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Abstract

The sensitivity characteristics of the electrode can be enhanced by modifying its surface
with suitable modifiers. The surface assisted electron transfer platforms are particularly
useful for pharmaceutical analysis and detection of water toxins. The primary objective of
the current work is to modify the electrode surface in a way that could significantly boost
its sensitivity for medical and environmental applications. Four electrode modifiers
including bis-triazole appended calix[4] arene (BTC), Bis (imidazo [4, 5-f][1, 10]
phenanthroline) appended bis-triazolo calix[4] arene (BPTC), FeCoSe, and CoPd@AIl.03
were synthesized and characterized by various -electrochemical, structural, and
morphological techniques. The synthesized materials were immobilized individually onto
the electrode surface and modification was ensured by electrochemical impedance
spectroscopy (EIS), cyclic voltammetry (CV) and square wave anodic stripping
voltammetry (SWASV). In the designed nanosensors, FeCoSe> nano-rods and
CoPd@AIl203 were used as receptors for the sensing of Isoniazid (INZ) and Venlafaxine
(VEN) drugs in biological fluids. For real sample analysis the labelled claims of INZ and
VEN in tablets were validated and the detection limits of 0.12 nM and 1.86 pM were
evaluated by square wave anodic stripping voltammetry. It was observed that the signals
of the drugs remained intense even in the presence of interfering agents such as citric acid,
uric acid, ascorbic acid, glucose, sucrose, Ca?*, Mg?* and NH** ions with concentration
higher than INZ and VEN. For the sensing of heavy metal ions, Zn (I1), Pb (11), Cd (1),
As (111), and Hg (1), BTC and BPBTC were used as receptors on the transducer’s surface.
The platforms were then used for the detection of metal ions. The selected metal ions were
found to interact with the electron rich functionalities of the recognition layers and the
resulting host guest complexation led to increase in the oxidation signals, about 5 times at
the fabricated electrode as compare to bare GCE. To check the performance of the sensing
platforms, EIS, CV, and SWASV were utilized. Conditions were optimized to achieve the
highest possible current response of the target analytes. The validity of the modified
electrodes for practical applications was verified by testing them with real samples. Results
indicated that the designed electrochemical platforms possess the qualities of sensitivity,
selectivity, reproducibility, and stability.
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Chapter 1

INTRODUCTION

Rapid increase in industrialization to meet the needs of ever-growing population also led
to environmental pollution, stemming from unchecked and unregulated discharge of
harmful substances into the environment, especially water bodies. The United Nations
established a series of objectives known as sustainable development goals (SDGs) to
address this issue. Two of these SDGs are related with water cleanliness. Therefore,
exploring efficient environmentally friendly approaches for the detection of water
contaminants would be a useful addition to the existing knowledge economy on this topic.
In this regard the current chapter provides an overview of electrochemical sensors and their

potential for rapid sensing of analytes with high sensitivity and selectivity.

1.1 Sensors

These are the devices that utilize active substances for transducer modification to sense
certain analytes by transmitting and magnifying their signals. The signal could be optical,
electrochemical, thermal, or electrical. These instruments are utilized for detecting a
targeted analyte directly in the sampling matrix [1]. Artificial sensing systems operate on
the same principles as natural sensors, such as those found in the nose and tongue, which
enable us to detect changes in physiology and chemistry. These systems typically consist

of three key components: a receptor (input device), a transducer, and a data processor unit.

The receptor is responsible for receiving the input signals and sending them to the
transducer, which converts the signals into an output signal that can be interpreted by the
data processor or intelligence unit. Receptors are made up of recognition elements that
receive the stimulus and interact with the target analyte. In sensors, transduction elements

play a vital role in converting a recognition event into an output signal. The output signal



could be of different types such as electrical, optical, or thermal, based on the sensor being

utilized [2]. The subsequent sections present a brief introduction of the sensor types.

1.2 Electrochemical sensors

Since Max Cremer invented pH electrodes in 1906, electrochemical sensors emerged as
promising techniques for chemical sensing [3]. These sensors are used in hospitals,
chemical factories, and a variety of other fields after the invention of glucose enzyme
amperometric electrodes by L. Clark [4]. Owing to their high accuracy, speed, as well as
reliability, these sensors are utilized in several areas of life such as biomedical, agricultural,
food and environmental, as well as industrial sectors. To meet the evolving detection needs
in various fields, electrochemical sensors require multidisciplinary research that integrates
material science, electrochemical engineering, and electronics. Electrochemical sensors
consist of three key components: a transducer, a receptor, and an electrochemical cell
arranged with counter and reference electrodes. Due to their discrimination ability of
species based on their redox potentials, they are currently the predominant probes for
simultaneous sensing of several analytes. Fig. 1.1 depicts schematics of an electrochemical

Sensor.

Fig. 1.1. A simplified representation of an electrochemical sensor, highlighting the
essential components that enable it to detect and quantify various analytes. Adapted from

reference [5].
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1.3 Classification of electrochemical sensors

There are three distinct categories into which electrochemical sensors can be classified,
depending on their operating principles and design: potentiometric sensors, conductometric

sensors, and voltammetric /amperometric sensors.

1.3.1 Potentiometric sensors

A potentiometric sensor measures the voltage or potential difference between the WE and
the reference electrode. This potential difference changes in response to variations in the
concentration of the analytes being measured, allowing for the detection and quantification
of the analyte. They have a distinct ion selective membrane at the working electrode, which
is made of a crystal, glass, or polymer depending on the ions of interest that bind at the
membrane-electrolyte interface. They are extremely selective but are slower and less
sensitive than their amperometric counterparts. Because of their simplicity and ease of use,
potentiometric sensors are commonly used [6]. Three major categories of potentiometric

devices are field effect transistors, coated wire electrode, and ion selective electrodes [7].

1.3.2 Voltammetric sensors

These sensors generate current signal as a function of potential applied across the working
electrode. For voltammetric analysis, analytes get reduced or oxidized at the working
electrode in a definite potential window where electrolyte/solvent/modifiers decomposition
could not occur. Voltammetric sensors are commonly characterized through square wave,

differential pulse, and cyclic voltammetry [8].



1.3.3 Amperometric sensors

Through chronoamperometry, the current produced over time is measured at a constant
potential resulting from redox reactions of the electroactive species. Amperometric sensors
are capable of detecting the presence of analytes. These sensors quantify and detect
analytes through electron-transfer process between the analyte and the WE, providing
signals that directly correspond to the concentration of electroactive species. A typical
amperometric sensor consists a potentiostat along with a three electrodes containing
electrochemical cell, the counter, reference, and working electrodes. These electrodes are
immersed in an appropriate electrolyte that makes the electron-transfer process faster
between the WE and the analyte species. Inert conducting materials serve as the auxiliary
or counter electrode. In potentiometric sensors, the reference electrode have a critical part
in establishing the reference potential for both the working and counter electrodes. The
reaction involving the electron-transfer i.e., desired reaction, happens at the surface of the
WE [9]. Fig. 1.2 depicts a standard amperometric sensing device and its operation.



Fig. 1.2. The key constituents of amperometric sensors: potentiostat, electrolyte solution,

and three electrodes. Adapted from reference [10)].

1.4 Working Electrodes (WE)

The WE is a fundamental component in electroanalytical systems as it serves as the site
where the electrochemical reaction of interest occurs. To be suitable for electrochemical
research, a working electrode should meet certain criteria such as being inert, having low
background current, being affordable, and having a high level of reproducibility. The
electrochemical reaction in an amperometric sensor can be influenced by the structure as
well as geometry of the WE. These factors affect the area and roughness of the WE’s
surface, which, in turn, can influence the reaction. The quantity of available electrode
material for electrochemical reactions is largely determined by the active surface area of
the electrode. Moreover, roughness of the electrode’s surface can affect the adsorption of

reaction intermediates as well as the diffusion of analytes and reaction products to and from



the electrode surface. Therefore, selecting an appropriate working electrode with optimal
geometry and structure is important to achieve accurate and precise electro-analytical
measurements. The precision and accuracy of electroanalytical analysis can be influenced
by the distribution of the electric-field and the diffusion process of reacting species and
products produced, which can be affected by the shape as well as size of the WE. Hence,
it is crucial to thoroughly analyze and evaluate the structure and geometry of the working
electrode, when designing electroanalytical experiments and interpreting electrochemical
data. Working electrodes are available in different sizes and shapes, and new types are
being developed based on their size and working potential window, and for different

applications.

1.4.1 Mercury electrodes

Mercury electrodes, such as dropping-mercury, mercury-film, and hanging mercury drop
electrodes, were historically valued in polarography for electroanalytical purposes due to
their exceptional selectivity, low detection limits, and reproducibility. However, their
usage declined because of mercury's toxicity and limitations in on-site analysis of organic
compound oxidation, leading to a shift towards alternative materials in electrochemical

analysis [11].

1.4.2 Metal and metal oxide electrodes

Metal and metal-oxide based electrodes, including platinum, gold, silver, titanium, and
their oxides, are widely employed in electroanalytical applications due to high conductivity
and stability. Platinum electrodes offer a broad working potential window and resistance
to corrosion but can be costly. Gold electrodes, preferred for biomolecule studies, exhibit
low background currents but are prone to oxidation. Silver electrodes, though less common,
have lower background currents and are cost-effective, particularly valuable for redox-

active compounds. Metal oxide-based electrodes like TiO. or ITO offer high sensitivity



and low cost, suitable for sensors and solar cells, with their choice dependent on

application-specific needs, cost, and stability [12].

1.4.3 Carbon-based electrodes

Carbon-based electrodes, renowned for their large surface area, stability, and low
background current, find broad application in electroanalytical chemistry, spanning
sensing, energy storage, and electrocatalysis. These versatile electrodes, either
homogeneous (e.g., carbon nanotubes, graphite) or heterogeneous (e.g., screen-printed
electrodes), offer unique categories like glassy carbon (GCEs), carbon paste (CPEs), and
carbon fiber electrodes (CFEs). GCEs demonstrate excellent electrochemical properties but
are costly and fragile, while CPEs offer flexibility and low cost but may lack sensitivity.
CFEs, with high sensitivity and mechanical strength, are costlier and more complex to
handle. The diverse range of carbon-based electrodes offers distinct advantages and
limitations, with the choice depending on specific electroanalytical needs and applications.
Glassy carbon electrodes, chosen for their inert nature and suitability for sensing, were

further enhanced through appropriate modifications [13].

1.4.4 Chemically Modified Electrodes (CMESs)

Chemical modification of electrodes, achieved via chemisorption, covalent bonding,
composites, and polymer films, offers improved control over electrode surface activity in
various electrochemical applications [14]. These modifications notably enhance stability,
precision, selectivity, and repeatability in electroanalytical sensing. Adjusting modifier
characteristics and concentrations significantly impacts the relationship with target
analytes, resulting in enhanced selectivity and sensitivity. Electrode modifications aim to
achieve quick electron transfer, improved electrochemical response, and selective
permeation, with modifiers such as zeolites, ligands, clays, and silica derivatives being
utilized to enhance electrochemical properties [15]. Morphology, modifier structure, and

film coverage are critical factors influencing sensitivity and selectivity in electrode



adjustments, particularly crucial in robust and responsive voltammetric sensing. Overall,
the choice of modifiers and their characteristics play a pivotal role in enhancing the

electrode's recognition abilities for target analytes.

1.5 Modified electrodes for the sensing of toxic HM ions

Wastewater mainly from industries contains a variety of pollutants including heavy metal
ions, hydrophobic wastes from pharmaceutical and toiletries. It is a public obligation to
develop methods for treating wastewater, so that water dwelling species and human life
could be safeguarded [16]. Water contamination is one of the most serious environmental
issues. It is the result of inappropriate, unregulated industrials wastewater, agricultural and
irrigation drainage schemes that dump sewage directly into water bodies. This has led to
crossing the safety limit of water pollutants. The coke plant, for example, emits enormous
amounts of manganese ions loaded wastewater, whereas the steel sector emits lead and zinc
ions. Lead also comes in the environment from acid batteries, leaded gasoline’s
combustion, illegal use of tetraethyl lead as a knocking inhibiting agent in gasoline
Volcanic eruptions, natural weathering of rocks, and mining activities are some of the main
Cadmium exposure pathways in the environment. Coal combustion also releases cadmium.
Excessive use of chemical fertilizers is another source of Cd. Eruption of volcanoes and
weathering of rocks are natural sources causing introduction of heavy metals into the
environment. Anthropogenic sources include industrial wastes, combustion, mining,
casting, and use of pesticides and fertilizers. Fig. 1.3 depicts major environmental
pollutants and their sources. Water contamination has serious consequences for marine life,
public health, and food quality [17]. If proper pretreatment approaches are not adopted,
then scarcity of clean water and toxicity of seafood will be a global challenge in the near

future.



Fig. 1.3. Classification and sources of common water contaminants Adapted from

reference [18].

The Agency for Toxic Substances and Disease Registry (ATSDR) prioritizes hazardous
substances based on their potential impact on public health. Heavy metals are among the
most potent environmental health hazards listed. These metals pose serious health threats
to humans. They can also have negative impacts on the environment and climate [19].



