resultant mixture was then dried at 60°C to remove the

ethanol, followed by grinding.
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Table 4. Amount of PG and MnQO:, corresponding to the ratio for preparation of

PPY/GO/ MnQO2 composites (PGMs)

Materials Ratio and the corresponding amount
2:1 1:1 1: 2
PG (mg) 100 100 100
MnO:> (mg) 50 100 200

PPY/GO/MnO; composites prepared in different wt % ratios (mg) as 100:50, 100:100, and
100:200 are named PGM 1, PGM 2, and PGM 3, respectively.

3.3. Preparation of working electrodes: The preparation of carbon paste electrodes (CPE)
was carried out by mixing the graphite powder (1 gram) in paraffin oil (1.8 ml) in a mortar
pestle to obtain a homogeneous paste. This paste was filled into the electrode cavity, and
its surface was smoothed by polishing it on clean paper. The electrical contact was made
using the copper wire. The suspension of the electroactive material was prepared by
dissolving 2 mg of the material in 1 ml DMF, followed by its ultrasonication for 30 minutes.
The suspension of the electroactive material was then drop-cast (10uL) on the surface of
CPE and then dried. The obtained modified electrode then functions as our working

electrode. (Oularbi, L., et al., 2017)
3.4. Characterization of PPY, GO and prepared Composites (PGs and PGX(s)

Various techniques were employed to characterize the individual as well as the composite
materials. Below paragraphs will explain the techniques used to analyze the respective

materials.

3.4.1. FT-IR (Fourier Transform Infrared Spectroscopy): A Perkin Elmer FT-IR
Spectrometer using KBr pellets was used to record the FT-IR spectrum of the samples
within 400-4000 cm™! range. The existence of different functionalities and the type of bond
interactions present in the molecules are confirmed by the FT-IR studies of the material.

The vibrational excitations of the bonds take place on the absorption of radiation of
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wavelength falling in the infrared region of electromagnetic radiation. The vibrational

frequency is calculated by equations (1 and 2).

1 k

v=— |- - (1)

2CcAl U

where v is the vibrational frequency, k represents the force constant, and p signifies reduced

mass, calculated as

mpm;

p=—tl 2)

mq+my

3.4.2. XRD (X-ray Diffractometry): The XRD studies of the powdered sample at room
temperature were analyzed on a Bruker D8 advanced X-ray diffractometer using Cu-Ka
radiation. The diffraction patterns of the finely powdered prepared samples were recorded
at a scanning rate of 2° per minute over a 26 range of 10° to 80° with a high-resolution step

size of 0.02 degrees.

3.4.3. X-ray Photoelectron Spectroscopy (XPS): XPS is an important technique used to
study surface analysis, like elemental, chemical, and electronic composition of materials.
The sample was placed on a holder and inserted into the ultra-high vacuum (UHV) chamber
with having pressure of ~10 mbar. This vacuum condition prevents surface contamination
and ensures accurate electron detection. A X-ray beam (Al Ka, 1486.4 €V) is incident onto
the sample surface, which ejects the electrons from the atom. The binding energy of emitted

electrons is used to determine the elemental states of the material.

3.4.4. SEM (Scanning Electron Microscopy): The surface characterization of the
prepared samples was analyzed using FE-SEM on a Joel model-based instrument. A gold
coating was employed on the sample before its analysis which reduces the charging effects
and improves the image quality of the material under investigation. The FE-SEM image of
the individual, binary, and ternary composite materials was studied at different

magnifications (5000x, 10000x, 20000x).
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3.4.5. Thermogravimetric Analysis (TGA): Thermogravimetric analysis (TGA) was
used to study the thermal stability of the prepared samples. The experiment was carried out
using a thermogravimetric analyzer (TGA)-50H of Perkin Elmer. A sample of the weight
(10 mg) was heated under an N> atmosphere at a rate of 10 °C/min in the temperature range

of 25-600 °C to record the corresponding TGA data.

3.4.6. UV-Vis Spectroscopy: This spectroscopic technique is based on the absorbance of
wavelength in the UV-Vis region (200-800 nm). UV-1900i Plus, a Shimadzu-made UV-
Spectrophotometer, was used for studying the adsorption and removal of heavy metal

(Pb?*) from the aqueous solution.
3.5. Electrochemical measurements

The interfacial properties, including chemical, physical, and electrochemical, of the
material under investigation were studied using electron impedance spectroscopy (EIS).
The resulting impedance graphs were obtained in 5 mM Kj3[Fe(CN)g] along with 0.1 M
KCl aqueous solution as an electrolyte within the frequency range of 0.1 Hz to 10° Hz. In
the EIS spectra, Nyquist plots are used to study the different processes taking place within
the material. The electron transfer kinetics takes place either through redox behavior or
through diffusion, depending on the diameter of the semicircle in different frequency
regions of the Nyquist plots in the EIS spectra. A Metrohm NOVA 2.1.8 potentiostat-

galvanostat three-electrode system was used to carry out EIS characterizations.

3.5.1. Cyclic Voltammetry (CV) studies: The electrochemical properties as well as the
redox behavior of the different materials were studied using CV. The electrochemical
response of the material was analyzed using a Metrohm NOVA 2.1.8 potentiostat-
galvanostat three-electrode system comprising Ag/AgCl as a Reference electrode, Pt foil
of 1 cm? area as a Counter electrode, and CPE as a Working electrode. The cyclic
voltammograms having current versus potential relationship (CVs) were recorded in 5 mM
K3[Fe(CN)s] and 0.1 M KCl aqueous solution as an electrolyte within the potential window
of -0.5to 1.2 V at 0.05 V/s scan rate. The CV curves of the different samples were
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analyzed, and the material having higher redox peak current values shows a better

electrochemical performance compared to the other.

3.5.2. Differential Pulse Anodic Stripping Voltammetry (DPASV) measurements: The
sensing of heavy metal was analyzed electrochemically using the DPASV performed on a
Metrohm NOVA 2.1.8 potentiostat-galvanostat using a three-electrode system. The
working electrode modified with the electroactive material along with a reference
(Ag/AgCl) and counter (Pt foil) electrode, was placed in a cell having an acetate buffer (pH
4.6) solution and Pb*" metal ion. The DPASV measurements were then performed by
applying the voltage in the range of -1.2 to 0.2 V for different electrodes, resulting in the
stripping peak current value at different concentrations of Pb?" ions. The limit of detection

(LOD) for the detection of Pb?* ion for the electrode was determined using the formula (4).

top=30 &)

Where SD represents the standard deviation of the blank solution, and S denotes the slope

of the resulting calibration curve.

3.6. Probable Mechanism for Heavy Metal Sensing: Various phenomena taking place in
the reaction medium are responsible for detecting metal ions on the surface of the electrode
material. According to previous literature studies, the detection of HM ions largely depends
on the adsorptive properties of the active material relative to the metal ion under
investigation (Pb*"). out of the proposed phenomena, one involves the accumulation of
Pb*" ions on the surface of the electrode by electrostatic attraction and surface
complexation. The presence of the heteroatom functionalities (O, N, S) on the composite
surface (PGZ 2 and PGM 1) can coordinate to the valencies of the Pb** ion through
coordinate bonds that lead to the accumulation of Pb>" ions on the surface of the ternary
composite material. The greater the quantity of accumulated Pb*" ions on the electrode

surface higher the stripping peak current value during the DPASV measurements. PPY
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shows high electrical conductivity and also binds the Pb?* ion through the presence of the
Nitrogen functionalities (-NH-, =NH-) on its surface. The enlarged area and different
oxygen functionalities in GO act as binding sites for the Pb>" ion. TMOs (ZnO and MnO)
have high catalytic properties and provide several anchoring sites to adsorb metal ions on
their surface. These synergetic effects arising from PPY, GO, and ZnO/MnO> in the ternary
composite (PGZ 2/PGM 1) improve the surface area, conductivity, and more number of
anchoring sites for the adsorption of Pb*" ion thus facilitating fast electron transfer
processes in ternary composites resulting in stripping peak current of metal ion during their

electrochemical measurements. (Dai, H., et al., 2016; Muralikrishna, S., et al., 2017)

The systematic representation (Fig. 5) of the binding mechanism and the reaction
involved in the sensing of the Pb*" ions on the working electrode surface during DPASV

measurements is shown below.

STEPL. (PGX)ys + (Pb*)gy — I (wrPCXovrumnnn Pb¥)ys
2 +ne 0

STEP2. (....PGX..cooo... Ph iy T . (PO PbO)ys

STEP3. (wPGXooooon. Pbyyys —— - (PGX)ys + (Pb2)g, +ne

Figure 5: Chemical representation of the detection of Pb?* ion on PGXs

Where WS represents the working surface Sol represents a solution of Pb?" metal

ion, and PGX represents the working electrode (PGZ 2 and PGM 1).

Firstly, the adsorption of Pb?* ions on the surface of the working electrode in open
circuit takes place. During the pre-concentration step at a deposition potential of -1.2 V,
which leads to the reduction of Pb>" metal ions to the corresponding metal atom (Pb%). The
voltametric analysis was then performed, resulting in the oxidation of the metal (Pb°) to its
ion (Pb%"), which are stripped back into the solution, resulting in the corresponding anodic

stripping peak current value (Muralikrishna, S., et al., 2017).
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CHAPTER 4 RESULTS AND DISCUSSION

4. Characterization:

4.1. FT-IR of PPY, GO, PG, ZnO. and PGZ Ternary Composite: The process of
polymerization of the monomer unit and the presence of the different functional groups in
the synthesized PPY, GO, ZnO, and the composites (binary, ternary) were examined using
FT-IR studies Fig. 7. In the FTIR spectra of PPY a broad band in between 3100-2800 cm”
!'is due to stretching vibrations of N-H bond. The vibrational bands at 1631, 1543, and
1415 cm™ are due to symmetric stretching of the ring's C=N, C=C, and C-N bonds. The
wavenumbers associated with 1039 ¢cm™ and 1300 cm! are due to the in-plane
deformations of the C-H and C-N bonds, whereas out-of-plane C-H deformation is centered
at 884 cm™!. The absorption band at 1140 cm™ is assigned to the C-C stretching vibrations.
(Chougule, M. A., et al., 2011; Yussuf, A., et al., 2018). In the FT-IR studies of GO, a
broad band occurring at 3272 cm™! corresponds to the O-H stretching of the H>O molecule
absorbed in GO. The occurrence of absorption bands at 1714 and 1585 cm™ is due to the
stretching vibrations of carbonyl (C=0) and aromatic C=C bonds. The absorption bands
arising at 1045 and 1225 cm™ are due to alkoxy (C-O) and epoxy (C-O-C) stretching
vibrations. The occurrence of oxygen functionalities (C=0, C-O, etc.) confirms the
oxidation of graphite to GO. After the oxidation of graphite, its layered structure is still
retained in the GO, which is supported by the existence of C=C bonds in it. (Song, J., et
al., 2014; Yussuf, A., et al.,, 2018). In the FT-IR spectrum of PPY/GO (PG), the
characteristic peak due to C=0 stretching appears at 1705 cm™'. The absorption bands at
2979 and 1038 cm™! are due to stretching vibrations of the 0-H and C-O-C bonds of GO in
the composite material. The interactions among PPY and GO in the composite materials
affect the electron densities and bond strengths, resulting in the shifting of peak positions
compared to those of PPY and GO. (Konwer, S., et al., 2011; Ningaraju, S., et al., 2019).
The absorption bands at 1558 and 1210 cm™! are ascribed to the C=C and C-N stretching
of the PPY ring which further confirms the presence of PPY in the PG binary composite.
(Konwer, S., et al., 2011; Kulandaivalu, S., et al., 2019)
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Figure 7. FTIR spectra of PPY, GO, PG, ZnO, and PGZ