Many metals are biologically essential to obtain in trace amounts in the diet to keep
biological processes like respiration, enzymatic reactions, growth, cell proliferation, gene
transcription, and body immune function. With regards to this, these metals like Ca and Fe
ions are only toxic when their levels in the body reach a certain threshold. Other metals, on
the other hand, are hazardous even at trace levels. As, Hg, and Cd ions for example, have
manifested potent toxicity across living cells at all concentrations. Heavy metal toxicity is
mostly based on the degradation of the oxidative processes they induce in living cells and
occurs as a result of enzyme inhibition. As a consequence, there is an elevation in the levels
of reactive oxygen species (ROS), which can cause irreversible damage to the DNA,
proteins, and lipid systems. As seen in Fig. 1.4 redundant oxidation of certain important

cell constituents causes cell instability and eventually total biological collapse.
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Fig. 1.4. Diagram showing interaction of heavy metals with biological systems and their

lethal effects. Adapted from reference [20)].

The presence of HMs in water has increased over the last few decades largely due to
anthropogenic activities such as urbanization, industrialization and agricultural activities.
This has resulted in 40% of the world population to face challenging issues with relation to
access to clean water and sustainable environment [20]. Metal loaded effluents are a critical

environmental and social issue that has been met with global concern due to difficulty in
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assessing the safe limits in biotic systems. The term HMs refers to metals and metalloids
with an atomic number higher than 20 and an elemental density greater than 5000 kg/m .
Though copper, iron, and zinc are essential for biochemical processes in trace amounts, yet
many other HMs (lead, cadmium, mercury and arsenic) are highly toxic even in small
amounts and are thus a health hazard [21]. Heavy metals like lead, mercury, cadmium, and
arsenic can accumulate in the soil over time, posing a risk to human health through
ingestion, inhalation, or dermal contact that can leach into groundwater and surface water,
contaminating rivers, lakes, and streams. They enter the food chain via contamination
through soil and water. As much as they are persistent in environment, they are bio-
accumulative and create health issues owing to their acute toxicity [22]. The optimum level
of metals is very important even in plants for their normal functioning which when
disturbed, affects their water transpiration rate. It can also damage chloroplasts reducing the
rate of photosynthesis. Furthermore, metals concentrations beyond the threshold levels
disrupt soil microbial equilibrium that affects the fertility of soil. These metal ions can
further contaminate waterways through soil erosion, where rainwater can wash away
contaminated soil, carrying metal ions into nearby water bodies. The conventional methods
that are used for the complete removal of toxic metal are not cost effective and environment
friendly. Therefore, concrete steps must be taken for the eradication of toxic metal ions by
employing ultrasensitive detection tools and development of efficient removal protocols
which are greener, sustainable and renewable.

Once in waterways, metal ions can accumulate in sediments and enter the food chain
through bioaccumulation, where aquatic organisms absorb and retain these metals in their
tissues. This can lead to the biomagnification of heavy metals in the food chain, where
predators at the top of the food chain accumulate higher concentrations of heavy metals than
their prey. Accumulation of HMs in the biota of aquatic ecosystem has serious consequences
for humans and animals [23]. HMs are considered to be responsible for fish abnormalities
having detrimental impact on populations of fishes in terms of their effect on the survival,
growth rates, wellbeing, and outward appearance of fishes [24]. Fish are considered a main
source of dietary protein and therefore, continuous HMs induction into aquatic habitats
results in their increased environmental mobilization that eventually culminates in their

entry into the food chain [25]. The toxic effects of HMs on aquatic ecosystems can include
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reduced biodiversity, reproductive failure, and death of aquatic organisms. Understanding
the bioaccumulation of heavy metals in aquatic organisms is critical for determining the risk
of their usage by humans and for devising pollutant control techniques. Therefore, it is
essential to develop a detection method that can rapidly and accurately detect metal ions.
Atomic absorption spectroscopy (AAS) is a commonly used to measure metals. Currently
electrochemical methods such as potentiometry, voltammetry, and chronoamperometry are
used to detect metal ions [26]. This technology has the potential to fill the gap between
detection and the remedial technologies. In the current work electrochemical methods were
used for HM ions detection using calix[4]arene based modified glassy carbon electrode. The
amphipathic structure of calix[4]arene derivatives make them suitable as electrode modifier.
Their insolubility in aqueous solutions, is might be due to the hydrophobic functional groups
in their structure, along with hydrophilic groups like alkoxy, aldehyde, hydroxyl, and the
1,2,3-triazole functionalities, makes them well-suited for electrode modification. These
hydrophilic groups act as binding groups for metal ions. The metal ion binding and electrode
anchoring groups of calixarenes are responsible for their role as conducting-bridge between
the transducer (host) and the targeted analyte i.e., HM ions (guest). Calixarenes' ability to
bind metal ions and anchor to electrode surfaces make them a useful conducting bridge
between the transducer and target metal ions. The surface modification of a GCE by
modifier calix[4]arene derivative enhances its capability to detect HM ions present in
wastewater samples. This study used calix[4]arene-modified GCE to detect toxic metal ions
including As®**,Hg?", Pb?* and Cd?*.

1.6 Sources of HMs in the environment

The entry of HMs in water bodies occurs via natural and anthropogenic sources. Eruption
of volcanoes and weathering of rocks are natural sources causing introduction of HMs into
the environment. Anthropogenic sources which are the ones to be more concerned about
include industrial wastes, combustion, mining, casting, and use of pesticides and fertilizers
[27]. Toxic metal ions loaded effluents are released into the ecosystem as industries lack
proper waste disposal systems. The use of chemical-based fertilizers, and the burning of

non-renewable fossil fuels also leads to HM introduction into the environment.
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Commercially available inorganic fertilizers, particularly phosphate fertilizers, have a high
tendency to contribute to global heavy metal ion transport from soil to waterways . Fertile
lands or agricultural soils receive HMs by the use of inorganic fertilizers. The metals ions
might seep, pollute groundwater, and affect the fertility of the land. Phosphate-based
fertilizers have a high concentration of hazardous metals. Phosphate rock is used for the
manufacturing of phosphatic fertilizer and releases Cd, Cu, Cr, Ni, Pb, and Zn in the
environment [28]. The two primary routes for the transport of toxic metals from phosphate-
based fertilizers to the living organisms are depicted below:

e Phosphate rock (Raw source) — Fertilizer (Phosphate based) — Agriculture soil —

Crop/Plant — Food — Primary and Secondary consumer (Animals and humans) [29].

e Phosphate rock (Raw source) — Fertilizer (Phosphate based) — Water — Consumer

(Plants, animals, and humans).

Organic fertilizers can sometimes contain heavy metals if they are sourced from
contaminated sources as shown in Fig. 1.4. For example, animal manure from livestock that
have been exposed to heavy metals in their feed or environment can contain elevated levels
of heavy metals such as Cu, Zn, As, Cd [30]. This not only affects the soil productivity but
also results in metal migration via leaching and run off water. Similarly, compost made from
contaminated materials can also contain heavy metals. Additionally, some organic fertilizers
may contain natural sources of heavy metals, such as rock phosphate, which can contain
trace amounts of cadmium. Thus, high concentrations of trace metals such as Cr, Ni, Cu,
Zn, As, Cd, and Pb have been reported in organic fertilizers [31].

If these organic fertilizers are applied repeatedly to soil, the heavy metals can
accumulate and eventually reach levels that can be harmful to plants, animals, and humans.
Therefore, it is important to carefully monitor the sources and quality of organic fertilizers
and to use them judiciously to prevent the buildup of heavy metals in soil which can prevent
leaching to groundwater and as run-off water to waterways. One of the other main sources
of HM ion contamination is industrial wastewater, which may contain heavy metals from
manufacturing processes. When this wastewater is discharged into the sewage system, the
HMs can accumulate in the sludge over time [32], leading to potential contamination of soil

and water when the sludge is applied as a fertilizer.
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Combustion in engine based automobiles is another source of the most significant
anthropogenic source of heavy metal ions in the environment. Emissions from combustion
processes are significant anthropogenic sources of HMs. It has been found that during the
combustion of coal HMs enter into the environment where cadmium, lead, and arsenic are
partly volatile, while, mercury is completely volatile. As per reports from China, coal
burning is one of the primary causes of harmful trace element emissions into the atmosphere
[33].

HMs are released from different sources such as nickel is released from coal combustion,
cadmium enters into the ecosystem from volcanic activity, weathering of rocks and metal
mining. Coal combustion may release about 7,000 tons/year of cadmium globally.
Excessive use of chemical fertilizers is another source of Cd [34]. Lead comes in the
environment from acid batteries, leaded gasoline’s combustion, illegal use of tetraethyl lead
as a knocking inhibiting agent in gasoline [35], outdated plumbing systems, and lead bullets

used in bird shooting games. Other sources of heavy metals can be seen in Table 1.1.

Table 1.1. Major anthropogenic sources of heavy metals.

Heavy metals Sources References
As, Cu, Hg Pesticides [36]
Cd, Dyes, plastic burning, phosphatic fertilizers [37]
Hg, Cd, Se,Ni Mining and burning of coal [36,38]
Pb lead battery, herbicides X-ray shielding material [39]

Ni, Cd, Cu, Pb, Zn,

M Industrial wastes, Sewage sludge, House hold waste [36,40]
n
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1.7 Categories of heavy metals

HMs may be classified as essential or non-essential (Fig. 1.5). Essential metals play crucial
roles in living organisms; while those having no known function in living organisms are
referred to as non-essential HMs [41]. Zinc, nickel, molybdenum, iron, copper, and cobalt
are needed for playing essential roles in biochemical systems and for stress tolerance in
humans [42]. Deficiency of any of the essential metals results in diseases/anomalous state.
However, it has been found that essential HMs in plants, animals, and microbes, may differ
and depend on the living organism taken into consideration. Some HMs might be required
for one group of organisms but not for others. Many studies have focused on accumulation
of essential HMs in body which can cause damage to living cells. Thus permissible exposure
level (PEL) of toxic metals (in mg/m®) and some of their highly toxic compounds for a
length of 8 hours in humans are reported as; arsenic (0.01), cadmium (0.005), lead (0.05),
and mercury (0.05) [43]. Some of the same and more HMs with their permissible exposure
limitis given in Table 1.2 [43]. It means that a worker should not be exposed to these hazards

beyond the mentioned PEL.

Metals

Non-essential

Essential metals
metals

Micro
Macro

Pb, Cd, Hg, Cr, As
K, Ca, Mg, S

Fe, Cu, Zn, Mn,
Mo, Co, Ni

J

Fig. 1.5. Classification of heavy metals as essential and non-essential ones . Adapted from

reference [44].
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Table 1.2. The PEL for some important HMs. Adapted from reference [43].

Heavy Metals PEL
As 0.01 mg/m®
Cd 0.005 mg/m?3
Cr 0.5 mg/m?®
Cu 0.1 mg/m?
Pb 0.05 mg/m®
Zn 5.0 mg/m?®
Mn 1.0 mg/m3
Hg 0.05 mg/m®

1.8 The fate and transport of some important HMs

The fate and transport of HMs in the environment refer to the pathways and processes
through which these metals move from their sources to different environmental media and
their transformation and accumulation in these media. This depends on the form of the metal
and the conditions of the environmental media. In general, HMs can exist in different forms,
including elemental forms, ionic forms, or bound to other molecules. The fate of these HMs
can thus be influenced by various factors such as solubility, reactivity, and mobility.
Understanding these processes is essential in assessing the environmental risks posed by
HMs and developing effective strategies for their management and remediation. HMs are
known environmental contaminants and upon their release from natural or anthropogenic
sources contaminate aquatic bodies, sediments and soils. Hence metals such as Pb, Hg Cr,

Cd, As, Cu etc are released from their resources into water bodies and soil, where enhanced
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accumulation and environmental persistence may result in detrimental effects for life in
general. In the modern era, industrialization and urbanization have led to manifold increase
in concentration of HMs as untreated industrial waste is introduced into fresh water bodies
making it a global issue [45]. This causes contamination of sediments and act as sink to
HMs as well its source. Hence the quality of the sediments can be a determinant of the level
of contamination in water which is influenced by temperature, pH, redox status, organic
matter, microbe content and particle size for adsorption/desorption and subsequent
concentration of these HMs in sediments. The pH is one of the important indicators of
immobilization of metal ions in sediments. Hence, decreasing pHof the medium results in
competition of H* ions and metal cations for binding sites. This leads to the dissolution and
release of free metal ions in water bodies [46]. In soils, bioavailability of metal ions dictates
their fate in environment. This depends on speciation of metals and physicochemical and
biological properties of soil. Some important heavy metals and their toxicity is discussed

vide infra.