The FT-IR spectra of ZnO show a characteristic absorption band at 876 cm™
ascribed to the ZnO vibrational mode. The FT-IR studies of the PGZ ternary composite
reflect the characteristic bands of its individual components with some shifting in peak
positions and peak intensities. This shifting in peak positions is due to the interactions
among the PPY, GO, and ZnO affecting bond strengths and electron densities in the
composite material. The characteristic peak at 1708 cm™! is due to C=O stretching. (Pruna,
A., et al., 2015: Sing, G., et al 2023.) The absorption bands at 3126 and 1059cm™ are due
to vibrations of 0-H and epoxy C-O-C bonds of GO present in the ternary composite. The
absorption bands at 1562 and 1130 cm™ are ascribed to the C=C and C-N stretching of the
PPY ring, which further confirms the presence of PPY in PGZ composites. The absorption
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band at 896 cm™! due to the metal oxide bond in the spectra of PGZ suggests the presence
of ZnO in the composite material. (Batool, A., et al., 2012; Pruna, A., et al., 2015). The
FT-IR analysis of the binary PG and the ternary composite (PGZ) reflects all the
characteristic peaks of its individual components with some shifting in peak positions and
intensities, as shown in Table 5. This shifting of the absorption bands is ascribed to the
interaction among the individual components in the composite material, which results in
the displacement of electron densities as well as the bond strength, thus affecting the

vibrational frequencies.

Table 5. Important FT-IR peaks of PPY, GO, ZnO, PG, and PGZ

Wavenumber (v, cm™)

Materials
O-H N-H C=C C=0 C-0-C C-N C=N Zn-0
3100-
PPY - 1543 - - 1415 1631 -
2800
GO 3272 - 1585 1714 1225 - - -
ZnO - - - - - - - 876
PG 2969 - 1558 1705 1038 1210 - -
PGZ 3126 - 1562 1708 1059 1130 - 896

4.2. XRD spectra of PPY, GO, PG, ZnO, and PGZ: - The XRD spectra of PPY, GO,
PG, ZnO, and PGZ is shown in Fig. 8. The XRD spectra of PPY show a broad peak at 26
= 27.52° corresponding to the (100) plane. The broader peak signifies the non-crystalline
nature of the PPY with a stacked structure due to the short-range arrangements of the
polymer layers. (Chitte, H. K., et al.,2011; Yussuf, A., et al., 2018). In the XRD spectra
of GO, the presence of an intense and sharp diffraction peak at 20 = 10.91° (001) plane,
with an increase in the gallery spacing (d-spacing), signifies the oxidation of graphite to
GO. This increase in gallery spacing in the case of GO indicates that the compact and
periodic structure of graphite is oxidized by the encapsulation of oxygen moieties between

its carbon layers. The appearance of the additional peaks, one at 20 = 42.44° of the (100)
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plane, is due to the short order of the stacked graphitic layers. (Bose, S., et al., 2010;
Konwer, S., et al., 2011).
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Figure 8. XRD of PPY, GO, PG, ZnO, and PGZ

The appearance of the diffraction peaks at 20 = 11.89°(001) due to GO and broad
diffraction peak at 20 = 23.53° (100) due to PPY in the XRD spectra of PG binary
composite supports its successful development. The peak of the GO has been shifted from
20 = 10.91° to 20 = 11.89°" in PG with a decrease in the intensity. This reduction in the
intensity of the GO peak in the PG may be due to the surface modification of GO sheets
during sonication. The broadening of the PPY peak in the PG composite is due to the

encapsulation of the GO sheets over the PPY chains, signifying the non-crystalline nature
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of the composite. (Konwer, S., et al., 2011; Oularbi, L., et al., 2017; Zhou, X. 2024).
The XRD spectra of ZnO show intense and sharp diffraction peaks at 20 values of 31°,
34°,36°, 47°, 56°, 63°nd 72°, suggesting its crystal behavior with hexagonal wurtzite
mode. (Sharif, M., et al., 2021). In the XRD spectra of PGZ the peaks of PPY and GO
are suppressed and slightly shifted towards higher 26 values whereas intensive diffraction
peaks are due to the presence of ZnO in the composite material corresponding to different
planes as (100), (002), (101), (200), (102), (110), (103), and (112). The weakening of the
diffraction peaks of PPY and GO in ternary composite could be due to the presence of ZnO
on their surfaces, which do not allow them to aggregate during the preparation of ternary
composite by ex-situ method. (Ghanbari, K., and Bonyadi, S. 2018; Arumugama, C., et
al., 2022).

4.3. Morphological analysis:

The morphological study of the PPY, GO, ZnO, and the prepared ternary composite (PGZ)
was analyzed using scanning electron microscopy (SEM) as represented in Fig. 9 (A-D).
The SEM micrographs show the spherical granular like morphology of the PPY polymer
matrix. These grain-like structures are tightly stacked over one another with a phase
variance in the case of PPY. (Konwer, S. et al., 2011) The dense stacking layers-like
structures, are seen in the SEM morphology of GO, probably due to the structural
deformations caused by the exfoliation of the well-ordered arrangements of the graphitic
sheets during the oxidation process. (Mudila, H., et al., 2013). ZnO shows the tiny
granular-like structures that are largely agglomerated, producing bunches of grains-like

spherical shapes. (Chougule, M. A., 2011).

41



n e
3/12/2022
WD 8.3mm 11:37:06

Slam. @ L i
lpm  JEOL 3/21/2023 lpm  JEOL 3/7/2023
SEM WD 7.9mm 14:43:21 . S SEM WD 7.9mm 11:44:04

Figure 9: SEM micrograph of (A) PPY, (B) GO, (C), ZnO, and (D), PGZ.

SEM micrographs of PGZ reveal the presence of rolled and folded sheets generated
by the fibrous morphology of GO sheets in the composite material. The presence of
different oxygen functionalities results in folding and accumulation of the sheets in GO .
PPY gets accumulated on the surface of the GO sheets through electrostatic and n-nt
stacking resulting in non-granular morphology with pores on its surface thus representing
flakes-like structures. The presence of ZnO as granules covers the whole surface of the
PPY and GO in the composite, resulting in different shapes in repeated manners, thus,
providing the enlarged surface area and porous structure to the ternary composite. (Ding,

C., et al., 2010; Ali, Z. R., et al., 2022; Arumugam, C., et al., 2023)
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The successful development of the ternary composite PGZ was further confirmed by
examining the elemental composition of the PGZ composite material, which shows the
presence of C, N, O, and Zn as shown in Fig. 10 (A-B) The nano size (56.56 nm) of the
PGZ particles is also suggested by the SEM images and is also conveyed by the histogram
(Fig. 11). (Sebastian, N., et al., 2022: Arumugam, C., et al., 2023).

EDS Layered Image 1

Figure 10. (A-B): Mixed elemental mapping of PGZ
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Figure 11. Average particle size of PGZ ternary composite.
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4.3.1 XPS Studies of PGZ composite: The elemental state of components in bulk material
was analyzed using XPS studies Fig. 12. All the characteristic peaks in the XPS spectrum
of PGZ are due to the presence elements C, N, O, and Zn, further confirming the successful

synthesis of PGZ ternary composite.

Zn2p
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Figure 12. XPS spectral analysis of PGZ Ternary composite

Fig. 13 (A-D) shows the deconvolution curves of the C 1s, N 1s, O 1s, and Zn 2p
of the PGZ composite. The deconvolved C 1S spectrum gives rise to the three peaks
corresponding to C-C (282.58 eV), C-O (283.64 eV), and C=0 (286.02 ¢V), Fig. 13 A.
The N 1s spectrum shows the two characteristic peaks, with binding energies of 398.09
and 400.39 eV corresponding to the C-N / N-H and N-C=0 bond, confirming the presence
of the PPY in the ternary composite Fig. 13 B. The deconvolved spectrum of O 1s gives
rise to two characteristic peaks at 529.15 eV due to Zn-O / C-O / C=0 bonds, while at
530.88 eV due to O-C=0 and H>O, Fig. 13 C. The deconvolved spectra of Zn 2p, which
give two peaks with the orbital splitting of (A= 23.05 eV), Fig. 13 D. The peak at 1021.73
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eV corresponds to the Zn 2p3/2 while the peak at 1044.78 eV is due to the Zn 2p1/2 which
is in good agreement with the previous literature. (Ghanbari, K., and Bonyadi, S., 2018;
Sebastian, N., et al.,2022).
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Fig. 13 (A-D) Deconvolution spectra of C 1s, N 1s, O 1s, and Zn 2p of PGZ

4.4 Thermal Studies:

Thermogravimetric Analysis (TGA) curves of PPY, GO, ZnO, PG, and PGZ are shown in
Fig. 14 A. Initially, the loss in weight at temperatures < 100 °C is due to the amputation of
moisture content from the prepared samples. The percentage of weight loss (wt%) at this
temperature range depends on the composition of the prepared material; the more

hygroscopic the nature, the greater is the weight loss percentage. The major weight loss for
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the PPY starts at a Tonsset of 248.28 °C with residual weight (W: %) of 79.22. The weight
loss of PPY continuously increases as the temperature rises, and it ends at a Toffset of 575
°C, indicating the volatilization of PPY. In the case of GO, the main mass loss takes place
at Tonset 208.71 °C with W; % of 76.26. This loss is due to the loss of different oxygen
functionalities from the GO surface. After this major weight loss, the material behaves as
a graphene and expanded graphite sheet-like structure. (Konwer, S., et al., 2011; Mudila,
H., et al., 2013). In PG initially, the weight loss at the temperature of ~ 100 °C is due to
the removal of moisture content from the composite surface. The weight loss in the
temperature range of 150-170 °C is probably due to the loss of different oxygen moieties
introduced by the presence of GO in the composite material. The major weight loss in
binary composite Tonset 243.28 °C arises due to the degradation of PPY from the composite.
(Bose, S., et al., 2010: Sing, G., et al, 2025). The higher thermal stability of the PG
compared to that of PPY and GO, may be due to the presence of PPY over the GO sheets,
which provides stability to the structure as well as blocks the accumulation of heat between
the GO sheets in the composite material. After removing moisture content from PPY GO
and PG, the W, % left up to the Tonset Of the respective material may be due to the loss of
impurities and unreacted dopants. (Bose, S., et al., 2010; Li, L., et al., 2012) In the TGA
curve of ZnO, a small weight loss at Tonset 300.32 °C due to the removal of moisture content
was observed, suggesting the thermal stability of ZnO. (Batool, A., et al., 2012). In case
of PGZ, the weight loss at Tonset, 211 °C, and 348 °C is due to the removal of oxygen-
containing functional groups and the degradation of the polymer chain from the surface of
composite material. The weight loss in ternary composite occurs at higher temperatures
than that of PPY, GO, and PG. Additional stability of the PGZ compared to PPY, GO, and
PG is due to the lower mobility of polymer due to the synergetic effect of PPY and GO
functionalities along with the barrier effects of ZnO in the composite material. A
comparative representation of Tonset, decomposition temperature (Tq), and % char has been

represented in Fig. 14 B. (Batool, A., et al., 2012; Ates, M., et al., 2018).
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Figure 14. TGA of PPY, GO, ZnO, PG, and PGZ (A), Graphical representation
TGA parameter (Tonset, Td, and Char%) of all the samples (B).