Although Pb is a naturally occurring heavy metal, it is widely found in soil and water due
to anthropogenic activities such as lead-based paints, mining, and gasoline with many
industrial applications such lead acid batteries, pipes and shielding devices from X-rays.
Once released into the environment, Pb can persist for long periods of time and can
contaminate soil, water, and air. In soil, lead can remain in the top layer, where it can be
ingested by plants and animals. In water, Pb can attach to sediment particles and settle at
the bottom, but it can also remain suspended in the water column, where it can be ingested
by aquatic organisms. Pb contamination in the environment can have serious consequences
for human and animal health [47]. It is a cumulative poison that can build up in the body
over time, leading to symptoms such as abdominal pain, anemia, impaired cognitive
function, and neurological damage [48]. Efforts to reduce lead contamination in the
environment have focused on regulating the use of lead in products such as paints and
gasoline, as well as implementing measures to prevent lead contamination from industrial
processes. Remediation efforts, such as soil and water cleanup, can also help to reduce lead
exposure in areas that have already been contaminated. Arsenic (As) exists in its inorganic
forms such as trivalent arsenite which is more toxic than pentavalent arsenate and organic

methylated metabolites and so the toxic effects of arsenic can vary depending on its form
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and concentration. Its natural sources may include volcanoes and soil erosion while mining
and sewage treatment plants with its industrial production for agriculture applications, wood
preservatives and even for medicines etc. may introduce it to water bodies [49]. Arsenic can
also enter groundwater through leaching from soil and rock formations. Mostly in humans
the trivalent arsenite can bind to protein’s thiol or sulphydryl group causing inactivation of
200 enzymes. Its toxicity depends on its dose, frequency, gender and individual
susceptibilities. Cadmium is a toxic heavy metal that is widely used in industries such as
electroplating, mining, and battery production. It can accumulate in the body over time,
leading to chronic exposure and adverse health effects such as kidney, bone damage,
respiratory and reproductive problems etc. via production of ROS that damages the DNA in
body and disrupts body functions [50]. It is classified as a human carcinogen. It's important
to note that the severity of cadmium toxicity depends on the dose and duration of exposure,
as well as individual susceptibility factors such as age, health status, and genetic makeup.
Cd can enter soil and water through industrial discharges, agricultural practices, and
atmospheric deposition. Mercury (HQ) is a highly toxic heavy metal that is found in various
forms in the environment, including elemental, organic, and inorganic Hg and can enter the
environment through natural sources such as volcanic activity and the weathering of rocks,
as well as anthropogenic activities such as coal combustion, mining, and waste incineration
[51]. 1t is known that elemental vapors of Hg are very toxic and can be transported via air
to long distance and may be deposited through wet or dry deposition on the soil. At the same
time some organic Hg compounds such as methylmercury being water soluble can, via the
route of aquatic food chain result in bio magnification. This calls for managing risks posed
by Hg by reducing its immobilization introduced through anthropogenic activities [52].
Chromium is widely used in industries such as electroplating, tanning, and metal finishing
and can enter soil and water through industrial discharges, agricultural practices, and
atmospheric deposition. Its solubility and oxidation state are one of the major factors that
govern the toxicity of Cr. Cr (111) is less toxic as compared to Cd (V1) and tumors in stomach
are attributed to exposure to Cr (VI) in water and other health issues may ensue [53].
Additionally, compared to Cr(VI), Cr (Ill) has less widespread absorption, which

contributes to its toxicity and allows for its crossing the biological membranes.
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The transport of these HMs in soil can occur through various processes such as leaching,
erosion, and volatilization. These HMs can enter soil through various sources such as
deposition from the atmosphere, irrigation water, and agricultural practices. Once in the soil,
the metals can be transported to groundwater through leaching, or they can accumulate in
the topsoil. The fate of HMs in soil depends on various factors such as the pH of the soil,
the presence of organic matter, and the redox conditions. HMs can be immobilized in the
soil through adsorption onto soil particles or precipitation as insoluble compounds.
Alternatively, they can be taken up by plants and enter the food chain and may result in
biomagnification. Once in water, these metals can be transported downstream and
accumulate in sediments or be taken up by aquatic organisms. The fate of HMs in water
depends on various factors such as temperature, pH, and the presence of other substances
that can affect their solubility, bioavailability, and toxicity. These metals are toxic to living
organisms and can have harmful effects on human health and the environment. The fate and
transport of these HMs in environment are influenced by a physical, chemical, and

biological processes.

The solubility of a metal determines how easily it dissolves in water and other solvents.
Metals that are more soluble are more likely to be transported by water, whereas less soluble
metals tend to stay in the soil and sediment. Thus Lead can be highly soluble in acidic
waters, but its solubility decreases as the pH of the water increases. In general, lead is more
soluble in soft water than in hard water. Cadmium is relatively soluble in water and can
accumulate in aquatic ecosystems through water uptake by plants and animals. Arsenic can
exist in various forms, some of which are highly soluble in water. Arsenite is more soluble
than the arsenate form and results in leeching to ground water. The solubility of arsenic and
mercury is influenced by pH, temperature, and the presence of other chemicals in the water
[54].

Adsorption is the process by which metals bind to soil and sediment particles. Metals that
are strongly adsorbed are less likely to be transported by water and are more likely to remain
in the soil [55]. Generally, HMs that have a high charge or a small ionic radius tend to bind
more strongly to soil and sediment particles. Some heavy metals that are known to bind

strongly to soil and sediment particles include: Cd has a small ionic radius and can form
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strong bonds with soil and sediment particles, especially those containing organic matter.
Cu particularly in the presence of sulfides and Pb especially in the presence of high content
of organic matter or clay can form strong bonds with soil and sediment particles. It is
important to note that the strength of the binding between a heavy metal and soil or sediment
particles can also depend on the pH of the soil or sediment, the presence of other chemicals,
and the specific properties of the metal and the soil or sediment [56]. The pH of the
environment can affect the solubility and adsorption of heavy metals and is an important
indicator for bioavailability of metals in soil and their presence in water [57]. Generally, at
high pH the metal ion mobility deescalates in soil such as Cd, Zn, Cu and Pb and at low pH
the ions becomes less mobile such as Cd, Co, [58]. The presence of organic matter in soil
and sediment can affect the fate and transport of heavy metals [59]. Organic matter can bind
to metals, reducing their mobility and bioavailability. Natural organic matter is ubiquitous
in the environment, and it can form strong complexes with HMs, reducing their solubility
and mobility in the environment. This can make it more difficult for HMs to be taken up by
plants or animals, reducing their bioavailability and potential toxicity [60]. Organic matter
may also result in transformation of metal ions from one form to other such as from more
toxic Cr VI to less toxic Cr Ill [61]. However, these HM complexes can also be broken
down under certain conditions, releasing the heavy metals back into the environment.
Understanding the processes that govern the complexation and decomplexation of heavy
metals with natural organic matter is therefore important for predicting the environmental
behavior and potential risks associated with these metals. Moreover, microorganisms in soil
can influence the fate and transport of heavy metals through processes such as
bioremediation and biomineralization. Microbes can transform metals into less toxic forms
or immobilize them in the soil or sediment [62]. Temperature can affect the chemical
reactions that occur in the environment, such that higher temperatures can increase the
solubility of metals and accelerate chemical reactions. The movement of water in the
environment can transport heavy metals from one location to another. Surface runoff,
groundwater flow, and erosion can all contribute to the transport of heavy metals in the

environment.

The formation of HM-organic matter complexes can also affect the adsorption and
desorption of HMs onto soils and sediments. In some cases, HM-organic matter complexes
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can increase the adsorption of HMs onto soils or sediments, reducing their transport through
groundwater or surface water. In other cases, HM-organic matter complexes can increase
desorption of HMs from soils or sediments, increasing their potential to be transported
through the environment. Thus, the ions of both nutrients and contaminants are made more
mobile in the soil by natural chelating agents (organic acids like citric and acetic), which
are generated by plant roots. Plants may typically release the chelating agent back into the
soil solution after breaking the chelation bond, absorbing the metal [63]. This can lead to
the mobilization and transport of previously immobilized HMs, potentially increasing their
bioavailability and toxicity. Therefore, the fate and transport of heavy metals in the
environment are complex processes that are influenced by a variety of physical, chemical,
and biological factors. Understanding these factors is important for predicting and managing

the risks associated with heavy metal contamination in the environment.

1.9 Risks of HMs on human health
Based on the risk, HMs can be categorized as follows:
e Category 1: metals posing a serious safety risk
e Category 2: metals having less safety risk
e Category 3: metals with little safety concern

Cd, As, Cr, and Ni have been classified as category 1 HMs by the International Agency
for Research on Cancer. Some metals have also been identified to be possible carcinogens.
The harmful effects [64-69] of HMs are displayed in Fig. 1.6 [70].
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Fig. 1.6. Health problems associated with heavy metal ions’ exposure. Adapted from
reference [70] with permission from Frontiers in Environmental Science. Copyright ©

2022 Frontiers Media S.A.

1.10  Toxicity of heavy metals

1.10.1 Arsenic toxicity
In the biotransformation of arsenic, living organisms convert toxic inorganic arsenic
molecules to produce toxic methylated arsenicals such as monomethylarsonic acid (MMA)

and dimethylarsinous acid (DMA) [71,72]. The biotransformation process is shown in

Scheme 1 [73].
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Scheme 1. Toxicity mechanism of arsenic. Adapted from reference [73] with permission
from Journal of Applied Toxicology. Copyright © 1999-2022 John Wiley & Sons, Inc.

1.10.2 Mercury toxicity

Mercury is an established health hazardous metal, and its toxicity is considered a cause of
common acute heavy metal poisoning [74]. Owing to the large stability constants of
mercury, it has been found that Hg attaches freely to thiols [75] (Fig. 1.7), which are easily

accessible in the body in the form of enzymes, amino acid, glutathione etc [76].
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Fig. 1.7. Mechanism of mercury toxicity in cell. Adapted from reference [75] with
permission from Arabian Journal of Chemistry. © 2022 Elsevier B.V.

Mercury fumes have been found to initiate short-term respiratory issues such as bronchitis
and asthma. Mercury affects the tertiary and quaternary protein structure and disrupts the
cellular replication and transcription machinery, triggering dysfunctioning of ribosomes,
and destroying the endoplasmic reticulum [77]. This results in compromise of the cellular
integrity which ultimately leads to the production of free radicals [78]. The mechanism of

mercury toxicity is presented in Scheme 1.1 [79].
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Scheme 1.1. Molecular mechanism of mercury toxicity. Reproduced from reference [79]
with permission from BioMed Research International. Copyright © 2012 Hindawi.

1.10.3 Cadmium toxicity

The cellular toxic effects due to exposure to cadmium are presented in Scheme 1.2 [80]. It
has been found that the concentration of cadmium increases to 3000 times when it attaches
itself to a cysteine-rich protein. This interaction results in hepatotoxicity in the liver as

reported in literature [81].
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Scheme 1.2. Mechanism of cadmium toxicity. Reproduced from reference [80] with
permission from International Journal of Pharma and Bio Sciences. Copyright © 2009-
2015 IJPBS, India.

1.10.4 Chromium toxicity

Cr(111) is relatively safe, but hexavalent chromium Cr(V1) is highly toxic as it can actively
cross the cell membrane as depicted in Fig. 1.8. The interactions of Cr(\V1) with biological
reductants such as thiols and ascorbate result in osmotic damage in the cell and to the
biomolecules [82]. Cr(VI) is far more harmful than Cr(I11) because of the ability of Cr(VI)
to penetrate cells more easily than Cr(l11) and is eventually converted to Cr (I11). Cr(V1) is

classified as a category 1 human carcinogen due to its mutagenic characteristics [83-89].
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Fig. 1.8. Schematics of chromium toxicity. Reproduced from reference [90] with
permission from Microbial Biodegradation and Bioremediation. Copyright © 2014

Elsevier Inc.

1.11 Bioaccumulation of HMs

Certain terminology has been proposed to measure the level or degree of heavy metal
accumulation in flora and fauna. Bioaccumulation coefficient (BAC), bioaccumulation
factor (BAF), bio-concentration factor (BCF), and other quantitative terminology are used.
BCF is defined as "the ratio of a heavy metal ion concentration in an organism’s tissue to
its concentration in an abiotic medium (water and sediments).” BCF is evaluated by the

formula 1:

BCF — Corganism tissue (qu)

Cabiotic medium

The values of the coefficients such as BCF, BAF, BAC are dependent on the amount
of heavy metal in the organism taken into consideration and the concerned medium [17].
The equation 1.1 given below can be used for calculating the BAC [92]:

Cplant

BAC = (Eq.1.1)

Csoil
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Where Cpiant cOrresponds to the concentration of the metal in the plant and Csoir denotes the
metal concentration in the soil .

HMs accumulate in both aquatic and terrestrial animals owing to their abiotic (non-
living) environment and their diet. The factors that affect the accumulation of HMs in
animals include behavioral response, nutrition, and physiology [93,94]. The concentration
of HMs in invertebrates vary significantly [95]. Their bioaccumulation in insects depends
upon the insect’s eating patterns. Carnivorous and predatory insects contain more HMs than
herbivorous and omnivore insects. The accumulation of HMs in the three insect groups; the
predator-dragonfly, the insectivorous-butterfly, and the polyphagous omnivore-
grasshopper, reveals that heavy metal content vary in the following order: Dragonfly >
Grasshopper > Butterfly [96].

The buildup of toxic metals in aquatic invertebrates have been examined. HMs
accumulate in the soft tissue of mussels, commonly consumed as shellfish. Heavy metal
bioaccumulation in invertebrates is of particular ecotoxicological importance. Invertebrates
can serve as a bio-indicator species for monitoring the HMs contamination in aquatic and
terrestrial habitats. Insects are valued bioindicators for monitoring the influence of
anthropogenic activities and metal contamination on terrestrial ecosystems since they are
the ones directly exposed to harmful metals found in soil and in leaf litter [97].

The estimation of the bioaccumulation of toxic metals in fish is critical because it serves
as a measure for assessing water pollution and the possible health risk due to consumption
of contaminated fish [98]. HMs find their way into the fish body via three routes including
alimentary tract, skin and gills. Metal fractions which are soluble in body fluids accumulate
in fish preferably through its gills as illustrated in Fig. 1.9 [99]. Fish gills serve as a key
entry point for soluble heavy metal components [100].
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Fig. 1.9. Mechanistic route showing HMs bioaccumulation in fish. Adapted from [99],
with permission from Ecotoxicology and Environmental Safety. Copyright © 2022

Elsevier Inc.