4.5. Electrochemical measurements using Cyclic Voltammetry:

The electrochemical behavior of PPY, GO, ZnO, binary PGs, and ternary PGZs composites
prepared at different weight ratios was studied using Cyclic voltammetry. Cyclic
voltammograms (CV curves), which have a current versus potential relationship, were used
to study the electrochemical activity of the above-prepared materials. CV studies of the
respective electrodes were carried out at 0.05 V/s scan rate within the -0.5 to 1.2 V of
window in 5 mM potassium ferrocyanide K3[Fe(CN)s] and 0.1M KCI as supporting
electrolyte. The resulting CV graphs of CPE, PPY, GO, PGs, and PGZs showing distinct
peaks of [Fe (CN)g]>"* are shown in Fig. 15 (Lee, S., et al., 2016). The current response
of PPY, as seen from the CV curves, is higher than that of the CPE and GO-modified
electrode, signifying the better electron transfer properties and fast redox mechanism on
the surface of PPY. A lower peak current value in the case of the CPE electrode is due to
the non-conductive nature of paraffin oil used during its preparation. In the case of GO, the
oxygen functionalities (C=0, C-O, COOH, etc.) on its surface act as a barrier for the
smooth transfer of electrons, resulting in a decrease of current values. (Seenivasan, R., et

al., 2015: Sing, G., et al 2025). However, in the case of binary composites PGs (at different
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w/w ratios) the peak current values are higher compared to CPE, PPY, and GO-based

electrodes.
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Figure 15. CV curves of PPY, GO, and PGs in 5§ mM Ki[Fe(CN)s] and 0.1M KCI

The increase in the current values in PGs is due to the synergetic effect between
PPY and GO that increases its porous structure and surface area which promotes the fast
electron transfer kinetics on its surface and hence enhances its electrochemical behavior.
(Seenivasan, R., et al., 2015; Rong, R., et al., 2017). For the optimization of the best
binary composite in terms of its better electrochemical performance, the prepared PGs were
studied by their CV studies. The low peak current of PG 4 compared to other composites
may be because at this amount of GO, the agglomeration takes place in the composite (PG
4), which leads to the formation of a small amount of nanocomposite on the surface of
CPE, slowing down the process of electron transfer. (Seenivasan, R., et al., 2015; Zhang,
H., et al., 2023). The PG 1 composite shows better electrochemical response and hence
has a high peak current value compared to other binary composites and is therefore

considered for the preparation of a ternary composite with ZnO.
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The CV curves of ternary composites PGZs (at different w/w ratios) are shown in
Fig. 16. The peak current values first increase and then decrease with an increase in the
amount of ZnO. This suggests that ZnO up to a certain amount, improves the
electrochemical activity by behaving both as a filler and as a pseudo-capacitor, providing
a smooth surface for the fast electron transport within the electrode material. With further
increase in the amount of ZnO in the composite material results in negative charge
agglomeration at the interface of electrode/electrolyte, as well as stacking of the GO sheets,
which hinders the transfer of electrons, lowering the current values. (Chee, W. K., et al.,
2015; Palsaniya, S., et al., 2021). The composite PGZ 2 has a high peak current value as
compared to other composite materials, suggesting a better electrochemical performance
and fast electron transfer kinetics at its surface, and hence it has been opted for further

studies. (Seenivasan, R., et al., 2015; Zhou, X. 2024).
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Figure 16. CV curves of CPE, ZnO, and PGZs in 5 mM K3[Fe(CN)s] and 0.1M KCI

A comparative study of the electrochemical response of PPY, GO, PG 1, and PGZ
2 at 0.05 V/s scan rate is shown in Fig. 17. The redox peak of PGZ 2 composite is higher
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than that of individual components (CPE, PPY, GO, and ZnO) and the binary composite
material PG 1. The increase in the peak current value of PGZ 2 may be due to the
synergistic interaction among PPY, GO, and ZnO, thus improving both the redox behavior
and surface area of the ternary composite that promotes efficient electron transfer process
between the electrolyte K3[Fe(CN),] and the electrode surface. (Pruna, A., et al., 2015;
Muralikrishna, S., et al., 2017; Palsaniya, S., et al., 2021)
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Figure 17. Comparative CV graphs of different electrodes at 0.05 V/s scan in S mM
K3[Fe(CN)¢] and 0.1M KCl

4.6. Electrochemical impedance spectroscopy (EIS) studies:

The features of surface-modified electrodes were analyzed by EIS studies. The electron
transfer process taking place at CPE, PPY, GO, PG 1, and PGZ 2 based electrode materials
was examined in 5 mM K3[Fe(CN)s] and 0.1 M KCI aqueous solution within the range of
0.1 Hz to 10° Hz. (Oularbi, L., et al., 2017).
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The Nyquist plots in the EIS analysis consist of the linear and semicircle portions each
signifies a different process. The diameter of the semicircle in high-frequency region
reflects the electron transfer resistance (Rc¢) process taking place on the electrode surface.
The diffusion-limited processes taking place on the electrolyte-electrode interface are
studied from the linear portion in the lower frequency regions of the Nyquist plots. The
smaller the diameter of the semicircle lower will be the impedance and charge transfer
resistance (Rey), signifying a fast charge transfer process. (Seenivasan, R., et al., 2015) The
total electrode impedance depends on electron transfer resistance (Rct) in series with the
parallel connection of the double-layer capacitance (Ca1) and Warburg impedance (Zv).

The EIS spectra of bare CPE, PPY, GO, PG 1, and PGZ 2 is shown in Fig. 18
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Figure 18. The electrochemical impedance spectroscopy (EIS) of CPE, PPY, GO,

PG1, and PGZ 2 in 5 mM Ki3[Fe(CN)s] and 0.1 M KCl electrolytic solution
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A small semicircle at higher frequency region, and an inclined line in the low
frequency region in the EIS spectra of PGZ 2 compared to CPE, PPY, GO, and PG 1,
signifying the fast electron transfer processes on its surface. This could be due to better
conductivity and improved surface area of PGZ 2 ternary composite, speeding the electron
transfer kinetics on its surface, thus speeds the electron transfer rate and the detection of
Pb?" ions in water samples. These results are in agreement with those reported by the CV

studies. (Krasovska, M., et al., 2018; Zhou, H., et al., (2016).
4.7. Electrochemical detection of Pb2* using DPASV technique:
4.7.1. DPASV measurements of different electrodes:

The electrochemical studies using DPASV for the detection of Pb>" ions were performed
at different electrodes, CPE, PPY, GO, PG 1, and PGZ 2, in a buffer acetate having pH 4.6
. (Oularbi, L. et al., 2017).
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Figure 19: Comparative DPASV of CPE, PPY, GO, PG 1, and PGZ 2 at 3.0 uM Pb**

ion
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Pb?" ions are accumulated on the surface of PGZ 2 composite through electrostatic
attractions and surface complexations, followed by the reduction of Pb>" to Pb® with the
deposition potential of -1.2 V for 5 minutes. After the deposition step, the DPASV was
carried out by applying the potential from -1.2 to 0.2 V for different electrodes. (Karthik,
R., and Thambidurai, S., 2017). The stripping behavior of the CPE, PPY, GO, PG 1, and
PGZ 2 electrodes was analyzed in the presence of 3.0 uM Pb?" ions. The stripping peak
current value at a potential of -0.45 V for the PGZ 2 composite is higher compared to CPE,
GO, PPY, and PG 1 electrodes (Fig. 19).

The enhancement in the peak current of PGZ 2 ternary composite compared to the
other electrodes may be due to improved surface area by the presence of GO and pseudo-
capacitive behavior of PPY and ZnO, making the electron transfer process more feasible
on its surface. Secondly, negatively charged functional groups in PPY, GO, and ZnO act
as binding sites for the Pb?* ions, thus improving the deposition ability of Pb** ions on the
surface of the ternary composite through surface complexation and coordinate bonds. This
results in increasing the number of selective sites for the accumulation of Pb?* ions in the
case of PGZ 2 and enhances the sensitivity for the detection/determination of Pb>* ions.
The stripping peak current for the other electrodes follows the trends as CPE < GO <PPY<
PG 1. (Dai, H., et al., 2016); Luyen, N.D., et al., 2023)

4.7.2. Electrochemical performance of the electrode material:

DPASYV studies were performed on PG 1 binary and PGZ 2 ternary composites for different
concentrations (0.3 to 3.0 uM) of Pb*" metal ion. Well-defined redox peaks that are
proportional to the concentration of metal ions were observed for both composites. Fig.
(20 and 22). A slight shift and broadening of the peak potential with an increase in the
concentration of metal ions (Pb*") was observed. This may be attributed to the multilayer
metal ions formation on the already formed monolayer on the electrode surface. (Dong.,

Y.P. et al., 2014)
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Figure 20. DPASYV curves of PG at various concentrations of Pb2* (0.3 to 3.0 pM)

The peak current values for the sensing of Pb?* ion in the working range of 0.3 to
3.0 uM on binary composite (PG 1) is shown in Fig. 20 The corresponding calibration
curve of PG 1 within the concentration range of 0.3 to 3.0 uM of Pb** ions is determined
asy=0.0106 Pb*" +0.1707 with (R2 = 0.95) as regression coefficient (Fig. 20) (Ghanbari,
K., and Bonyadi, S., 2018).
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Fig. 21. Calibration curve of PG 1 at various concentrations of Pb?* (0.3 - 3.0 uM)

The electrochemical behavior for the sensing of Pb** ion at different concentration
(0.3 to 3.0 uM) on PGZ 2 ternary composite results in the well-defined stripping peaks as
shown in Fig. 22 The calibration curve of PGZ 2 composite for sensing of Pb?" at different
concentrations (0.3 to 3.0 pM) represented as y = 0.0127 Pb>" + 0.1759 (R? = 0.97) (Fig.
23). The regression coefficient (R? = 0.97) in the case of PGZ 2 ternary composite shows
linear relationship of the anodic stripping peak current values on the Pb?' ion

concentrations.
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Figure 22. DPASYV curves of PGZ 2 at various concentrations of Pb2* (0.3 to 3.0 pM)

The limit of detection (LOD) was calculated using the formula “3xSD/S” where
“SD” denotes the standard deviation of the blank solution and “S” determines the slope of
the resultant calibration curve. The ternary composite (PGZ 2) shows a LOD of 0.05 uM
for the detection/determination of Pb?" ions. (Ghanbari, K., and Bonyadi, S., 2018;
Luyen, N.D., et al., 2023). The sensitivity of 0.0127 mA/uM for ternary PGZ 2 composite
is higher than the binary PG 1 (0.0106 mA/uM), which further signifies that ternary
composite is better than binary composite as a sensor for the sensing of Pb*" ion

(Muralikrishna, S., et al., 2017; Oularbi, L., et al., 2017)
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Fig. 23. Calibration curve of PGZ 2 composites at various concentrations of Pb?*

(0.3 -3.0 M)

4.7.3. Selectivity of PGZ electrode for sensing Pb** ions:

The selectivity of the PGZ 2 electrode material was analyzed by adding different
concentrations of the substance (Cd**, Cu?") to the electrochemical cell containing 3.0 uM
Pb?" ions in 0.1 M acetate buffer. The existence of these foreign metal ions (Cu®*, Cd*")
might be co-deposited on the electrode surface containing Pb?* ions during the pre-
concentration process in DPASV studies. (Dai, H., et al., 2016). Fig. 24 below shows the
stripping peak current values of Pb?* ions in the absence and in the presence of interfering
metal ions. The results show minimal changes in the stripping peak current and potential
values of the Pb?" ion in the presence of high and low concentrations of interfering ions.
The peak responses changed from 0.212 mA without interference to 0.214 mA and 0.221
mA at low and high concentrations of interfering ions, whereas a negligible shift in the
peak potential was observed. This slight shifting in values and broadening of the Pb>" ion
peak may be due to the creation of new intermetallic compounds like Pb-Cu and Pb-Cd
during the accumulation step. The intensity of the Pb** metal ion signal remains unaffected

by the introduction of such interference, which shows the selective detection of Pb" ions.
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This may be due to the inactive response of the added metal ions within the oxidation
potential range of the Pb?>" metal ion on the PGZ 2 electrode surface. (Seenivasan, R., et

al., 2015; Blaise, N. et al., 2022)
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Figure 24. DPASYV results of PGZ 2 composite in the presence of 3.0 uM Pb2* ions

and in the presence of interference 1.2 and 3.0 nM Cd?* and Cu?* ions

4.7.4. Reproducibility and stability of PGZ electrode for sensing Pb?* ions: - Five
different electrodes modified equally with the electroactive material were prepared to study
the reproducibility of the PGZ 2 electrode. The DPASV measurements were performed in
3.0 uM concentration of Pb?* in an acetate buffer of pH 4.6 as an electrolyte. The

corresponding stripping current values for each electrode were recorded (Fig. 25). A
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stripping peak current at -0.45 V was observed irrespective of the electrode material with
a Relative Standard Deviation (RSD) of 1.089% and minimum peak current variation
showing the reproducibility of the electrode material. (Seenivasan, R., et al., 2015;

Karthik, R., and Thambidurai, S., 2017).
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Figure 25. Representation of the reproducibility of PGZ 2 electrodes in 3.0uM Pb2*
ion solution.

The stability of the PGZ 2 composite was analyzed by performing the DPASV
measurements in the same concentration of Pb?" ion (3.0 pM). The electrode, after each
measurement, was washed with distilled water and acetate buffer solution pH 4.6 kept safe
for further measurement. Each measurement was performed after 7 days for the next 4
weeks and the corresponding current response was recorded (Fig. 26). The electrode
material shows long-term stability with loss of initial current response RSD 3.67% and
retention of 96.33% current response, thus representing the stability of the electrode

material (Chen, L., et al., 2014).
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Figure 26. Representation of the stability of PGZ 2 electrodes in 3.0uM Pb?* ion
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4.8. Removal of the Pb*" metal ion using PGZ 2 composite: UV-visible spectroscopy
technique was employed to analyze the percentage removal of Pb?* ion from the aqueous
solution. A known amount (2 mg) of the PGZ 2 ternary composite as adsorbent was added
to 30 ml of a 100ppm concentration of the lead solution. The resultant solution was allowed
to sonicate for 10 minutes and then allowed to stand for the next 15 minutes to form a stable
suspension. The effect of the contact time of the adsorbent to the Pb2" ion solution at
different time intervals (1, 4, 24 hours) was then studied using UV-Visible spectroscopy
(Fig. 27). The percentage removal efficiency of the Pb** ion on the surface of PGZ 2



composite was calculated, as shown in the table using the equation (Li, S., et al., 2012:

Birniwa, A. H., et al., 2022)
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Figure 27. UV-Visible spectra representing the detection and removal of Pb2* ions in

aqueous solution

C
% removal efficiency =——— X 100  -eereeeeeev (6)
Co

Where C, is the initial concentration and C is the final concentration

From the graph, it can be seen that with an increase in the duration of the contact

time of the adsorbent with the Pb*" ion solution, more of these ions get adsorbed on the
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surface of the composite material, resulting in a decrease in the concentration of the Pb?*

1on in the solution.

Table 6. The removal efficiency of Pb?*ions by PGZ 2 composite with time

S. No Contact time % Removal
1 1 hr 51.48
2 4 hr 70.47
3 24 hr 86.92

4.9. FT-IR of PPY, GO, PG, MnO2, and PGM Ternary Composite:

The presence of different functionalities and the types of bonds present in the material
under investigation were analyzed by FT-IR studies. Fig. 28 below shows the FT-IR
analysis of the synthesized PPY, GO, MnO., PG, and PGM recorded in the range of 500-
4000 cm™. In the FTIR spectra of PPY, the vibrational bands at 1631, 1543, and 1415 cm”
!are associated with the symmetric stretching vibrations of the ring's C=N, C=C, and C-N
bonds. A broad band in the range 3100-2800 cm! is due to the presence of the N-H bond.
The wave numbers associated with 1039 ¢cm™ and 1300 cm™ are due to the in-plane
deformations of the C-H and C-N bonds, and the C-H out-of-plane deformation is centered
at 884 cm™!. The band at wavenumbers 1140 and 910 cm™' corresponds to the doped state
of PPY with Fe**. (Chougule, M. A., et al., 2011; Song, J., et al., 2014). The FT-IR spectra
of GO a broad absorption band of O-H stretching vibrations at 3272 cm™'. The bands at
1714 and 1585 cm™! are due to the vibrations of carbonyl (C=0) and aromatic C=C bonds.
The absorption bands arising from epoxy (C-O-C) and alkoxy (C-O) stretching occur at
1225 and 1045 cm’!. (Song, J., et al., 2014). FT-IR spectra of MnO, show the vibrational
mode of Mn-O and O-Mn-O at 990 cm™ and 507 cm!. (Ramachandran, T., and
Dhayabaran, V. V., 2019). In the FT-IR spectrum of PG, the characteristic peak due to
C=0 stretching appears at 1705 cm™ which has been shifted towards the lower
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wavenumber compared to the same peak that appeared in the FT-IR of GO. This fluctuation
of the C=0 peak towards the lower wavenumber may be due to the interaction between the
carbonyl (C=0) group of GO and the N-H group of PPY. These interactions among PPY
and GO in the composite materials affect the electron densities and bond strengths,
resulting in the shift of the vibrational frequencies of the bonds in the composite. The
bands at 2979 and 1038 cm™! are due to vibrations of O-H and epoxy (C-O-C) bonds of
GO. The presence of PPY in binary composites is confirmed by the presence of absorption
bands C=C and C-N stretching vibrations of PPY rings at 1558 and 1210 cm-'. (Konwer,
S., et al., 2011; Kulandaivalu, S., et al., 2019) The FT-IR spectra of the PGM composite
reflect all the characteristic peaks of its components with some shifting in peak positions
and intensities. The characteristic peak due to C=0O stretching at 1714 cm™' in the case of
GO is shifted towards the lower wavenumber and appears at 1708 ¢cm™ in the FT-IR

spectrum of the ternary composite. (Pruna, A., et al., 2015)
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Figure 28. FTIR spectra PPY, GO, MnOz2, PG, and PGM.

This shifting of the C=0O peak in the case of ternary composites towards lower
wavenumber may be due to interaction between the carbonyl (C=0) group of GO and the
N-H group of PPY. The bands at 3126 and 1046 cm™ are due to vibrations of 0-H and
epoxy (C-O-C) bonds of GO. The vibrational bands at 1562, and 1130 cm™ are ascribed to
the C=C and C-N stretching of the PPY ring which further confirms the presence of PPY
in ternary composites. (Liang, F., et al., 2017). The absorption band at 575 cm™ due to the
metal oxide bond in spectra of PGM suggests the presence of MnO: in composite material.
The FT-IR spectra of the binary PG and the ternary composite (PGM) reflect all the
characteristic peaks of its individual components with some shifting in peak positions and

intensities as shown in Table 6. (Konwer, S., et al., (2011; Kulandaivalu, S., et al., 2019)
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Table 7. Important FT-IR peaks of PPY, GO, MnO2, PG, and PGM

Wavenumber (v, cm™)

Material
O-H N-H C=C C=0 C-0-C C-N C=N Mn-O
PPY - 3100-2800 1543 - - 415 1631 -
GO 3272 - 1585 1714 1225 - - -
MnO: - - - - - - - 990, 507
PG 2969 - 1558 1705 1038 210 - -
PGM 3126 - 1562 1715 1046 130 - 575

4.10. XRD spectra of PPY, GO, PG, MnO2, and PGM:

The XRD spectra of PPY, GO, PG, MnO>, and PGM are shown in Fig. 29. The XRD
spectra of PPY show a broad peak at 20 = 27.52° corresponding to the (100) plane. The
broader peak signifies the amorphous nature of the polymer powder with an intermolecular
stacking structure due to the short-range arrangements of the polymer layers. (Chitte., H.
K. et al., 2011; Yussuf., et al., 2018). The XRD spectra of GO show a sharp and intense
diffraction peak at 20 = 10.91° (001) plane with an increase in the gallery spacing compared
to that of graphite. This increase in gallery spacing in the case of GO signifies that the
compact and periodic structure of graphite is oxidized by the encapsulation of oxygen
moieties between its carbon layers. The appearance of the additional peaks, one at 20 =
42.44° of the (100) plane, is due to the short order of the stacked graphitic layers (Bose, S.,
et al., 2010; Konwer, S., et al., 2011). The appearance of the diffraction peaks at 20 =
11.89° (001) due to GO and broad peak at 20 = 23.53" (100) due to PPY in the XRD spectra
of PG composite material supports its successful development. The diffraction peak of the
GO has been shifted from 20 = 10.91° to 20 = 11.89" in PG with a decrease in the intensity.
This reduction in the intensity of the GO peak in the PG may be due to the surface
modification of GO sheets during sonication. The broadening of the PPY peak in the
composite is due to encapsulation of the GO sheets over the PPY chains suggesting the

amorphous nature of the composite. (Konwer, S., et al., 2011; Oularbi, L., et al., 2017).
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The XRD spectra of MnO> show diffraction peaks at 26 values of 22.48°, 28.50°,37.54°,
42.25°, and 56.54°, corresponding to the planes (002), (100), (101), (102) and (110)
signifying its crystalline behavior (Liang, F., et al., 2017). In the XRD spectra of PGM,
the peaks of GO are suppressed and the broad diffraction peaks with a decrease in the
intensity of PPY and MnO; are observed in the composite material. The weakening of the
diffraction peaks of MnO; in the PGM may be due to the change in the crystal structure of
MnO; towards amorphous in the composite material. (Liang, F., et al., 2017).