Owing to the porosity of their skin, Anuran amphibians are most susceptible to the
absorption of heavy metal ions [101]. While birds receive HMs through water and food and
through geophagy (the behavior of eating soil-like material) [102]. In terms of the influence
of eating, heavy metal buildup in the species of birds that differ due to feeding habits vary
in the sequence: Carnivorous > Omnivorous and insectivorous > Graminivores [103]. The
feathers of birds serve as indicators for the assessment of pollution level due to HMs in the

environment [104].

1.12 Detection of HMs

Development of a rapid and precise metal ion detection method is critical. A lot of funds
are allocated for the development of sensor technology, biological sensors, or chemical
sensors, in addition to traditional procedures. In recent times, the interest in interlinking the
concepts of electrochemical methods with the unique set of properties that nano-sized

materials have to offer, has been greater than ever before [105]. The present concern is the
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monitoring of polluted areas where hazardous metals are expected to exist naturally or
released anthropogenically [106]. A number of techniques are used for detection of metal
ions.

Spectroscopic techniques are very sensitive techniques such as Atomic Absorption
Spectroscopy, Inductively Coupled Plasma Mass Spectrometry, X-ray Fluorescence
Spectroscopy, yet are very expensive and require meticulous sample preparation along with
trained personnel. Atomic absorption spectroscopy (AAS) is a commonly employed
procedure used to measure elements in different environmental media. The underlying
concept of AAS is that when light is incident on a sample, the electrons present in the sample
atoms undergo a transition from the lower energy levels to higher energy levels. This
process of excitation is followed by de-excitation which is facilitated by emission of photons
with characteristic frequencies which are distinctive to the individual atoms. The procedure
for analysis using AAS requires the material to be atomized first, followed by an
examination at the atomic level. The atomization of the material of interest is carried out by
using flame and electro-thermal atomizers. The flow of radiation is then monitored and
measured after subjecting the atomized sample to radiation. Before the atomization step, the
flow of radiation is measured without the sample [107]. The ratio of fluxes of the blank
(sample absent) and with the sample can then be computed and converted into an analyte’s
concentration.[108] It is a commonly used technique for analyzing the concentration of
heavy metals in plant samples and groundwater, mixed water and wastewater at ng/mL
levels especially when atomization is conducted with graphite furnace mode [109]. Thus in
one study Mn, Fe, Cu, Zn, Cd and Pb were studied via AAS and it was found that metal
discharged into environmental medium without pretreatment are toxic to health. Such
contaminated water can infiltrate the aquifer and pollute the drinking water [110]. The LOD
for Pb, Cd, Cu, As and Hg was found to be 0.28, 0.014, 0.49, 0.19 and 0.061 ppm. The
World Health Organization permissible limits for HMs in water for the respective ions are
0.05, 0.005, 1.3, 0.05, 0.001 ppm respectively. In wine HMs such as V, and Cr were detected
by AAS [111]. Similarly in soil samples very high concentrations of Pb, As, Cu, and Zn
determined by AAS confirmed by X-ray Fluorescence Spectroscopy (XRF) were found with
an LOD of 13 ppm, 11 ppm, 35 ppm, and 25 ppm, respectively [111]. The limitation of

AAS is that it requires a well-equipped laboratory and a skilled operator to carry out the
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analysis. Additionally, AAS cannot detect all heavy metals and can only measure one

element at a time.

Inductively Coupled Plasma (ICP) is a technique that uses a high-temperature plasma to
ionize atoms and molecules in a sample, producing a spectrum of light that can be analyzed
to determine the presence and concentration of elements, including heavy metal ions. This
is a highly sensitive and accurate technique that is used to detect and quantify a wide range
of metals, including heavy metals, in plant and tissue samples up to the nmol/L [112]. It is
often used for analyzing trace metals at low concentrations. It combines ICP with a mass
spectrometer, which separates and quantifies ions based on their mass-to-charge ratio. Thus
a study on fish muscle revealed presence of metal ions resulting in biomagnification through
food web. Additionally, cyanobacterial bloom has resulted in release of metals such as As
and Se in eutrophic lakes which has been a topic of debate lately with runoff water bringing
metal ions into water. With the help of ICP-MS metal ions such Al, V, Cr, Mn, Zn, Fe, Ni,
Cu, As, Se, Sr, Mo, Ag, Cd, Hg and Pb were detected in the fish muscle in Argentina which
indicated health risk associated with the metals [113]. Yet the technique is very sensitive, it
equires expensive equipment and skilled operators. Additionally, ICP-MS cannot
distinguish between different oxidation states of an element, which can be important for

certain heavy metals.

X-ray Fluorescence Spectroscopy (XRF) is a non-destructive technique that measures the
fluorescence of X-rays emitted by metals in a sample. It can be used to analyze the
concentration of heavy metals in plant tissues, soil, and other samples. A novel technique
by pre-concentrating metal ions on target electrode such as boron doped diamond, followed
by elemental identification and quantification through XRF, is developed which improved
the sensitivity of the XRF by 4 orders of magnitude. Thus with the in-situ electrochemical
X-ray fluorescence (EC-XRF), metals Cu?* and Pb?*, deposition potential was selected as
—1.75 V and time for dep was 4000 s with LODs of 0.05 and 0.04 ppb, respectively [114].In
situ EC-XRF a multi-metal solution containing 10 pM concentration of Hg?*, Pb?*, Cu?*,
Ni%*, Zn?*, and Fe** with Egep=-1.5 V and tsp= 5 min was possible in one simple

measurement with high sensitivity [115]. Though XRF is a non-destructive technique that
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can be used to detect heavy metals in solid samples. However, it is not as sensitive as other

techniques and cannot detect elements with low atomic numbers.

Electrochemical techniques may require real-time analytics as compared to spectroscopic
techniques and hence involve simple procedure. Moreover, they exhibit high LODs and
sensitivity as compared to other methods. Electrochemical techniques such as anodic
stripping voltammetry (ASV) and differential pulse voltammetry (DPV) can be used to
analyze heavy metals in biological samples, soil by using extraction solution and water.
These methods involve applying an electrical potential to a sample, which causes the metals
to oxidize and reduce, resulting in a measurable current that can be used to determine the
metal concentration. Yet due to small diameter of the electrode, a fraction of analyte reacts
which can be overcome by modifying the electrode surface to enhance surface active area
and availability of active sites at the sensing platform. Here voltammetry technique where
applied potential is swept across the WE while keeping the potential difference constant
between the WE and reference electrode has been most commonly used for detection of
metal ions. Thus functionalized rGO on Glassy carbon electrode GCE was used as a
modified electrode for multiplex detection of Cd?*, Pb?" and Cu?" in aqueous media with
high sensitivity and selectivity by engaging differential pulse anodic stripping voltammetry
(DPASV). The LOD for the respective ions was found to be 0.17, 0.18 and 0.69 pg/L,
respectively [116]. Hg is toxic to environment hence usage for detection purposes is to be
curtailed. Thus Hg free electrode by employing Quercetin was carried out that acted as a
complexing agent for the metal ion as well as reducing agent for green synthesis of rGO on
GCE which led to simultaneous detection of Cd?* and Pb?* electrochemically by ASV. The
Cd?* was detected in a linear range of 0.19 to 2.5 pgL ™' with LOD of 0.05 pgL ™! and Pb?*
ions from 0.19 to 3.1 ugL~! with an LOD of 0.06 pgL ™' [117] A surfactant modified GCE
was used to simultaneously detect Cd?*, Cu?*, Hg?*, Pb?*, Zn?*, and Sr?* ions by ASV with
an LOD of 6.45, 7.85,9.15,11.0, 16.9, and 178.8 nM respectively [118]. Electrochemical
methods, such as ASV, are highly sensitive and can detect trace levels of heavy metals in
various samples [119]. However, they are limited to certain types of samples, such as liquids
and solutions, and may require special preparation of the sample. Currently electronic
tongues are used for sensing and quantification of toxic metals. The electronic tongue is a
device that uses electrochemical methods such as potentiometry, voltammetry, and
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chronoamperometry to image complex liquids. This sort of advancement has the potential

to fill the gap between detection and the remedial technologies [120]

1.13 Modified electrodes for pharmaceuticals detection

Pharmaceutical drugs are used for prevention and treatments of disease and to protect
public health. However the effluents discharged in water bodies from pharmaceutical
industry are infused with drugs and their metabolites which are toxic for living organisms
if present in amount greater than their threshold limit. In under developed countries drugs
disposal regulations are not strictly followed and as a result some drugs find their way to
water bodies. Proper management of water loaded with pharmaceutical wastes is obligatory
for the protection of flora and fauna [121]. Release of pharmaceuticals in sewage water via
urine and wastes end up in plants and aquatic life. Their absorption by water dwelling
species would have a significant detrimental influence on public health [122]. The
interference effect between pharmaceuticals makes it impossible to evaluate their
concentration during formulation in particular applications, causing substantial challenges
in their manufacturing processes. Moreover, measurements of the active ingredients in
pharmaceutical formulations must be taken on the production line for quality control.
Furthermore, many drug classes, such as addictive drugs, require 24-hour monitoring to
avoid misuse or overdose. To achieve these goals, extremely sensitive, quick-responding,
and selective pharmacological detection approaches are required [123,124]. To make a
contribution in the field of tuberculosis treatment, a sensitive and rapid method called
square wave voltammetry was utilized to analyze the effectiveness of isoniazid (INZ), a
widely used drug for treating tuberculosis [125]. INZ, also known as pyridine-4-carboxylic
acid hydrazide, a well known inhibitor of Mycobacterium Tuberculosis (MBT), the
bacteria responsible for causing tuberculosis [126] . Monitoring the concentration of INZ
in biological fluids is crucial to ensure the medication level remains stable and effective in
tuberculosis therapy [127, 128]. Bimetallic cobalt-iron diselenide nanorods were used as
modifier of the GCE surface for detecting INZ. Metal chalcogenides, especially metal
diselenides (MSe) (M = Ni, Cu, Mo, Fe, and Co), have sparked a lot of interest due to their

efficient electrocatalytic role in electrochemical applications [129,130]. FeSe, and CoSe;
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have been the most studied metal diselenides because of their outstanding electrical
conductivity, low ion and electron diffusion duration, high specific capacitance,
mechanical resilience, substantial recycling capacity, and low charge transfer resistance
[131,132]. During the electrocatalytic phase, the transfer of electric charge is improved due
to the presence of 3D electrons with low spin in cobalt (Co), resulting in enhanced metallic
properties of CoSe2 [133]. The synergistic effect between Fe and CoSe> leads to enhanced
electrocatalytic behaviour of the FeCoSe;. The development of hetero-metallic bonds
enables fine-tuning of the bonding patterns between the catalyst surface and analyte
molecules [134]. Bimetallic structures have powerful metal-metal interactions that change
their electrical and mechanical properties. These peculiar characteristics make them
suitable for a range of electroanalytical applications. Hence, FeCoSe,/GCE was utilized
for the electrochemical sensing of INZ.

A sensing platform was also created to detect venlafaxine (VEN), a selective serotonin and
norepinephrine reuptake inhibitor (SSNRI) commonly prescribed to children experiencing
nightmares, cataplexy, and narcolepsy. VEN is chemically called as 1-[2-(dimethylamino)-
1-(4-methoxyphenyl) ethyl] cyclohexanol [135]. The recommended daily dosage range for
the drug VEN is between 75 to 375 mg. If taken in excess, an overdose can lead to severe
health complications. These complications include serotonin syndrome, cardiac
arrhythmias, depression, coma, hypertension, hypotension, and, sometimes, even death
may occur. As a result, it has become increasingly important to clinically assess the drug's
toxicity, potential interactions with other medications, and the effectiveness of any
necessary treatments. Monitoring VEN levels in biological fluids has become a necessary
aspect of this process to ensure that patients receive safe and effective care. The
electrochemical sensing platform developed for VEN detection offers a promising
approach to aid in this monitoring process and improve patient outcomes [136]. In this
regard a nanosensor made of modified-GCE with Co-Pd@AI203, utilized for the analysis
of the VEN in water and biofluids.

Metal NPs have been widely used in electrocatalytic studies owing to the exceptional
characteristics like higher electrical-conductivities and a larger-surface-area. These
characteristics make them highly effective in catalyzing electrochemical reactions, and

34



their small size allows for enhanced sensitivity in detection methods. Additionally, the
surface chemistry of metal NPs can easily be modified to optimize their performance for
specific applications, further increasing their usefulness in electrocatalytic studies. In
electrochemical studies, supported metal catalysts play a crucial role in the development
of new electrode materials, mainly because of the advantages provided by the support
material. By using a support material, the catalyst is provided with a greater surface area,
thereby increase the number of active-sites accessible for electrochemical reactions. This
feature leads to better metal dispersion, enabling the catalyst to exhibit superior catalytic
activity, selectivity, and stability. Additionally, the support provides good electrical
conductivity, allowing for efficient electron transfer process between the electrode material
and catalyst. The higher stability of supported metal catalysts also ensures their long-term
performance, and they possess better mass transfer properties, facilitating the transport of
molecules to and from the catalytic surface. All these factors make supported metal
catalysts an essential component of electrochemical studies and the development of
advanced electrode materials [137]. Gamma alumina has emerged as a preferred support
material because of the exclusive characteristics. It possesses a mesoporous structure,
providing higher-surface-area and narrower pore-size distributions, which enhances the
dispersion of metal nanoparticles. Furthermore, it exhibits good mechanical strength,
allowing it to withstand the high pressure as well as temperature. The oxide groups of
alumina, such as hydroxyl and carboxyl, exhibit a proton-donating nature, which helps
improve the sensitivity of many materials by reducing overpotential, resulting in more
efficient electrocatalytic activity. Metal nanoparticles supported on gamma alumina have
demonstrated superior performance in various electrochemical applications. For example,
PdCo/C, Ni/graphite, Au/C, and Pt-Co/CNT modified electrodes have extensively been
used in electrochemical sensing, fuel cells, and other applications. The incorporation of
metal NPs with gamma alumina support provides several benefits, including high stability,
catalytic activity, and conductivity, thereby making them a popular choice for developing
advanced electrochemical materials [138,139]. In recent years, the focus has been on
utilizing various metal oxides for electrochemical sensing of venlafaxine. In this study, we
have synthesized bimetallic Co-Pd@AI>O3 nanoparticles and deposited them on a GCE to
create a sensor capable of detecting venlafaxine in human serum samples. This is the first
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report of quantifying venlafaxine using a GCE that has been modified with Co-Pd@AI.O3
nanoparticles. These nanoparticles exhibit excellent performance in venlafaxine oxidation
with a lower limit of detection and wider linearity range. The superior performance of the
nanoparticles can be credited to their greater electrical conductivity along with the

collaborative-effect of the bimetallic structure.