(Ramachandran, T., and Dhayabaran, V. V., 2019).

Intensity (a.u)

Figure 29. XRD of PPY, GO, PG, MnO2, and PGM
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4.11. Morphological studies:

The morphological study of the PPY, GO, MnO,, and the prepared ternary composite
(PGM) was studied using scanning electron microscopy (SEM) as represented in Fig. 30
(A-D). The SEM micrographs of the PPY show the spherical granular morphology of the
polymer matrix. These grain-like structures are tightly stacked over one another with a
phase variance in the case of PPY. (Konwer, S., et al., 2011) The SEM image of GO
shows the dense stacking layers-like structures, probably due to the structural deformations
caused by the exfoliation of the well-ordered arrangements of the graphitic sheets during
the oxidation process. (Mudila, H., et al., 2013). SEM image of MnO» shows the spherical
shapes that are largely that are uniformly distributed. (Ramachandran, T., and

Dhayabaran, V. V., 2019).

MnO,

X 30,000 20.0 SEX SEM

Fig. 30. SEM micrograph of PPY (A), GO (B), MnO: (C), and PGM (D)
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SEM micrographs of PGM reveal the presence of rolled and folded sheets generated by the
fibrous morphology of GO sheets in the composite material. PPY gets adsorbed on the
surface of the GO sheets through electrostatic and n-i stacking, resulting in non-granular
morphology with pores on its surface, thus representing flake-like structures. The presence
of MnO; as spherical structures covers the whole surface of the PPY and GO in the
composite, resulting in different shapes in repeated manners, thus providing the porous
structure and increased surface area of the ternary composite material. The successful
development of the ternary composite PGM was further confirmed by examining the
elemental composition of the PGM composite material, which shows the presence of C, N,
O, and Mn as shown in Fig. 31 (A-B) The nano size (73.97 nm) of the PGM particles is
also suggested by the SEM images and is also conveyed by the histogram (Fig. 32).
(Ramachandran, T., and Dhayabaran, V. V., 2019: Ates, M., et al., 2020).
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Figure 31. (A-B): Mixed elemental mapping of PGM
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4.11.1. XPS Studies of PGM ¢

alyzed using XPS studies. Fig. 33. The characteristic

peaks in the XPS spectrum of PGM centered at 640.9, 528.4, 397.7, and 276.2 eV are due

The elemental composition was an

O, N, and C, confirming the presence of these elements in PGM.

of Mn,

to the presence
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Figure 33. XPS spectral analysis of PGM Ternary composite

The deconvolution curves of the C 1s, N Is, O 1s and Mn 2p of PGM composite
are shown in Fig. 34 (A-D). The deconvolved C 1s spectrum of PGM gives rise to the two
peaks corresponding to C-C (282.5 eV), and C=N (284.7 eV), (Fig. 34 A). The N 1s
spectrum shows the three peaks, at binding energy of 397.7, 402.3, and 399.9 eV,
corresponding to the imine (=N-H) positively charged (-NH'-) and neutral amine (-NH)
like structures, (Fig. 34 B). The deconvolved spectrum of O 1s, (Fig. 34 C), gives rise to
two characteristic peaks at 528.7 eV due to Mn-O-Mn bonds, while at 530.88 eV and H-
O-H bond. Fig. 34 D shows the deconvolved spectra of Mn 2p which give two peaks with
the orbital splitting of (A= 11.08 eV). The peak at 641.5 eV corresponds to the Mn 2p3,
while the peak at 652.6 eV is due to the Mn 2p12 which is in agreement with the literature.
The C 1Is, N Is, O 1s and Mn 2p characteristic peaks in the XPS spectrum show the
existence of PPY, GO, and MnO in the ternary nanocomposite PGM. (Han, G., et al.,
2014; Niu, T., et al., 2021).

70



Intensity (a.u)
Intensity (a.u)

T T T T T T T T T T T T T ¥ T
295 290 285 280 278 408 404 400 396 392
Binding energy (eV) Binding energy (eV)

O1s

Mn-O-Mn

Intensity (a.u)
Intensity (a.u)

v 1 M 1 M L]
1 ¥ T T T T T T
540 535 530 525 520 660 650 640 630
Binding energy (eV) Binding energy (eV)

Fig. 34 (A-D) Deconvolution spectra of C 1s, N 1s, O 1s, and Mn 2p of PGM

4.12. Thermal Studies:

Thermogravimetric Analysis (TGA) curves of PPY, GO, MnO», PG, and PGM are shown
in Fig. 35 A. Initially, the weight loss at temperature < 100 °C is due to the removal of
moisture content in the prepared samples. The percentage of weight loss in this temperature
range depends on the composition of the prepared material, more the hygroscopic nature,
the greater the percentage of weight loss. The major weight loss for the PPY starts at a
Tonset of 248.28 °C with residual weight (W: %) of 79.22. The weight loss of PPY
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continuously increases as the temperature rises and it ends at a Tosret 0of 575 °C indicating
the volatilization of PPY (Mudila, H., et al., 2013). In the case of GO, the main mass loss
takes place at Tonset 208.71 °C with W; % of 76.26. The loss in this temperature range is
mainly due to the removal of oxygen functionalities from the surface of GO. After this
major weight loss, the material behaves as a graphene and expanded graphite sheet-like
structure. (Konwer, S., et al., 2011; Mudila, H., et al., 2013). In PG initially, the weight
loss at the temperature of 100 °C is due to the removal of moisture content from the
composite surface. The weight loss in the temperature range of 150-170 °C is probably due
to the removal of oxygen-containing moieties introduced by the presence of GO in
composite material. The major weight loss in binary composite Tonset 243.28 °C arises due
to the degradation of PPY from the composite. (Bose, S., et al., 2010). The thermal stability
of the PG is higher compared to that of PPY and GO, which may be due to the presence of
PPY over the GO sheets, which provide stability to the structure by blocking the
accumulation of heat between the GO sheets in the composite material. After removing
moisture content from PPY GO and PG, the W; % left up to the Tonset Of the respective
material may be by eliminating impurities and unreacted dopants (Bose, S., et al, 2010; Li,
L., et al., 2012). In the TGA curve of MnO», a small weight loss at the Tonset, 294.57 °C,
was observed, which could be due to the phase transition (MnO> to Mn2O3) resulting in the
elimination of oxygen from the MnO:, lattice, (Naderi, H. R., et al., 2016). A comparative
representation of Tonset, decomposition temperature (Tq) and % char had been represented
in Fig. 35 B. In the case of PGM, the weight loss at Tonset, 248.02 °C, due to the degradation
of the polymer chain and removal of the dopant ions from the surface of the composite
material. The decomposition temperature in ternary composite (498.33 °C) is higher
compared to that of PPY, GO, and PG. Additional stability of the PGM compared to PPY,
GO, and PG is due to its thermal stability arising from the synergetic effect of PPY and
GO functionalities and the presence of stable MnO- in the composite material. (Liang, F.,

et al., 2017; Ates, M., et al., 2018).
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Figure 35. TGA of PPY, GO, ZnO, PG, and PGM (A), Graphical representation of
TGA parameter (Tonset, Ta, and Char%) of all the samples (B).

4.13. Electrochemical measurements using Cyclic Voltammetry:

The electrochemical behavior of the individual (PPY, GO, MnO3,) and the composite
binary and ternary materials (PGs, and PGMs) prepared at different weight ratios were
studied using the cyclic voltammetry (CV) technique. The CV curves which have a current
versus potential (I vs V) relationship were used to analyze the electrochemical activity of
the electrode material under investigation. CV studies of the respective electrodes were
carried out at a scan rate of 0.05 V/s within the potential window of -0.5 to 1.2 V in 5 mM
potassium ferrocyanide K3[Fe (CN)s] and 0.1 M KClI as an electrolyte. The resulting CV
graphs of CPE, PPY, GO, PGs, and PGMs showing distinct peaks of [Fe (CN)¢]*”* are
shown in Fig. 36. (Lee, S., et al., 2016). The electrochemical activity of PPY as seen from
the CV is higher than that of the CPE and GO-modified electrode signifying the better
electron transfer properties and fast redox mechanism on PPY electrode. The lower current
response in the case of the CPE electrode is due to the non-conductive nature of paraffin
oil used during its preparation. The current response in GO drops because the smooth
movement of electrons on its surface is impeded by the presence of oxygen moieties (C=0,
C-0, COOH, etc.) thus, hindering the smooth transfer of electrons on its surface resulting

in the decrease of current values. (Seenivasan, R., et al., 2015). Compared to CPE, PPY,
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and GO-based electrodes the peak current values are higher in the case of binary
composites PGs prepared at different w/w ratios. This improved electrochemical response
in the case of PGs compared to individual electrode material may be due to the synergetic
effect (m-it stacking and hydrogen bonding) that arises due to the interaction between PPY
and GO increasing the porosity and surface area of PGs that promotes the fast electron
transfer process on its surface and hence enhances its electrochemical behavior
(Seenivasan, R., et al., 2015; Rong, R., et al., 2017). For the optimization of the best
binary composite in terms of its better electrochemical performance, the prepared PGs were
studied by their CV studies. The low peak current of PG 4 compared to other composites
may be due to the reason that at this amount of GO the agglomeration of PPY and GO in
composite results in the formation of a small amount of nanocomposite material on the
surface of CPE that slows the rate of electron transfer during the process. (Zhang, H., et
al., 2023). The PG 1 composite shows better electrochemical response and hence has a
high peak current value compared to other binary composites and is therefore considered

for preparation of ternary composite with MnOs.
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Figure 36. CV curves of PPY, GO, and PGs in 5§ mM Ki[Fe(CN)s] and 0.1M KCI
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The CV curves of CPE, MnO,, and the ternary nanocomposites (PGMs) prepared at
different weight ratios with MnQO are shown in Fig. 37. From the CV curves of the ternary
composites, the composite PGM 1 having the optimal ratio of 2:1 (PG/MnQO>) shows a
higher peak current response compared to other composites. (Sun, H., et al.,2019). The
higher electrochemical performance of PGM 1 at this amount of MnO> may be due to the
synergetic effect operating between PPY, GO, and MnO,, which improves its current
response compared to other ternary composites. A further increase in the amount of MnO»
in the composite may lead to the breakdown of the synergetic effect due to the
accumulation of PPY, GO, and MnO: that hindered the transport of electrons on its surface
thus decreasing the electrochemical response. Therefore, the PGM 1 composite because of
its better electrochemical activity than the other ternary composite material is considered

ideal for the detailed studies. (Zhou, H., et al., 2016; Palsaniya, S., et al., 2021).
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Figure 37. CV curves of CPE, MnO2, and PGMs in 5 mM Ki3[Fe(CN)s] and 0.1M

KCl
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A comparative study of PPY, GO, PG 1, and PGM 1 at a scan of 0.05 V/s is shown
in Fig. 38. The peak current of PGM 1 is increased than that of individual components
(CPE, PPY, GO, and MnQ>) and the binary composite material PG 1. This enhancement
in the case of the PGM 1 may be due to the combined synergetic effect of PPY, GO, and
MnO; resulting in improving the surface area as well as the catalytic properties of the
ternary composite material compared to that of the individual as well as binary composite
facilitating the fast transport of the electron between the electrolyte K3[Fe(CN)s] and
electrode surface. (Zhou, H., et al., 2016; Liang, F., et al., 2017)
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Figure 38. Comparative CV graphs of different electrodes at the scan of 0.05 V/s §
mM Ki;[Fe(CN)¢] and 0.1M KCl
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4.14. Electrochemical impedance spectroscopy (EIS) studies:

The features of surface-modified electrodes was analyzed by Electrochemical impedance
spectroscopy (EIS) . The electron transfer of CPE, PPY, GO, PG 1, and PGM 1 electrode
material was examined in SmM Kj3[Fe(CN)s] aqueous solution containing 0.1 M KCI

within the frequency range of 0.1 Hz to 10° Hz. (Oularbi, L., et al., 2017).
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Figure 39: EIS spectra of CPE, PPY, GO, PG 1, and PGM 1 in 5 mM k3[Fe(CN)s]

an electrolytic solution containing 0.1 M KCI

The Nyquist plots in the EIS analysis consist of the linear, and semicircle portion
each signifies different process. The diameter of the semicircle in high-frequency region
reflects the electron transfer resistance (Rct) process taking place on the electrode surface.
The diffusion-limited processes taking place on the electrolyte- electrode interface are

studied from the linear portion in the lower frequency regions of the Nyquist plots. Smaller
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the diameter of the semicircle lower will be the impedance and charge transfer resistance
(Rer) signifying fast charge transfer process. (Seenivasan, R., et al., 2015) The total
electrode impedance depends on electron transfer resistance (R¢) in series with the parallel
connection of the double-layer capacitance (Cq1) and Warburg impedance (Zw). The EIS
spectra of bare CPE, PPY, GO, PG 1, and PGM 1 is shown in Fig. 39.

A small semicircle in the higher frequency region, and an inclined line in the low
frequency region in the EIS spectra of PGM 1 compared to CPE, PPY, GO, and PG 1
signifying the fast electron transfer processes on its surface. This could be due to better
conductivity and improved surface area of PGM 1 ternary composite, speeding the electron
transfer kinetic on its surface thus improving the electron transfer rate and the detection of
Pb?" ions in water samples. These results are in agreement as reported by the CV studies.

(Liang, F., et al., 2017; Ramachandran, T., and Dhayabaran, V. V., 2019).

4.15. Electrochemical detection of Pb?* using DPASYV technique:

4.15.1. DPASYV measurements of different electrodes:

The electrochemical performance of the different electrodes CPE, PPY, GO, PG 1, and
PGM 1 was carried out using DPASV studies to determine the Pb*" ion in buffer of acetate
solution with pH 4.6. (Oularbi, L., et al., 2017).
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Figure 40: Comparative DPASYV of CPE, PPY, GO, PG 1, and PGM 1 at 3.0 pyM

Pb?* ion

Pb>" ions are accumulated on PGM 1 electrode surface through electrostatic
attractions and surface complexations followed by the reduction of Pb** to Pb’ with the
deposition potential of -1.2 V for 5 minutes. The DPASV measurements were then
performed by sweeping the potential in the range of -1.2 to 0.2 V for different electrodes.
The stripping behavior of the CPE, PPY, GO, PG 1, and PGM 1 electrodes in the presence
of 3.0 uM Pb** ion was shown in Fig. 40.

The stripping peak current value at -0.51 V for the PGM 1 composite is higher as
compared to other electrodes (CPE, GO, PPY, and PG 1). This may be due to the synergetic
effect of all the individual components in the ternary composite thus increasing surface
area, conductivity, and the number of anchoring sites for Pb>* ions adsorption, further
enhancing the sensor's performance (Wanekaya, A., and Sadik, O. A., 2002; Karthik,
R., and Thambidurai, S., 2017; El Sikaily, et al., 2025)
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4.15.2. Electrochemical performance of electrode material:
DPASYV measurements were performed on PG 1 binary and PGM 1 ternary composites at
different concentrations (0.3 to 3.0 uM) of Pb?" metal ion. strong and intense redox peaks
that increase with the concentration of metal ions were observed for both composites. Fig
(41 and 43). The peak potential slightly shifts towards the positive potential and is
somewhat broad with increase in the concentration of metal ions. This may due to the
formation of multilayer metal ions on the surface of the already formed monolayer on the
electrode surface. (Dong., Y.P. et al., 2014).

The peak current values for the sensing of Pb** ion in the concentration range of
0.3 to 3.0 uM on PG binary composite is shown in Fig. 41. The corresponding calibration
curve of PG 1 for 0.3 to 3.0 pM of Pb>" ions was determined as y = 0.0106 Pb** + 0.1707
with (R?=0.95) as regression coefficient (Fig. 42) (Ghanbari, K., and Bonyadi, S., 2018).
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Figure 41. DPASYV curves of PG at various concentrations of Pb?* (0.3 to 3.0 nM)
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Fig. 42. Calibration curve of PG 1 at various concentrations of Pb?* (0.3 - 3.0 uM)

The electrochemical behavior for the determination of Pb*" ion within the
concentration range (0.3 to 3.0 uM on PGM 1 ternary nanocomposite results in the well-
defined stripping peaks as shown in Fig. 43. The calibration curve of PGM 1 composite
for sensing of Pb>" at different concentrations (0.3 to 3.0 pM) represented as y = 0.0373
Pb>" + 0.0672 (R2 = 0.99) (Fig. 44). The regression coefficient (R2 = 0.99) in the PGM 1
ternary composite case shows linear variation of the anodic stripping peak current values
on the Pb*" ion concentrations. The limit of detection (LOD) was calculated using the
formulae “3xSD/S” where “SD” is the standard deviation of the blank solution and “S” is
the slope of the calibration curve and it comes out to be 0.03 uM for Pb** ion by the PGM
1 ternary composite. (Ghanbari, K., and Bonyadi, S., 2018; Luyen, N.D., et al., 2023).
The sensitivity for ternary (PGM 1) is 0.0373 mA/uM, which is higher than the binary
composite (0.0106 mA/uM), which further signifies that the ternary nanocomposite shows
better electrochemical response for the sensing of Pb?" metal ion (Muralikrishna, S., et

al.,2017; Oularbi, L., et al., 2017)
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4.15.3 Selectivity of PGM 1 electrode for sensing Pb2* ions:

The selectivity of the PGM 1 electrode material was examined by introducing varying
amounts of the foreign material (Cd*" and Cu?") as an interfering metal ion to the 0.1 M
acetate buffer containing 3.0 uM Pb?* ion in the cell. During the pre-concentration phase
of DPASV investigations, the surface of electrode material containing Pb?" ions may co-
deposit these interfering ions. (Dai, H et al., 2016). The peak current values of Pb*>" ions
both with and without interfering metal ions are displayed in Fig. 45. The results show
minimal changes in the stripping peak current and peak potential values of the Pb* ion in
the presence of low and high concentrations of interfering ions. The peak current values
changed from 0.075 mA without interference to 0.077 mA and 0.065 mA at low and high

concentrations of interfering ions. In contrast, a negligible shift in the peak potential was

observed.
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Figure 45. DPASYV results of PGM 1 in the presence of 3.0 nM Pb?* and in the

presence of interference, 1.2 and 3.0 uM Cd>* and Cu?* ions.

83



An increased in the stripping peak current value at 1.2 uM concentration of the
interfering (Cd**, Cu®") ions is due to the formation of the favorable intermetallic
compounds on the surface of the PGM 1 composite during the deposition step that enhances
the stripping current of the existing Pb*" ion. like Pb-Cu, and Pb-Cd compounds during the
deposition step. The decline in the stripping peak current of Pb>* metal ion at 3.0 pM may
be ascribed to the competition of deposition (reduction) between these metal ions on the
surface of the PGM 1. However, the intensity of the Pb*" metal ion signal remains
unaffected by the introduction of such interference that shows the selective detection of
Pb?" ions. This may be due to the inactive behavior of the added interfering ions within the
oxidation potential range of the Pb>" metal ion. (Zhang, Q. X., et al., 2015; Blaise, N. et
al., 2022)

4.15.4. Reproducibility and stability of PGM 1 electrode for sensing Pb2* ions: -

Reproducibility of the sensor (PGM 1) refers to the reliability of the electrode material
under the same conditions repeated multiple times. The DPASV studies were carried out
at a fixed concentration (3.0 pM) of Pb?" in an acetate buffer having pH 4.6 over five
electrodes modified equally with the electroactive material Fig 46. The corresponding
stripping current values for each electrode were recorded. A stripping peak current at -0.51
V was observed irrespective of the electrode material with a Relative Standard Deviation
(RSD) of 4.12% and minimum peak current variation showing the reproducibility of the

electrode material (PGM 1). (Seenivasan, R., et al., 2015; Luyen, N.D., et al.,2023)
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Figure 46. Representation of the reproducibility of PGM 1 in 3.0 pM Pb?* ion
solution

The stability of the electrode refers to its ability to show the minimum degradation
from the initial current values when repeated over a period of time. The stability of the
PGM 1 electrode was analyzed by performing the DPASV measurements in the same
concentration of Pb*" ion (3.0 uM). The electrode, after each measurement, was washed
with distilled water and kept in an acetate buffer solution (pH 4.6). Each measurement was
performed after 7 days for the next 4 weeks and the corresponding current response was
recorded in Fig. 47. The electrode material shows long-term stability with a minimum drift
of initial current response with RSD 6.99 % and retention of 93.01 % current response,
thus representing the stability of the electrode material (Zhou, H., et al., 2016; Karthik,
R., and Thambidurai, S., 2017).
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Figure 47. Representation of the stability of PGM 1 in 3.0 pM Pb?* ion solution

4.16. Removal of the Pb?>* metal ion using PGM 1 composite: UV-visible spectroscopy
technique was employed to study the percentage removal of Pb*" ion from the aqueous
solution. A known amount (2 mg) of the PGM 1 ternary composite as adsorbent was added
to the 30 ml of 100 ppm concentration of the lead solution. The resultant solution was
allowed to sonicate for 10 minutes and then allowed to stand for the next 15 minutes to
form a stable suspension. The effect of contact time of the adsorbent to the Pb"ion solution
at different time intervals (1, 4, 24 hours) was then studied using UV-visible spectrometry
(Fig. 48). The percentage removal efficiency of the Pb>* ion on the surface of PGM 1
composite was calculated, shown in the table using the equation. (Yadav, V. B., et al.,

2019: Birniwa, A. H., et al., 2022).
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Fig. 48. UV-visible spectra representing detection and removal of Pb?* ion in
aqueous solution

From the graph, it can be seen that with an increase in the duration of the contact
time of the adsorbent with the Pb?" ion solution, more of these ions get adsorbed on the

electrode surface, resulting in a decrease in the concentration of the Pb?* ion in the solution.

Table 8: Removal efficiency of Pb2*ion by PGM 1composite with time

S. No Contact time % Removal
1 1 hr 41.78
2 4 hr 56.12
3 24 hr 84.89
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CHAPTER 5 CONCLUSION AND FUTURE PERSPECTIVES

5.1. Conclusion:

The research work on the synthesis and applications of polypyrrole (PPY) based ternary
nanocomposite (PGXs) for electrochemical detection and removal of heavy metals has
been carried out successfully. The following conclusion has been drawn from this research
work.