1.14 Research Plan

Certain events, during human history have shaped the fate of mankind in such a way that
catapulted its status from being primitive hunter-gatherer to the present-day de facto ruler
of the planet. The industrial revolution is one of such events that has uplifted the status of
life by bringing comfort and luxury but it has also led to environmental pollution. Rapid
increase in industrialization to meet the needs of ever-growing population has endangered
the ecosystem owing to the excessive and unregulated discharge of toxic wastes into the
environment, especially water bodies. Wastes from electronics manufacturing, painting,
and metal forming industries are usually rich in heavy metal ions which are the sources of
acute toxicity due to their persistent and bio-accumulative nature. While the effluents
discharged into aquatic environment from pharmaceutical industry and personal care
products are infused with xenobiotics of pharmaceuticals and their metabolites. This is due
to poorly treated wastewater owing to insufficient resources and lack of environmental
awareness in under developed countries where drugs disposal regulations are not strictly
followed. Most of the pharmaceuticals are active chemicals that exert specific curing effect
on targeted organ, however, they can also affect non-targeted aquatic biota and adversely
cause disturbance on the integrity of body systems. Pharmaceutical effluents contain
mixture of various classes of organic and inorganic micropollutants that are capable of
inducing toxicological effects on aquatic organisms. Proper management of water loaded
with pharmaceutical wastes and heavy metal ions is obligatory for the protection of aquatic
life and public health. In this regard donor agencies should play their role in awareness
campaign about safe ways of wastes disposal and they should invest in countries which
cannot afford high standard equipment for analysis and waste treatment. In fact the United

Nations has set seventeen sustainable development goals (SDGs) for addressing major
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global issues. One of these SDGs is directly related and two are indirectly linked with water

cleanliness . The current work exploring efficient environmentally friendly approaches for

the detection of water contaminants is expected to be a useful addition to the existing

knowledge economy on this topic and a valuable contribution to water purification SDGs.

The foremost goal of the present research work is to synthesize electrode modifiers that

can effectively enhance the sensitivity of the transducer surface in electrochemical sensors.

The focus of the study is on developing improved methods for modifying the electrode’s

surface to enhance the performance of electrochemical sensors.

1.14.1 Research objectives and goals

This study has set out to accomplish a number of specific goals, which are:

1.
2.
3.

Creating fast-responding and operationally stable electrochemical sensors.
Utilizing the prepared sensors for drug analysis and detection of toxic HM ions.
Examining various modifiers and selecting the most suitable one to meet the
application requirements of the sensors.

Optimizing conditions to obtain well-defined electroanalytical response of the
analytes for quantitative analysis.

Assessing the validity and reliability of the proposed sensors in real samples.
Investigating the anti-interference ability, accuracy, and stability of the sensing
platforms.

Testing the feasibility of the proposed protocols for analyzing target analytes in

biological specimens.

1.14.2 Research methodology

Electrode Modification: Utilize drop coating approach for modifying glassy
carbon electrode (GCE) with selected modifiers based on their transducer
anchoring and toxin binding capabilities.

Characterization: Employ SEM, TEM, EDX, and XRD analysis to characterize

synthesized electrode modifiers.
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Electrochemical Studies: Conduct EIS, CV, and SWASV to assess charge
transport, electrode active surface area, and electrocatalytic role of the recognition
layer in the presence of target analytes.

Optimization: Optimize parameters such as scan rate, pH, deposition time,
modifier concentration, accumulation potential, and supporting electrolyte to
enhance electroanalytical signals.

Performance Evaluation: Evaluate sensors' performance in the presence of
interfering agents, assess selectivity, and conduct real sample analysis to validate
practical applicability and determine percentage recoveries.

Long-Term Stability: Assess repeatability and long-term stability of sensors

through prolonged electrochemical experiments.
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Chapter 2

EXPERIMENTAL BACKGROUND

This chapter presents chemicals and techniques used for investigation of the samples.
Moreover, it presents the details of materials and their synthetic protocols. The methods of

electrode modification are also explained.

2.1 Instrumentation

XRD was performed on Rigaku D/max 2500 with a Cu Kal radiation source (A=1.54056
A). Morphologies of the prepared samples were probed at Hitachi S-4800 Scanning
Electron Microscope at an accelerating voltage of 30 KV. Energy dispersive X-ray spectra
were obtained on Oxford Material Analysis equipped on SEM and TEM. The 302 Eco
Chemie Auto lab PGSTAT 12 (Utrecht, The Netherlands) and Metrohm Auto lab B.V,
PGSTAT 302N, ADC164, External, DIO48 running with software NOVA were used for
electrochemical studies. A conventional three-electrodes setup comprising of a working, a
reference along with a counter electrode was used. A double-walled glass cell with an
adjustable plastic covering at the top, containing five tapper ports was employed. These
ports facilitated the inlet and outlet for argon gas, which was used to displace the dissolved
electroactive oxygen from the solution. The remaining three ports were used for the

electrodes employed during experiments [140].

For minimizing the IR drop to the applied voltage, the WE was placed at the center of the
electrochemical cell, ensuring the least distance between the working and the reference
electrodes [141]. For the WE, a clean bare GCE with an effective surface area of 0.071 cm?
and modified GCE were utilized. This electrode could function both as anode or a cathode,
depending on whether oxidation or reduction is occurring at its surface. The results
obtained from the unmodified GCE were compared with those obtained from a GCE that

had been modified with appropriate modifiers [142]. Glassy carbon electrode was selected

39



as it has high resistance for temperature and chemical attack [143], and it can provide a

wide potential range, thus, permitting greater degree of analyte characterization.

In electrochemistry, a reference electrode is an essential component of an electrochemical
setup that provides a stable potential as a reference point for controlling and measuring the
voltage of the WE. [144]. The study utilized the Ag/AgCl (3 M KCI) electrode as a
reference electrode, which is one of the three most preferred reference electrodes alongside

the saturated calomel electrode and the normal hydrogen electrode.

In electrochemical analysis, a counter electrode, also known as an auxiliary electrode, is
an essential component of an electrochemical cell that completes the circuit and enables
the flow of current. In order to prevent any limitations to the kinetics of the electrochemical
reactions, it is significant that the counter electrode’s total surface area must be greater than
the WE. In the present investigation, a platinum wire with a considerably larger surface
area than the WE was used as the counter electrode in order to ensure that the half-cell
reaction proceeds rapidly enough to avoid restricting the kinetics of the electrochemical
process occurring at the working electrode [145,146]. The schematic diagram of the

electrochemical cell used for electrochemical analysis is displayed in the Fig. 2.1.

‘Connection to ©

potentiostat Ny/Arto

~ purge

Reference \== X '_ / Counter
electrode L 8554/ electrode

Luggin 7\ /

capillary “-‘ - Water in from
thermostatic bath

Working
electrode

Fig. 2.1. Diagram experimental setup (A,B) and the electrochemical cell (C) used for

electrochemical analysis [145].
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2.2 Chemicals used

The chemicals used are broadly categorized into solvents, supporting electrolytes, analytes,

and electrode modifiers.

Table. 1.3 List of required chemicals with supplier information and purity percentage.

S. Chemicals Supplier Percentage
No required purity
(mass%)

1. Acetone Riedel-deHaen 99

2 DMSO Sigma-Aldrich >99.0%

3 Isopropanol Sigma-Aldrich >99.0%

4 Boric acid Sigma-Aldrich >99.0%

5 Distilled - -
water

6 HCI BDH 98%

7 Potassium Sigma-Aldrich -
chloride

8 Sodium Merck -
chloride

9 Sodium Fluka 97%
hydroxide

10 Sodium BDH 98.0%
nitrate

11 Sulphuric acid BDH 98.0%

12 CoCl2.6H20 Sigma-Aldrich 97%

13 FeCl2.4H20 Sigma-Aldrich 99%

14 EDTA Sigma-Aldrich 99%
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2.2.1 Solvent and supporting electrolytes

Solvent selection was made on the basis of two main criteria. Firstly, the solvent must be
able to dissolve the electrode modifiers as well as the analytes. Secondly, the solvent should
be stable and must not undergo any oxidation/reduction reactions during the selected
voltage range of the voltammetric investigations. To meet these criteria, doubly distilled
water and analytical-grade dimethyl sulfoxide (DMSO) were selected as solvents for the
preparation of stock solutions of analytes and electrode modifiers. These solvents are stable
under the voltammetric measurement conditions. The use of analytical grade solvents
ensured that the electrochemical measurements are reliable, as any impurities in the

solvents could potentially interfere with the analysis.

Supporting electrolytes are electrochemically inert in the chosen voltage range and possess
good electrical conductivity and ionic strength [147,148]. These are extensively utilized in
electrochemical studies to achieve various objectives such as regulating the electrode
potential to eliminate the IR drop effect, increasing the conductivity of the solution,
inhibiting the migration of analytes, sustaining a consistent ionic strength, and stabilizing
the pH level of the solution. In recent years, pH determination has been improved by the
use of Britton-Robinson Buffer (BRB) solutions. These acidic mixtures have reduced
strength, and their pH values continuously vary from approximately 2 to 12 during the
neutralization process. BRB solutions are prepared by mixing 0.04 M H3zBO3, 0.04 M
CH3COOH, and 0.04 M H3PO4 and titrating the resulting mixture against solution of NaOH
(0.2 M) to achieve the pH required for electroanalytical measurements [149]. Supporting
electrolytes increase the conductivity of the analyte’s solution and decrease the migration
factors [150,151].

2.2.2 Analytes and electrode modifiers

The list of analytes and electrode modifiers is given in Table 2.2. The analytes isoniazid
and venlafaxine drugs were acquired from Sigma-Aldrich and utilized without any
additional purification. To enable the selective detection of isoniazid, bimetallic cobalt-

iron diselenide nanorods were employed as a modifier. Bis(imidazo[4,5-f][1,
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10]phenanthroline) appended bis-triazolo calix[4]arene, multifunctional bis-triazole-
appended calix[4]arene was synthesized according to Scheme 2.1 and Scheme 2.2
respectively. Bimetallic cobalt-iron diselenide nanorods were prepared according to
Scheme 2.3. For the preparation of Co-Pd /x-Al>Ogz, the support x-Al.O3 was prepared
according to Scheme 2.4, followed by simple wet impregnation method for Co-Pd /x-Al>03
according to Scheme 2.5. Bis(imidazo[4,5-f][1, 10]phenanthroline) appended bis-triazolo
calix[4]arene and multifunctional bis-triazole-appended calix[4]arene were used as
modifiers for the preparation of electrochemical platforms for the detection of HM ions
(Cd?*, Hg?*, Pb?*, Zn?*, and As®*") simultaneously.

Table 2.2. The list of analytes and recognition layers containing electrode modifiers.