The preparation of polypyrrole has been carried out using oxidative chemical
polymerization using the oxidant ferric chloride. Graphene oxide has been synthesized
using the modified hammer method. The successful synthesis of PPY and GO was
confirmed using FT-IR, XRD, SEM, and TGA analysis. The transition metal oxides (ZnO
and MnO) have been prepared from the working laboratory and characterized using the
above techniques.

The Ex-situ method was employed for the preparation of binary (PPY/GO) and
ternary (PPY/GO/ZnO and PPY/GO/MnO>) composites at different weight ratios. Each
binary and ternary composites were optimized in terms of showing better electrochemical
response using cyclic voltammetry. The structural, Morphological, and thermal studies of
optimized binary (PG 1) and ternary (PGZ 2 and PGM 1) carried out by FT-IR, XRD SEM,
and TGA analysis, are also in good agreement with the literature.

Electrochemical (CV) and EIS studies show the enhanced electrochemical
response of binary and ternary composites, which may be due to the synergetic effect
between the individual materials in their composites, facilitating the fast electron transfer
process. The electrochemical response of the PG 1 composite is higher compared to the
other composites (PG 2, PG 3, and PG4). Which is may be due to the reason that an increase
in the amount of GO results in the agglomeration of PPY and GO leads to the formation of
a small amount of nanocomposite material on the surface of CPE that slows the electron
transport processes.

Further the electrochemical response of the PGZ 2 compared to (PGZ 1, PGZ 3,)
and PGM 1 composite compared to (PGM 2, PGM 3,) is higher. This may be ascribed due
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to the pseudo-capacitor behavior of ZnO, and MnO; up to a certain amount providing a
smooth surface for the fast electron transport within the electrode material.

The optimized PG 1 and ternary (PGZ 2, and PGM 1) were analyzed for the sensing
of Pb*" ion using the DPASV. The sensing response for the Pb>* ion on the surface of the
ternary nanocomposite is higher compared to that of the binary composite. The increased
surface area due to GO and pseudo capacitive behavior of PPY ZnO, and MnO; making
the electron transfer process more feasible in ternary composite compared to PG 1.
Secondly, negatively charged functional groups in PPY, GO, and ZnO, in PGZ 2 PPY, GO,
and MnOa, in case of PGM 1 act as binding sites for the Pb* ions, resulting in the formation
of complexes through coordinate bonds. This results in enhancing the selective sites for the
accumulation of metal on its surface in the case of PGZ 2 and PGM 1 thus increasing the
stripping peak current response. A LOD of 0.05 puM for PGZ 2 and LOD of 0.03 pM for
PGM 1 within the concentration range of 0.3-3.0 Pb®" uM Pb?" ions was obtained. The
developed sensors also show a good selectivity for the detection of Pb?* ions in presence
of other interfering ions (Cd*" and Cu?")

The detection of the Pb>* ions by the prepared electrodes and are also helpful in
the removal of Pb?* ions, which has been carried out by UV-visible spectroscopy. PGZ 2
and PGM 1 electrodes show a removal efficiency of 86.92 % and 84.89 % for Pb*" ions,
respectively, after 24 hours of contact.

The results for the sensing of Pb** ions on the surface of working electrodes (PGZ 2 and
PGM 1) are summarized in the Table 9

Table 9: Results for the sensing of Pb?* ions on the surface of working electrodes

Material Concentration LOD Sensitivity Reproducibility Stability Interference
range (uM) (uM) (mA/pM) (RSD %) (RSD%)
PPY/GO/ZnO 0.3-3.0 0.05 0.0127 1.089% 3.67% Cd*, Cu*
(PGZ?2)
PPY/GO/MnO2 0.3-3.0 0.03 0.0373 4.12 % 6.99 % Cd*', Cu**
(PGM 1)
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5.2. Future perspectives

The use of PPY/GO/ZnO (PGZs) and PPY/GO/MnO; (PGMs) ternary nanocomposites for
sensing heavy metals holds significant promise for future developments in environmental
monitoring and analytical chemistry. The combination of PPY, GO, and ZnO/ MnO> in the
ternary composite results in improving the properties of the composite, which improves the
sensitivity and selectivity for the sensing of heavy metals. By optimizing the composite's
structure and composition, it may be possible to fine-tune its response to specific heavy
metals, enhancing selectivity. The composite could be integrated into systems designed for

in-situ environmental monitoring.
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Abstract

The accumulation of heavy metals in water sources at levels exceeding acceptable limits poses a serious risk to human
health and the environment. Various electrochemical methods and electroactive materials have been employed to identify
and measure these metal ions. However, effective, low-cost, sensitive, and stability, with low detection limit and high
reproducibility, are the major requirements of such sensing materials. In this regard, an enhanced hybrid ternary composite
PGT based on polypyrrole, GO, and ZnO (PPY/GO/Zn0O) has been fabricated and is reportedly being used for the first time
to identify lead (Pb>") ions at the trace level in aqueous solutions. The ternary composite was characterized using Fourier
transform-infrared spectroscopy (FTIR), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), scanning electron
microscopy (SEM), and thermogravimetric analysis (TGA) to study its structural, morphological, and thermal properties. The
electrochemical response of the composite material was analyzed using cyclic voltammetry (CV) and electron impedance
spectroscopy (EIS) in potassium ferricyanide as a redox probe. The sensitivity, selectivity, and reproducibility of the PGT
were studied via the differential pulse anodic stripping voltammetry (DPASV) technique. The electrode material shows a
good linear response (R* = ~0.98) with a limit of detection of 0.05 uM for Pb** ions within the concentration range of 0.3 to
3 uM. The reproducibility RSD (relative standard deviation, 1.089%), stability RSD (3.67%), and interference of the working
electrode in the presence of other metal ions (Cd** and Cu**) show a good response. These results represent the possibilities
of employing the PGT electrode to effectively detect other heavy metal ions from aqueous sources.

Keywords Polypyrrole - Graphene oxide - Heavy metal ion - DPASV - Zinc oxide - Pollution

Introduction

Numerous anthropogenic and natural sources discharge
heavy metals (HMs) into the different strata (air, soil, and
water) of the environment. Through their excess concentra-
tion in the environment, these HMs lead to retard the envi-
ronment’s ability to promote life. This directs toward threat-
ening the health of plants, animals, and humans [1, 2]. HM
toxicity to organisms is influenced by various factors such
as the nature of HMs, the organism exposed to HMs, and
the duration of exposure [3]. HMs like Pb, Cu, As, Zn, Hg,
and Cr are reported as the most prevailing environmental
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pollutants by the United States Environmental Protection
Agency (USEPA) report [4]. Among the variety of HMs,
lead (Pb) is considered a hazardous environmental pollut-
ant, affecting both human and animal neurological, immu-
nological, reproductive, and digestive systems. Furthermore,
Pb** ion buildup in the body has a serious negative impact
on children’s neurobehavioral development, raises blood
pressure, damages the kidneys, and results in anemia [5].
Various organizations viz. environmental protection agency
(EPA, 0.015 mg/L), World Health Organization (WHO,
0.01 mg/L), and Central Pollution Control Board (CPCB,
0.01 mg/L) have set certain permissible limits of concen-
trations of Pb** ion to be present in various potable waters
[6]. Therefore, the detection and determination of Pb>* ions
present in the various samples is of supreme importance in
monitoring the environmental quality.

A variety of techniques ranging from analytical to
electrochemical are employed for the detection of these
HM (including Pb*) contaminants from various sources.

@ Springer
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Comparative study on the electrochemical performance of PPY/GO binary and PPY-
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PPY/GO binary nanocomposites (PGs) and PPY-GO/ZnO ternary nanocomposites (PGZs) as electrode material were
synthesized via the ex-situ method. The PGs, prepared by varying the proportions of GO (%w/w) in PPY, were
characterized by FTIR, XRD, TGA, and electrochemical measurements. The PGs were analyzed by cyclic voltammetry
(CV) for their electrochemical performance. The binary composite (PG5) having the highest specific capacitance
(Cs=391.3 F/g) value was preferred for the preparation of ternary composites, i.e., PGZs with ZnO in different ratios
(%w/w) by the ex-situ method. The highest specific capacitance of 352.1 F/g was obtained for PGZ-1 at 1 mV/s which is
lower than for its binary counterpart (PG5) but was higher than those of ZnO, PPY, and GO. The incorporation of GO
has enhanced the electrochemical performance of PGs, however, the encapsulation of ZnO in PG was found to decrease
the electrochemical response of PGZs. The result suggested this to occur due to the disorder caused in the PPY chains by
Zn0.

Keywords: Conducting polymer; Composites; Capacitance; Graphene oxide; Transition metal oxide, Clean energy.

INTRODUCTION

Conventional energy sources are largely
employed to encounter the need for the energy
required in various aspects of life. The use of these
energy sources at a tremendous rate is the major
contributor to climate changes such as air pollution,
global warming, etc. [1]. To overcome these issues
there is a great need to develop energy techniques
that are readily available and environmentally
friendly. Among the various energy sources,
electrochemical supercapacitors are considered the
potent candidates widely used in power inventors,
electrochemical actuators, power supplies, etc. The
mechanism of charge storage in supercapacitors is
based on (a) electrochemical double-layer capacitors
(EDLC) or (b) fast and reversible redox reactions
that take place on the interface of electrodes and
electrolytes (pseudo capacitors) [1, 2]. Various types
of eclectroactive material, viz., carbonaceous
material, conducting polymers (CPs), and transition
metal oxides (TMOs) are employed as the electrode
material in supercapacitors. CPs are appropriate as
an electrode because of their high porosity, storage
ability, and reversibility but they lack cyclic stability
and slow charging-discharging rate. These
drawbacks can be improved by entering structural
changes in CPs by hybridizing them with other
electroactive materials [2-4]. CPs with carbonaceous
material like graphene oxide (GO) show a synergetic
effect and produce an electrode with high
capacitance behavior [5].

* To whom all correspondence should be sent:
E-mail: harismudila@gmail.com

TMOs having pseudo capacitive behavior act as a
filler between the CPs and carbonaceous material
that may improve the electrolyte-electrode
interaction resulting in the fast diffusion of ions and
hence improving the capacitive behavior of the
electrode material [3, 6]. However, some studies
show a decrease in performance with the addition of
TMO in the matrix [4]. Nowadays a variety of CPs
(polypyrrole, polyaniline, etc.) are hybridized with
carbonaceous material (GO, rGO, etc.), and TMOs
(ZnO, V,0s, and others) to form ternary composites
used in supercapacitors for the storage of the
electrochemical energy [7, 8]. This work presents the
fabrication of PPY/GO binary nanocomposites
(PGs) and PPY-GO/ZnO ternary nanocomposites
(PGZs). The as-fabricated PGs and PGZs were

further studied for their electrochemical
performance by cyclic voltammetry (CV).
MATERIALS AND METHODS
Materials

Monomer pyrrole (PY, >99%, Spectrochem),
graphite  powder, potassium  permanganate
(KMnOy), sulfuric acid (H2SO4), hydrogen peroxide
(H20,), and hydrochloric acid (HCI) were acquired
from Loba Chemie. Ferric chloride (FeCls), and
PVDF (polyvinylidene fluoride) were from Sigma
Aldrich, N- cetyl -N, N, N- trimethyl ammonium
bromide (CTAB), and ascorbic acid were obtained
from S D Fine Chem. Ltd.