S.No | Analytes Electrode modifier as recognition layer of the sensor
1 Cd? Bis(imidazo[4,5-f][1, 10]phenanthroline) appended bis-
triazolo calix[4]arene
2 Pb?* e Dis(imidazo[4,5-f][1, 10]phenanthroline) appended

bis-triazolo calix[4]arene
e multifunctional bis-triazole appended calix[4]arene
3 Hg* e bis(imidazo[4,5-f][1, 10]phenanthroline) appended
bis-triazolo calix[4]arene

e multifunctional bis-triazole appended calix[4]arene

4 As®* multifunctional bis-triazole appended calix[4]arene
5 zZn?* multifunctional bis-triazole appended calix[4]arene
6 INZ Bimetallic cobalt-iron diselenide nanorods

7 VEN Co-Pd@AI>03 nanoalloy

2.2.2.1  Procedure for synthesis of  Bis(imidazo[4,5-f][1,

10]phenanthroline) appended bis-triazolo calix[4]arene
The tweezer like fluorescent Bis(imidazo[4,5-f][1, 10]phenanthroline) appended bis-
triazolo calix[4]arene (8) was efficiently synthesized via condensation of the bis-triazolo

diabenzaldehyde derivative 5 with the 1, 10 phenanthroline-5,6-dione 7. The
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phenanthroline dione 7 was first synthesized by oxidation of 1, 10-phenanthroline 6 in the
presence of concentrated HNO3s, H2SO4 and KBr at reflux in 3 h. The hot reaction mixture
was then poured into ice cold water and pH was adjusted between 6 and 7 using a highly
concentrated aqueous NaOH solution. The aqueous neutralized reaction mixture was then
extracted with EtOAc (3% 20 mL) and the organic phase was dried over MgSOas. The final
mixture was then concentrated under reduced pressure and was finally purified through
column chromatography using silica gel as the stationary phase and a mixture of EtOAc
and hexane (4:6, v/v) as the mobile phase. The desired phenanthroline dione 7 was obtained
as yellow solid with 67 % yield. Compound 7, the dialdehyde 5, and ammonium acetate
(20 equivalents) in acetic acid (10 mL) were added and refluxed for 3 h. The hot reaction
mixture was then poured into ice cold water which yielded yellow precipitate of the desired
product. The precipitates were filtered, washed with excess distilled water and dried under
vacuum. The completely dried precipitates were grinded into fine powder which were
consequently washed with ethyl acetate (15 mL), acetone (10 mL) and ethanol (10 mL).
Our desired tweezer like calix[4]arene bridging Bis(imidazo[4,5-f][1, 10]phenanthroline)
8 was obtained in 71% isolated yield without any further purification. The synthesis was
confirmed by mass spectrometry, 'THNNMR and **C NMR analysis and the molecular mass
was deduced from its MALDI-TOF-MS analysis, where a strong peak for [M + Na]* was
observed at m/z, 1539.20 as shown in Fig. 2.2 and 2.3. The atomic mass of Na* (22.9897)
when subtracted gave molecular mass of 1516.21, which is consistent with molecular mass
1515.84, calculated for CosHgsN1406. 'H NMR (Fig. 2.4) recorded in DMSO-¢s revealed a
broad singlet at 13.56 ppm corresponding to imidazole-NH, the triazole-CH as sharp
singlet at 8.36 ppm, and the characteristic Ph-O-CH.- also as sharp singlet at 5.27 ppm. All
other peaks in *H NMR were compared which unambiguously justified the structure of our
desired product. Similarly, the **C NMR (DEPT-135) also recorded in DMSO-gs showed
the five different kinds of methylene carbon atoms at ppm; 72.92, 61.25, 64.45, and 31.18,
and 30.22 (Fig. 2.5).

2.2.2.2. Synthesis of precursors 2-7

The synthesis of precursors 2-5 (shown in Scheme 2.1) has already been published by our

research group, where the mentioned molecules were used to synthesize a novel

44



macrocycle as highly fluorescent photochemical sensor for selective detection of Cu?* ions
in water. Similarly, 1, 10-phenanthrolinedione 7 was synthesized according to the

published protocol [15].

1,3 dibromopropane
CH3CN, K,COg,
reflux, 12 h

DMF
ascorbic acid (10 mol%),
NaHCO;3 (30 Mol o),
CuS0,4.5H0 (5 mol%) )

60 °c, 8 h
= N =
iy HNO3 + H,S0,, KBr, 0 °C o N
i) reflux 3 h
‘N ) o N
x )
6 7

=
o N ammonium acetate
" -

o N acetic acid N° N
| 90°C, 3h N/ \
N C N
o O
| /IL )I\
N7 >NH HN™ SN
—N _ _ _

Scheme 2.1. Synthesis of bis(imidazo[4,5-f][1, 10]phenanthroline) appended bis-triazolo

calix[4] arene
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2.2.2.3. Characterization of the synthesized (bis(imidazo[4,5-f][1,
10]phenanthroline) appended bis-triazolo calix[4]arene

Compound 5 (Scheme 2.1) or compound 8 (Scheme 2.1 ) (100 mg, 0.08 mmol), 1, 10-
Phen-5, 6-dione 7 (55.5 mg, 0.26 mmol), and ammonium acetate (123 mg, 1.60 mmol)
were stirred in 5 mL of glacial acetic at 90 °C for 3h. The reaction mixture was then
poured into ice cold distilled water (~ 15 mL in a small beaker) which formed yellow
precipitates of the desired product. The precipitates were filtered, washed with acetone (10
mL), EtOAc (10 mL), and MeOH (10 mL).

Yield: 71 mg, 71%. m.p. 254-256 °C; MALDI-TOF-MS: observed, [M +H]", m/z 1517.21,
[M +Na]*, m/z, 1539.20, and calc for [CosHoaN1406 + Na], m/z, 1539.23. *H NMR (DMSO-
46, 300 MHz): § (ppm); 13.56 (bs, 2H, imidazole-NH), 8.96 (s, 2H, ArH), 8.84 (d, 4H, °J =
7.5 Hz, ArH), 8.50 (s, 2H, PhOH) ,8.36 (s, 2H, triazole-CH) , 8.18 (d, 4H, °J = 7.8 Hz,
ArH), 7.75 (s, 4H, ArH), 7.21 (d, 6H, °J = 7.8 Hz, ArH), 7.09 (d, 6H, 3/ = 5.1 Hz, ArH),
5.27 (s, 4H, Ph-O-CHy), 4.84 (br s, 4H, Ph-O-CH,-CHy-), 4.86 (bs, 4H, -NCH2CH,), 4.13
(d, 4H, Jgem = 12.3, bridge CH»), 3.92 (bs, 4H, -OCH,CH2CH>-), 2.32 (bs, 4H, -
OCH2CH2CH2>-), 1.13 (s, 18H, #-butyl-H), 1.03 (s, 18H, #-butyl-H).13CNMR (DMSO-gs,
300 MHz): 6 (ppm); 159.11, 150.60, 149.94, 149.31, 147.67,147.57, 147.36, 143.57,
142.76, 141.69, 135.69, 133.15, 129.54, 127.76, 1?°.16, 129.45, 127.76, 126.16, 125.68,
125.36, 124.69, 123.70, 123.29, 123.06, 122.94, 119.28, 115.19, 72.93, 61.29, 64.47,
31.34, 31.18, 30.79, and 30.22.
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Fig. 2.2. MALDI-TOF mass spectrum of (bis(imidazo[4,5-f][1, 10]phenanthroline)

appended bis-triazolo calix[4]arene
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Scheme 2.3. 4 diagrammatic representation of the process for synthesizing FeCoSe:.
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Scheme 2.4. The diagram depicting multiple steps for the synthesis process for producing
the v- Al,O3 support.

Scheme 2.5. The wet impregnation method employed to prepare the Co-Pd/y-Al>O03

catalyst.
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2.3 Preparation of electrochemical sensors

2.3.1 Sensor 1: BTC modified GCE

To detect Zn?*, Pb?*, As®*" and Hg?*, individually and simultaneously, the GCE surface was
prepared by polishing it with a nylon-buffing-pad and 0.05 um a-Al2Os powder until it
achieved a shiny and smooth surface. Afterward, a mixture of HNO3s (1:1, v/v), ethanol,
and doubly distilled water was prepared followed by immersing GCE in the mixture. The
GCE was then sonicated for a few minutes, washed with distilled water, and dried in air.
The stock solution of BTC was prepared in DMSO, and the modification of the GCE was
done by using drop casting method. To remove any molecules that were only loosely
attached, the electrode coated with BTC was thoroughly washed with doubly-distilled
water. Afterward, the prepared electrode was inserted into an electrochemical cell that
contained the analyte solution, and a voltammetric analysis was carried out following the
steps outlined in Scheme 2.6. In the beginning, the electrode surface underwent an
electroreduction process to electroplate metal ions onto it. Following that, multiple scans
of SWASYV were performed, measuring the resulting current during the stripping steps. To
establish a comparison, the electroplating of metal ions and stripping analysis of their
electroreduced forms were also carried out using a bare GCE.Surface Characterization of
bare and modified electrodes was done by SEM as shown in Fig. 2.6.

Fig. 2.6. SEM micrographs of (4).Bare GCE, (B) BTC-modified GCE
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Scheme 2.6. Multifunctional bis-triazole appended calix[4]arene based electrochemical

sensor preparation and application.

2.3.2 Sensor 2: BPTC modified GCE

To detect Cd?, Pb?*, and Hg?* ions -electrochemically, bis(imidazo[4,5-
f][1,10]phenanthroline) appended bis-triazolo calix[4]arene was immobilized over the
surface of GCE. Firstly, a smooth and polished surface for the GCE was achieved by
polishing it with a-Al203 powder (0.05 um), utilizing a nylon buffing pad. Then, a 0.5 mM
solution of modifier (BPTC) was prepared in DMSO and after that a 5 uL. drop of this
solution was applied onto the clean GCE surface, which was then air dried. The modified
GCE was then cleaned with deionized water to take away any loosely bound molecules.
The molecules of BPTC interacted with the chemical functionalities on the surface of GCE
to form a recognition film. Evaporation of solvent led to anchoring of the BPTC with the
GCE during the modification process. Insolubility of the modifier in aqueous solution of
target analyte prohibited its leaching from the electrode surface. The complexing head
groups of the modifier molecules led to binding with the target metal ions. Consequent
preconcentrating role of the recognition layer generated intense signals of electroreduced

metals in stripping step of pulse voltammetry. Fig. 2.7 displays the chemical structure of
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the modifier and comparison of the metal ions sensing performance of bare and modifier

GCE. Surface characterization was modified GCE was done by SEM as shown in Fig. 2.8.

/

Fig. 2.7. (4) Molecular structure of BPTC (B) the electrochemical response of the bare

compared to modified electrodes investigated for the simultaneous detection of Pb’*,

Cd”* and Hg*".

Fig. 2.8. SEM micrographs of (A) Bare GCE and (B) BPTC-modified GCE.
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2.3.3 Sensor 3: GCE modified with cobalt-iron diselenide nanorods

To prepare FeCoSe./GCE electrode, 1 mg of FeCoSe, was dispersed in 1 mL of
isopropanol by ultrasonication for 30 minutes. Next, 5 puL of the FeCoSe> solution was drop
cast onto the polished surface of the bare GCE (0.071 cm?). Before modification of surface
of the GCE, it was first polished using alumina powder (0.05 um) followed by washing it
with doubly distilled water. After drop casting 5 pL of the FeCoSe> solution on the polished
surface of the bare GCE, the modified electrode was washed with a mixture of nitric acid
and acetone (1:1) to remove any impurities, followed by rinsing thoroughly by doubly
distilled water. The cleaned GCE was dried in a desiccator while the modified electrode
was dried at room temperature for 20 minutes and then completely dried in an oven at 50°C
for 30 minutes. The as prepared FeCoSe2/GCE electrode was employed for the
electroanalysis of INZ under optimized conditions. Fig. 2.9 shows significantly enhanced
signal of INZ at the FeCoSe,/GCE vs., bare-GCE. Surface characterization of modified
GCE was done by SEM as shown in Fig. 2.10.

(A)

(B)

Fig. 2.9. (4) Electrochemical oxidation mechanism of INZ over modified FeCoSe:»/GCE.
(B) Electrochemical oxidation peak of INZ over modified FeCoSe>/GCE.
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Fig. 2.10. SEM micrographs of (4) Bare and (B) FeCoSez/GCE.

2.3.4 Sensor 4: GCE modified with Co-Pd@AIl>O3 nano-alloys

To modify the cleaned GCE surface, Co-Pd@AI.Oz nanoparticles were coated on the
surface of GCE. For this purpose a milligram of the catalyst powder was dispersed in 5
microliters of ethanol by using ultrasonication for 20 minutes. Subsequently, 5 microliters
of the suspension that was obtained were applied onto the electrode surface using a drop-
casting method. Finally, the electrode was coated with 2-3 drops of Nafion solution. The
modified electrode was allowed to completely dry at room temperature before use. Fig.
2.11 shows GCE modification and comparison of its VEN detection performance with
unmodified GCE. Surface characterization of Co-Pd@AIl.03/GCE was done by SEM and
is shown as in Fig. 2.12.

57



Fig. 2.11. Stepwise procedure for electrode modification with Co-Pd@Al>O3 and
performance test for VEN sensing.

Fig. 2.12. SEM micrographs of (4) Bare and (B) Co-Pd@Al>:O3/GCE

2.4 Electrochemical measurements

The stock solutions of analytes were prepared in 100 mL volumetric flask with their
respective solvents. Then, in an electrochemical cell, 10 mL of the stock solution and 10
mL of stripping electrolyte was added up and the total volume was made with 20 mL at a
constant 1:1 (v/v) ratio of respective stock solutions and buffer for the water toxins analytes
working solution preparation. While, for the drug working solutions, the stock solutions
were diluted with a constant 20/80 (v/v) ratio of their respective solvents and buffer to
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avoid any solubility problems. The fabricated electrode was inserted in an electrochemical
cell for the concurrent sensing of multiple analytes in supporting electrolyte by SWASV
method. At deposition potential, the analytes get accumulated onto the sensor surface under
stirring of solution for giving deposition time. Afterward, an equilibrium time of 5 s was
retained in quiescent solution, and then SWASV scan was run from a desire potential
window at 20 Hz frequency, by an increment of 0.5 mV potential, 100 mVs™ scan rate and
20 mV pulse amplitude. Voltammograms were recorded and the oxidation peaks of the
targeted analytes were measured. Blank voltammograms of the buffer + solvent systems
were also taken at each modified electrode as verification that the voltammetric signal is

due to analytes and not the solvent/modifier.

2.5 Theoretical background of the experimental techniques

The theoretical principles of the techniques employed in the present research work are
presented in this section. The developed sensors and their analytical performance were
characterized and examined by various technigues, including CV, Pulse Voltammetry, EIS,
SEM, TEM and XRD [152-154]. Square wave voltammetry was utilized for the detection
of analyte species in biological samples and water samples, while stripping voltammetry
was employed to preconcentrate analytes for highly sensitive detection. [155,157]. The
surface characteristics of the sensing surfaces were examined from SEM images. Further
information regarding the specific methodologies employed have been discussed in the

following sections.

2.6 Cyclic Voltammetry

The CV technique involves measuring the changes in potential of an electrode over a period
of time. This change occurs when the electrode is exposed to a controlled potential
waveform. It is a method of studying the behavior of charged species in solution and how

they interact with an electrode. It is a commonly employed technique for the determination
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of the reduction and oxidation potentials of species in a solution, as well as for investigating
the kinetics of electrochemical reactions. [158-161]. Cyclic voltammetric analysis involves
measuring the current in response to a periodically changing potential. During CV, the
voltage is usually scanned in a triangular-waveform amongst two defined values, E1 and
E2, at a controlled potential scan rate. The resulting current is recorded, and this data is
subsequently utilized to analyze the chemical behavior and electrochemical reactions

occurring within a sample.

In cyclic voltammetry, the triangular potential sweep drives the flow of ions and electrons
in the sample, leading to a variation in the total charge. The resultant current produced is
directly proportional to the rate of change of charge can be used to identify chemical
processes, such as oxidation and reduction, and to determine the rate constants and redox
potentials of species in the sample. The cyclic voltammogram, a graph of current versus
potential, provides a visual representation of the electrochemical behavior of the sample
[162-164].

The International Union of Pure and Applied Chemistry (IUPAC) has set guidelines
according to which cathodic currents are assigned negative values and denoted as Ic. The
maximum value of the cathodic current is denoted as the cathodic peak current (Ipc), and
the voltage upon which the analytes are fully reduced is called the cathodic peak potential
(Epc). On the other hand, anodic currents are considered positive and referred to as la. The
anodic peak current (l,a) corresponds to the highest value of the anodic current observed
during cyclic voltammetry, while the anodic peak potential (Epa) represents the potential at

which the analyte is fully oxidized at the working electrode surface. [165,166].

The relationship between potential (E) and the reaction quotient (Q) for a reversible redox
reaction can be shown by the Nernst equation.

E = E, — 2.303RT nF logQ (Eq. 2.1)

The standard cell potential is denoted by E, in electrochemical reactions, and the values of
R, T, and F are defined according to their standard definitions. The variable "n" represents
the number of electrons that are involved in the reaction, while Q represents the

concentration ratio of oxidized and reduced species.
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Cyclic voltammetry can discriminate among reversible, irreversible, or quasi-reversible
processes. By utilizing cyclic voltammetry, it is possible to gain knowledge about both the
thermodynamics and kinetics of electrode processes [167]. This valuable information
includes the rate of heterogeneous charge transfer, as well as rate constants and equilibrium
constants of electron transfer and any resulting chemical reactions [168]. The technique is
also useful for understanding the fate of redox products, transport properties, and

mechanistic features of electroactive species at different redox potentials [169-170].

Depending on several criteria, cyclic voltammograms can be classified in various ways,
including the shapes and positions of the redox peaks, the ratio of peak currents, and the
alterations in peak currents when the scan rate is varied. The voltammograms can be

classified into three types: reversible, irreversible, and quasi-reversible [171-173].

2.6.1 Analyzing nature of redox reactions via CV

Redox reactions that involve the transfer of a single electron can be classified into
reversible, quasireversible and irreversible categories. Reversible process refers to a redox
reaction that can occur in both the forward and reverse directions with equal ease. When
examining a reversible process in a cyclic voltammogram, the anodic and cathodic peaks
will be positioned symmetrically with a distinct separation between them. The peak
currents (Ipa/lpc) of reversible redox reactions will have a ratio close to one, and their peak
currents will increase in a linear fashion as the scan rate is increased. These informations
are useful for the assessment of thermodynamic and kinetic parameters of redox events, as

well as for studying the behavior of redox-active species in solution [174-178].

Peak potentials and half peak potentials are interrelated as;

Epa = Ey/ — (1.109 £ 0.002)RT /nF (Eq. 2.2)

Epe = Eyj5 — (1.109 + 0.002)RT /nF (Eq. 2.3)
Where

E,/, = 0.8817 I, (Eq. 2.4)
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With the change in scan rate peak potential does not change in case of reversible reactions.
When broad peaks are observed, the half-wave potential (Ep1/2) is often utilized instead of

the peak potential (Ep). These two values are related as follows:
Ep1/2 = E £ 28/n(mV) at room temperature (Eq. 2.5)
Positive sign (+ stands for reduction and negative sign (=) for oxidation

The relationship between the number of electrons transferred in an electrode reaction and
the peaks separation can be expressed using the following equation:

AE, = Epy — Epe ¥ =2V (Eq. 2.6)
An irreversible cyclic voltammetric process refers to a redox reaction that proceeds
predominantly in one direction, and the reverse reaction is either very slow or does not
occur at all. When examining an irreversible process in a cyclic voltammogram, the anodic
and cathodic peaks will not be symmetrical, and the separation between them will increases
as the scan-rate increases. The values of peak current will increases accordingly with
increase in scan-rate, but the ratio of the anodic to cathodic peak currents will be
significantly different from unity, due to the mostly one-way charge transfer process.
Irreversible processes are often encountered in systems involving the adsorption of species
onto electrodes, or in situations where one of the reaction products gets strongly adsorbed
on the electrode surface, it can hinder or prevent the reverse reaction from occurring.
Investigating irreversible processes is crucial in understanding the electrochemical
behavior of the electroactive species on electrodes and the kinetics of electrode processes.
It can provide valuable information on the nature of electroactive species and the

mechanisms of their electrochemical reactions.

Irreversible processes refer to those reactions that have slow electron transfer and result in
peaks with a potential separation greater than 59/n mV. The I, value for such processes can

be calculated as:

I, = (2.99 x 10°) a'/? n3/2ACD/?v1/? (Eq. 2.7)
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For irreversible electron transfer reactions, the peak-potential changes with change in the
scan rate, and the peak width is described by a relationship involving the square root of the

scan-rate.
|E, — Ep2| = 1.857RT /anF (Eq. 2.8)
Rate constant of irreversible reaction is evaluated according to Reinmuth expression:
I, = nFACgkgp (Eq. 2.9)

ksh represents standard-heterogeneous-rate-constant with values less than 10° cms™ for the

irreversible reactions.

In a quasi-reversible reaction, the forward and reverse reactions are not completely
reversible. The reaction does not reach to a state of dynamic equilibrium. Forward reaction
occurs much faster than the reverse reaction, but the reverse reaction is still significant
enough to be observed in the cyclic voltammogram. These reactions fall between
irreversible and reversible systems. In cyclic voltammogram of such reactions signal
appears in reverse scan but with a lower magnitude than the signal in the forward potential
scan. Peak separation of such reactions increases with increasing the scan rate. The values
of Ep-Ep/2 of the redox reactions with fast heterogeneous charge transfer rates typically fall
within the range of 60-100 mV, with ks values ranging from 10 to 10° cm/s. Fig. 2.13
provides a comparison of the electron transfer processes in all three types of redox

reactions.
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Fig. 2.13. Comparison of cyclic voltammograms for reversible, irreversible and quasi-

reversible electron transfer processes [179].

2.7  Pulse voltammetric techniques

When studying fast redox reactions at low current levels, square wave pulse voltammetric
techniques are highly useful for analyzing the kinetics and thermodynamics of these
reactions. Unlike cyclic voltammetry, pulse techniques involve application of a series of
brief, high-amplitude potential pulses to the electrode instead of a continuous waveform
[180]. These techniques can also be employed to study the electrochemical behaviors of
the electro-active species at electrode surface, and to determine the relative standard
reduction potentials of redox species in solution. There exist various pulse voltammetric

techniques, which include:

2.7.1 Normal pulse voltammetry (NPV)

NVP is a commonly-used tool in electroanalytical chemistry and electrochemical
engineering. During each pulse, the potential is incrementally increased and the resulting
current response is measured until a predetermined final value is reached. The data
collected from these pulses can be useful to analyze the kinetics and thermodynamics of
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the redox reaction in solution and determine the relative standard reduction potentials of
redox species. NPV is particularly advantageous for studying fast oxidation/reduction
reactions and investigating the behavior of electroactive moieties at electrodes [181,182].
By utilizing NPV technique, electrochemists can achieve a deeper understanding of the
complex mechanisms that are involved in these reactions. This, in turn, facilitates the
development of more efficient electrochemical systems that can be applied in a wide range
of applications. Ultimately, the technique of Normal pulse voltammetry provides
researchers with a valuable analytical tool for advancing the field of electrochemistry
[183].

2.7.2 Differential pulse voltammetry (DPV)

The technique of Differential Pulse VVoltammetry (DPV) is of great significance in the field
of electrochemical analysis, owing to its broad applicability to a diverse range of analytes.
As such, DPV has emerged as a crucial tool in the domain of analytical chemistry [184,
185]. DPV involves introducing a small potential pulse to the baseline potential, followed
by the measurement of the resulting current response. Typically, the potential pulse ranges
from 10 to 100 mV and is applied for a brief period, usually between 1 to 100 ms. As the
potential is changed, the current response is recorded and a current versus potential plot is
generated [187, 188].

DPV is useful for studying the kinetics and thermodynamics of redox reactions in solution.
By analyzing the current response at different potentials, information about the reaction
rate, the potential at which the reaction occurs, and the relative standard reduction potential
of the redox species can be obtained. DPV is particularly useful for studying redox
reactions that occur at low current levels, and enables electrochemists to investigate the

mechanistic behavior of electroactive species at the electrode surface.

One of the advantages of DPV is its clear discrimination between Faradic and non-Faradic
current and owing to this peculiar characteristic this technique finds wide applications in
limit of detection determination. Although it is a slow technique, yet it is highly sensitive.

It is used to study a variety of systems, including biological systems, metal-ion complexes,
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and electroactive organic compounds. With its superior peak resolution, DPV is an
exceedingly sensitive technique that facilitates the detection of analytes in the nano, pico,
and even femto molar range. The current response yielded by DPV can be employed to
calculate the number of electrons engaged in an electrochemical process, utilizing a

particular expression (Eq. 2.10).

In Fig. 2.14, the application of DPV involves the provision of a specific magnitude pulse
to the WE, followed by the current measurements, before and after the pulse. Through the
analysis of the linear correlation between the concentration of the analyte and the peak
current, it becomes possible to assess critical analytical parameters such as the LOD and
LOQ. Additionally, each species has a unique peak potential that can be correlated to the
half-wave potential. By accurately correlating the peak-potential values to the half-wave
potential, it is possible to identify and quantify the analyte under investigation using Eq.
2.13.
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Fig. 2.14. Diagram illustrating pulse parameters of differential pulse voltammetry and

application in electrochemical analysis [188].

2.7.3 Square wave voltammetry

SWV is a fast electroanalytical method that is frequently used to identify and quantify
various species in a sample solution. This technique applies a staircase base potential to
the working electrode and then superimposes regular square waves on it. To obtain the net
current (Inet) centered on the redox potential of the process, it is necessary to measure the
resulting current and then calculate the disparity between the forward and backward current
components (Inet = If — Ib). Fig. 2.15 shows that the potential applied to the electrode is
systematically varied, and the resulting current is both measured/recorded in a controlled

manner.

In SWV, the application of regular square waves onto the staircase base potential creates a
current response that is characterized by a series of peaks and valleys. The concentration
of the analyte species present in the sample can be directly measured using the peak height,
which is the difference between the maximum and minimum current obtained from SWV.
In addition, the shape and position of the peaks provide valuable insights into the

electrochemical behavior of the analyte, including its redox potential and reaction kinetics.
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SWV is one of the highly sensitive technique that can detect analyte species at very low
concentrations, with typical detection limits in the parts-per-billion range. The technique
is also highly selective, with the ability to distinguish between different analyte species
based on their electrochemical behavior. Additionally, SWV is relatively fast and requires

minimal sample preparation, making it a valuable tool for various analytical applications.

Thus, SWV is a powerful and versatile technique that offers numerous advantages for
electroanalytical measurements. Its ability to provide quantitative information about
analyte species in a fast, sensitive, and selective manner makes it a valuable tool for many
fields, including analytical chemistry, environmental monitoring, and biomedical research
[189,190].
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Fig. 2.15. 4 typical potential waveform for SWV [191].

2.8 Stripping voltammetry

With its exceptional sensitivity, stripping voltammetry is used to identify and quantify trace
concentrations of metal ions in solution. Among the stripping techniques ASV is
particularly utilized for the determination of toxic HM ions in solution. This method allows
practical detection limits in parts per trillion range. Moreover, ASV has the potential of

detecting multiple metal ions simultaneously. It involves three main steps:
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Deposition step: In this specific step of the stripping voltammetry, a suitable potential is
applied to the electrode, which induces the reduction of metal ions present in the sample
solution on the surface of the electrode. As a result, a thin layer of metal is created on the
surface of the electrode. This step is critically dependent on mass transport, which can be
enhanced by stirring. After deposition, a rest period of around 10-15 seconds is typically

provided to ensure maximum electroreduction.
M™+ne- — M (Eq. 2.12)

Stripping step: After deposition, the electrode is scanned over a potential range, causing
the metal ions to be stripped off from the electrode surface and oxidize back to their original
ionic state. The current that emerges is then measured as a function of the potential that is

applied.
M — M"+ne- (Eq. 2.13)

Analysis step: The recorded currents versus potential data are analyzed to determine the
concentrations of the metallic ions in the solution. This is typically done by comparing the
peak current or peak area to a calibration curve generated from known concentrations of

the metal ions.