© 2023 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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Highlights

» PrGZ-2 represents a high sensitivity with a LOD of 0.3uM and excellent
linearity (R?) 0.994.

* PrGZ-2 reveals an improved electron transfer, low resistance, and
enhanced Pb?* detection efficiency.

» The ternary hybrid composite exhibits a low RSD (2.13%) and strong
repeatability and stability, ensuring reliable Pb?* detection.

» PrGZ-2 maintains high sensitivity and selectivity in the presence of
Cd?* and Cu?*, marking its suitability for environmental monitoring.
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Abstract

This research work demonstrates the effective determination of Pb%* ions from aqueous
sources using systematically developed ternary nanocomposites (PrGZs). These
nanocomposites were synthesized through a judicious combination of Polyaniline (PANI),
reduced Graphene Oxide (rGO), and Zinc Oxide (ZnO). The physical properties of PrGZs were
characterized using techniques such as Fourier Transform Infrared Spectroscopy (FTIR), X-
ray Diffraction (XRD), Thermogravimetric Analysis (TGA), Differential Scanning Calorimetry
(DSC), and Scanning Electron Microscopy (SEM). The electrochemical performance of PrGZs
was evaluated using Electrochemical Impedance Spectroscopy (EIS) and Differential Pulse
Anodic Stripping Voltammetry (DPASV) with a carbon paste electrode (CPE). Notably, PrGZ-
2 exhibited significantly improved detection and sensitivity compared to the individual
components and binary composite, attributed to its low resistance, pseudo-capacitive
behaviour, and enhanced electron transfer properties. The calculated limits of detection
(LOD) and quantification (LOQ) for PrGZ-2 were 0.3uM and 1.16 uM, respectively, within a
Pb%* jon concentration range of 1uM-5.5uM. This indicates good sensitivity for low
concentration detection, with an R? value of 0.994. The relative standard deviation (RSD) for
PrGZ-2 was 2.13%, confirming acceptable repeatability and precision of the measurements
on the working electrode at a scan rate of 0.01V/s. Furthermore, the composite material
displayed good results in the presence of interfering metals and demonstrated appreciable
repeatability and stability. These findings suggest that the material holds significant
potential and could be evaluated for detecting other toxic heavy metals, expanding its
application for environmental monitoring without interference from lead.
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In this work, a series of binary nanocomposites (PGs and PGRs) were synthesized by adding a varying percentage of
GO and rGO to the matrix of polyaniline (PANI). PANI was synthesized by the chemical oxidative method, while GO
was synthesized through the modified Hummers method and was further reduced to rGO. All the individual material and
composite materials were analyzed through FTIR, XRD, TGA-DSC, and SEM analysis. The electrochemical performance
was studied via cyclic voltammetry for the PANI, GO, PGs, and PGRs in the potential range of -0.5 to 0.5 V at varying
scans (1 to 500 mV/s). The specific capacitance of PANI, GO, and rGO was found to be 169.57, 248.69, and 279.34 F/g
while the maximum specific capacitance for the binary composites for PG-5 and PGR-5 was found to be 367 and 1231

F/g respectively.
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INTRODUCTION

Conductive polymers (CPs) are of great interest
because of their incomparable properties like high
surface area, multi-redox reaction, thermal
resistance, and chemical stability. Out of various
CPs, polyaniline (PANI) possesses a wide range of
electrical properties and is a great choice because of
its ease of synthesis [1, 2]. Apart from the CPs,
nowadays carbon-containing materials like graphite
oxide (GO) and reduced graphite oxide (rGO)
provide a capable preliminary material for the
fabrication of composites with CPs due to defects
and potential functionalization [1, 2]. GO is a single
sheet having oxygen-containing functional groups
like -OH, C-O-C, and —COOH groups [3] whereas
rGO has extraordinary physical and chemical
properties, a 2D form of graphite, sp? hybridization,
great mechanical properties, electron transport, high
surface area, and great conductivity. rGO has a
honeycomb-like structure in which one strong bond
C-C is present in the plane and another n-bond is
present out of the plane having a delocalized
network, this structure is important for the
availability of electrons for conduction [2, 3].
Numerous improvements have been made to CPs
and carbon-containing compounds to form their
composites for the reason that they provide low cost,
save time, and give a better result of conductivity by
acting as electroactive material [4-6].

In this experimental work, systematic studies
have been carried out on the fabrication and
electrochemical activity of the PANI-GO (PGs) and
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PANI-rGO (PGR) composites. The present work
involves the formation of a binary composite with
different ratios of PANI with GO and rGO (w/w %)
by a simple route of ex-situ polymerization. The
fabricated composites were characterized using
FTIR, XRD, TGA, DSC, and SEM. These
composites were found to have great electroactive
properties when studied for their specific
capacitance determined by cyclic voltammetry
(CV).

MATERIALS AND METHOD

Materials

Chemicals like aniline (p=1.021 g/ml, LOBA
Chemie), SDS (sodium dodecyl sulfate, Qualikems
Fine chem.) ferric chloride (Alpha Chemika),
graphite (LOBA Chemie Pvt Ltd), sulfuric acid
(Avantor Performance Materials India Ltd),
potassium permanganate (Hi-Media Laboratories
Pvt. Ltd.), sodium nitrate (Avarice Industries),
hydrogen peroxide, hydrochloric acid, hydrazine
hydrate and ethanol were procured from LOBA
Chemie Pvt Ltd and the chemicals were not further
purified because all chemicals were of analytical
quality.

Preparation of PANI, GO, and rGO

Preparation of PANI from aniline was carried out
by the process mentioned by Bangade ef al. 2020, in
the presence of an anionic surfactant and an oxidant
FeCl; [7]. GO was formed by the modified Hummers
method as explained by Mudila et al. 2074 [8]. In a
beaker deionized water (250 ml) was taken to which
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Abstract: In this present study, Graphene oxide (GO) is synthesized by modified Hummer’s method.
The GO formed is further used to prepare V>Osembellished reduced graphene oxide (rGO) composites
(rGO: V,0s) in varying ratios via an in-situ process. UV-Vis spectroscopy was employed to study
optical properties such as band gap and optical conductivity of the composites and individual species.
rGO synthesized was studied to have a narrow band gap of 1.93 eV, which was much lower than the
metal oxide used. Thus, rGO enticing material is to be used to modify the band gap of the prepared
composites, thus lowering the optical band gap to 1.32 eV for rGO: V,0s(2:1) and enhancing the optical
conductivity to 5.34x10' S.cm™. Characterization of the compound is done using various analytical
techniques, including FTIR, SEM, XRD, and TGA. All these studies designate the successful
fabrication of the required composites with specific properties. Thus, it is concluded from the study that
rGO:V;,0sin 2:1 can be used as a potent material in optoelectronic applications.

Keywords: Clean and affordable energy, optical conductivity, optical band gap, reduced graphene
oxide, V,0s.
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1. Introduction

In recent years, the study of the optical properties of material has been an interesting
area of research due to the increasing demand for advanced materials with unique electronic
and optical properties [1]. In current studies, rGO and V20s synthesize a hybrid material with
better optical activity than the individual material.

V205 was chosen for the research due to its remarkable properties, such as good
adsorption in visible regions, electrical conductivity, and great electrochemical performance.
Along with this, V20s is an easily available and efficacious material [2-4]. 1GO has been used
due to its ability to act as a supporting material for charge transport. rGO consists of many
important properties, such as electrical conductivity, large surface area, and good optical
properties [5-8].

Various studies have been done to investigate the optical properties of rGO: V20s
composites that are obtained by the ex-sifu fabrication method. One of the important optical
properties of these materials is the optical band gap, which measures the energy required to
excite the electrons from the valance band to the conduction band. This is a significant property
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A variety of contaminants present in potable water, including heavy metals, cause numerous health hazards. Arsenic
(As) is studied as one of the chief heavy elements hazardous to human beings and other categories of life. Arsenic
as a natural constituent of the earth’s crust is present in mineral rocks, which are deposited through various natural
processes. Moreover, arsenic is also added to groundwater anthropogenically through the burning of fossil fuels,
arsenical agrochemicals, wood preservatives and so on. Arsenic (lll) (As") and arsenic (V) (As") are toxic inorganic
forms in aqueous solution and are responsible for cancer, arsenicosis, vascular diseases and toxicity related to genes,
cells, epidemiology and so on. In view of these problems, it is necessary to detect and decontaminate arsenic
contamination in potable water. In this paper, brief descriptions are given of the most significant electrochemical
methods, due to their advantages such as robustness, speed, accuracy and simplicity. Moreover, techniques such as
differential pulse voltammetry, square-wave voltammetry (SWV), stripping chronopotentiometry, anodic stripping
voltammetry and cyclic voltammetry (CV) have kept the electrochemical method as a diverse and advanced
technique for the sensing process. Furthermore, details of the determination and decontamination of arsenic in
potable water through an electrochemical process with a particular focus on SWV and CV are discussed.

Keywords: arsenic/cyclic voltammetry/decontamination/electrochemical method/ground water/heavy metals/square-wave voltammetry/
toxicity/UN SDG 3: Good health and well-being/UN SDG 6: Clean water and sanitation

Notation
Ey,  potential step
I, I, current

\%4 potential

AE pulse amplitude
T time (s)
Introduction

Water, which covers 70% of the earth’s crust, is one of the most
important natural resources necessary for the good health and well-
being and survival of life on earth. As a wonderful natural
component, it can dissolve numerous constituents (organic and
inorganic chemicals and various other substances) in varying
concentrations (Mudila ef al., 2018; Obinnaa and Ebere, 2019). The
chemicals dissolved in potable water could be beneficial as well as
hazardous to the living community consuming that water. A large
part of the world is suffering from public health emergencies of
incredible proportions due to the scarcity of potable water, while a
large community of the world is under threat due to chemical
poisoning and contaminants present in groundwater consumed as
drinking water (Hussam, 2013; Pooja ef al., 2020). Contaminants in

potable water are undesired and may be foreign particles and so on,
which are responsible for influencing the normal functioning of a
system, and could be of different forms and can be generated from a
variety of sources (Sharma and Bhattacharya, 2017). These
contaminants, regardless of the source, are hazardous to the
ecosystem and hence to all the forms of life present there,
particularly humans (Gleick, 2002). According to the report of the
World Health Organization (WHO) on potable water for the year
2022, nearly 2 billion people all over the globe depend on
contaminated sources, which leads to various waterborne diseases
(cholera, diarrhoea, dysentery and typhoid) and other health hazards
(Luvhimbi et al., 2022).

A variety of contaminants are present in water coming from different
sources. Microbial contamination mainly includes pathogens such as
bacteria, parasites, viruses and worms. These pathogens knowingly
or unknowingly can reach water sources through human and animal
wastes, thus causing distinctive problems in water. Poor water
quality, poor hygiene and food sources play a significant role in
pathogen exposure leading to the outbreak of waterborne infections
such as diarthoea, dysentery and cholera. Infections caused by
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