Hence, stripping voltammetry is an effective technique for trace metal ion analysis owing
to its high sensitivity, selectivity, and capacity to deliver quantitative data [192,193]. Fig.
2.16 demonstrates the working principle of ASV.

Fig. 2.16. Steps of Anodic Stripping Voltammetry [194].
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2.8.1 Electrochemical impedance spectroscopy (EIS)

EIS involves perturbing analytes with electrochemical sinusoidal waves of different
frequencies and measuring their response in terms of current and potential phase shifts. As
a non-destructive method, it provides important info about the properties and behavior of
the analyte under study. This technique is beneficial for studying various electrochemical
redox reactions at the electrode surface, including their rates, charges transduction
behavior, diffusion-limited processes, and capacitance. EIS is used for the analysis of
biosensors, battery materials, corrosion fuel cells, surface features, and kinetics of electron

transfer reactions.

Ohm's Law (R=V/I) is used to relate electrical resistance to voltage and current in DC
circuits. However, in complex AC circuits, electrical impedance depends on the frequency
of the AC signals and includes contributions from resistance, capacitance, and/or induction.
Therefore, electrical impedance is a complex number consisting of a real component
(resistance) and the imaginary components (inductance and capacitance) as shown in Eq.
2.14 [195,196].

Z = % =Zoexp'* = Zo (Cosp + ising) (Eq. 2.14)

In EIS, an AC voltage is applied to a sample at different frequencies, which leads to the
production of electrical current. The changes in amplitude and phase shift at different

frequencies are used to estimate impedance components in the sample.

The Nyquist plot of presenting EIS data consists of a semicircle and a linear segment. In a
Nyquist plot obtained from EIS data, the semicircular portion observed at higher
frequencies is indicative of the charge transfer resistance (Rct), whereas the linear portion
observed at lower frequencies corresponds to the diffusional-limited process. A larger
diameter of the semicircle indicates slower kinetics of electrochemical reactions with larger
Rct values at the electrode surface, while a smaller diameter indicates faster kinetics. At
lower frequencies, a linear portion appears in the Nyquist plot, which characterizes the

diffusional-limited process. Fig. 2.17 shows that the solution resistance (Rs) is represented
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by the intersection of the semicircle with the x-axis at the far left side. The frequency at the
apex of the semicircle represents ® = CqiRct. The sum of Rs + Ret indicates the total

impedance of the electrochemical system [197-199].

Fig. 2.17. Nyquist plot showing solution resistance, charge transfer resistance and

diffusion controlled process [200]

A suitable circuit model is chosen for fitting with the experimental EIS data shown as
Nyquist plot. Each element in the circuit model corresponds to a specific electrochemical
activity and is assigned a physical parameter. One or more equivalent circuit models can
be used to associate the mechanistic parameters of the electrochemical system with the
impedance plot to extract numerical information. There are several circuit models available
for fitting the impedance parameters, but the Randle’s circuit model is the most commonly
used (Fig. 2.18).

Fig. 2.18. Randle’s equivalent circuit for a charge transfer reaction followed by

diffusion limited process.
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The equivalent circuit model used in EIS analysis typically consists of several components
arranged in a specific order. It begins with a Rs in series with a Rct, followed by a Zw, and
a Caq in parallel, as shown in Fig. 2.18. Each element of the circuit model is related to a
specific electrochemical activity and has a physical parameter assigned to it. The Rt
represents the charge transport at the electrode/electrolyte interface, while Rs represents the
uncompensated resistance of the solution between the WE and reference electrode. The
Cdl is the capacitance associated with the electrical double-layer formed around the surface
of the electrode, while the Warburg impedance (Zw) corresponds to the impedance

associated with diffusion-controlled mass transfer.

2.9 Physical Characterization Techniques

2.9.1 Scanning electron microscopy (SEM)

SEM offers information about the morphology of the surface, texture, and structure of
various materials. It offers magnifications ranging from 10x to 1,000,000, making it a
valuable tool for the characterization of nanomaterials, biological samples, and various
surfaces [201,202]. SEM is also capable of identifying surface defects, cracks, and other
surface features. Achieving high-resolution images using SEM involves coating the sample
with a conductive material like gold or carbon to prevent charging during imaging. The
sample is then placed inside the vacuum chamber of the SEM, and an electron beam is used
to scan it. The signals generated from the electrons that are scattered back or emitted from

the sample are used to create an image of the surface.

In addition to imaging, SEM can also be utilized to analyze the chemical compositions of
the samples by utilizing the energy-dispersive X-ray spectroscopy (EDS). EDS detects the
characteristic X-rays emitted by the sample upon exposure to the electron beam, allowing
for the determination of the elemental composition of the sample. SEM can provide
information on the morphology, topography, crystallography, grain orientation,
composition, and other characteristics of a sample material. The spatial resolution of SEM
can be as high as 1 nm, and the magnification can reach up to 300,000 times. In addition
to surface morphology and composition, SEM can also provide information on magnetic,
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electrical, and crystallographic properties of materials [203,204]. The instrument consists
of several components, including the electron gun, the condenser lens, the objective lens,

the scanning coil, aperture, sample container, and detector, as illustrated in Fig. 2.19.

Fig. 2.19. Representation of a typical scanning electron microscope [204].

2.9.2 Transmission electron microscopy (TEM)

TEM is a high-resolution imaging technique that utilizes a focused electrons beam to
visualize the ultrastructure of materials. It involves transmitting the electron beam through
an extremely thin sample, and the resulting interaction between the electrons and the
sample generates a high-resolution image of sample's internal structure. This imaging
technique is useful for analyzing the internal structure of solid-state materials as well as
biological samples. The basic components of a TEM include an electron gun, which
produces the electron beam, a series of electromagnetic lenses, which focus and control the
beam, and a fluorescent screen or detector, which captures the image formed by the

transmitted electrons. The sample is typically prepared by cutting a very thin section using
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a microtome and placing it on a thin support film that can withstand the vacuum conditions

of the microscope.

TEM has several advantages over other microscopy techniques. It can provide very high-
resolution images with sub-angstrom resolution, allowing researchers to visualize
individual atoms and molecular structures. It can also be used to analyze the crystal
structure and defects of materials, and to observe the dynamics of biological samples at the
nanometer scale. However, TEM has some limitations, such as the need for specialized
sample preparation techniques, the requirement for high vacuum conditions, and damage
of the sample by the electrons beam. Despite these limitations, TEM remains an essential
tool in materials science and biological research. Fig. 2.20 presents the schematics of TEM

and its essential components [205].

Fig. 2.20. Diagram of a transmission electron microscope [205].

2.9.3 X-ray diffraction analysis

XRD is used to analyze the structural features of samples. The XRD pattern, which is a
material's unique "fingerprint,” is used for getting information about crystal structure. XRD

is based on Bragg's law, which relates the angle of incidence, the wavelength of the X-rays,

74



and the distance between the atomic planes in crystal lattice. When X-rays are incident on
a sample, they are diffracted at an angle (8) determined by the inter-planar spacing (d)
between the atoms in the crystal lattice. The shape of the unit-cell is used to establish the
h, k, and | indices of the inter-planar spacing. These indices are essential in determining
the angles (260 values) where diffraction will occur. The intensity of the XRD signals relies
on the atoms' nature, location, and density in the unit cell. By analyzing the XRD pattern,
the sample's crystalline phase structure can be determined based on its unit cell dimensions
and purity. Additionally, unknown materials can be identified by comparing their XRD
patterns with reference cards. Debye Scherer's formula (D = KA /cos8) is used to
determine the crystallite size. The interaction of X-rays with electrons in crystalline
material is the core concept of XRD. According to Bragg's rule, parallel X-rays incident
on parallel planes with inter-planar spacing (d) are diffracted at an angle (0) with the path
length of an integral multiple of wavelengths (Fig. 2.21). The inter-planar spacing (d), also
known as the h, k, and | indices, is determined by the form of the unit cell and determines
the two values at which diffraction occurs. The kind of atoms, their position, and density
in the cell unit all influence the intensity of XRD signals. The XRD pattern may be used to
detect the crystalline phase structure of a sample, sample purity, and to identify an

unknown substance by comparing its XRD pattern to a reference card [206].

Fig. 2.21. Schematic representation of X-ray diffraction from crystal planes [206].
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Chapter 3

RESULTS AND DISCUSSION

This chapter presents details of the results obtained at the designed sensing platforms.
Electrochemical impedance spectroscopy and voltammetric studies provide proof of the
improved responsiveness of modified GCE interface. Results of the selectivity, sensitivity,
repeatability and reproducibility of the sensors and pH dependent redox mechanistic
behavior of the investigated drugs are presented in this chapter. Moreover, it encompasses
details of the influence of the electrode modifier, supporting electrolytes, pH of the
solution, deposition time and deposition potential. A comprehensive discussion on the

experimental results of all four sensors is provided in the subsequent sections:

3.1 Sensor 1: BTC/GCE for the detection of Zn?*, Pb?", As®*" and Hg?*

Experimental parameters were optimized for getting intense signals of targeted analytes at
the GCE that was modified with multifunctional-bis-triazole-appended-calix[4]arene
(BTC). The optimization process involved adjusting the concentration of the modifier, pH
of the medium, deposition time and potential, and the supporting-electrolytes used. The
outcomes of the optimization process revealed that the modified electrode exhibited
exceptional sensitivity towards heavy metal ions, with the ability of detecting their
concentrations upto picomolar levels. Experimental evidences of the characterization and

performance of BTC/GCE sensor are given below:

3.1.1 Electrochemical characterization of BTC modified GCE

CV and EIS were used for surface characterization of GCE modified with BTC. CV was
performed at the bare as well as BTC modified with GCE in a solution mixture of 5 mM
Kz[Fe(CN)s] and 0.1 M KCI. A significant increase in the redox signals of redox probe
was noticed on BTC/GCE as compared to bare-GCE (Fig. 3.1(A)). This enhanced response

can be credited to the improved surface area of the modified GCE and catalytic role of the
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modifier in facilitating electron transfer between the redox probe and transducer. These
results indicate that the assembly of BTC on GCE acts as an effective electrode modifier

for improving the sensing response.

EIS carried out with optimized parameters showed a semicircular arc and a linear segment
in the Nyquist plot. The diameter of the semicircle indicates the charge transfer mechanism
at the electrode-electrolyte interface. Upon modification of GCE with BTC, a prominent
reduction in the semicircle diameter (Fig. 3.1(B)) suggests improved charge transfer
kinetics through BTC/GCE surface. Thus, both CV and EIS outcomes reveal efficient
electron transfer through the modified GCE than the unmodified electrode.

As, the Fe(CN)s*’* redox couple consists of ferricyanide (Fe(CN)s*") and ferrocyanide
(Fe(CN)s*) ions, which contain the central iron (Fe) atom surrounded by cyanide (CN)
ligands. The negatively charged redox probe interacts favorably with surfaces that have an
affinity for metal cations due to the central role of the iron atom in the redox couple.

When the glassy carbon electrode is modified with the BTC the surface properties are
tailored to bind metal cations effectively. This results in a higher local concentration of
metal cations, particularly iron ions from the Fe(CN)s**~ redox couple, due to the specific

interaction between the redox-active species and the modified electrode surface.

The binding of metal cations to the modified surface promotes a more concentrated and
efficient electron transfer process, thereby enhancing the electroactivity or sensitivity of
the Fe(CN)s*'* redox probe. The affinity of the modified electrode for metal cations
creates an environment that is particularly conducive to the redox reactions involving the

metal-centered species, thereby leading to a more pronounced electrochemical response.
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Fig. 3.1. (4) The obtained (A) cyclic voltammograms and (B) Nyquist plots were
generated for a solution containing 5 mM K3[Fe(CN)s] and 0.1 M KCI, using both bare

and BTC/GCE.

To further explore the impact of BTC modification on metal ion detection, SWASV

analysis of a solution mixture consisting of Zn?*, Pb?*, As®*, and Hg?* was conducted on
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in a 50% BRB solution (pH=3) via bare as well as BTC modified GCEs. As obvious from
Fig. 3.2 the current response for all four metal ions are more pronounced at the GCE
modified with BTC in comparison to the unmodified GCE. Based on the results, it can be
inferred that the hydroxyl, carbonyl, and triazole functional-groups in the chemical
structure of the BTC are effectively preconcentrating the metal ions at the electrode
surface. By serving as a conducting medium between the metal ions and the transducer, the
immobilized layer of the BTC facilitated a more rapid electron transfer process. The
existence of electron-rich functional groups in the BTC molecules offered sites for the
adsorption of metal ions, resulting in the formation of a metal atom-metal ion pair that
boosted the current response. The outstanding conductivity of the BTC electrode modifier
may be due to the fact that its water-soluble parts are oriented towards the solution, and
that they are capable of bending and serving as a linking-bridge amongst the analytes and
the transducer. Moreover, the hydrophobic groups of BTC made it insoluble in water,
allowing it to remain on the electrode surface during analyte detection and preventing any

leaching into the analyte solution.

45 -10 05 00 05 10 15
E/V vs. Ag/AgCl
Fig. 3.2. The SWASV measurements performed under optimized conditions (a) the
BTC/GCE in solvent mixture of water and BRB of pH 3.0, (b) the bare-GCE in solvent
mixture (water + BRB of pH 3.0), and (c) the BTC/GCE in a 1.2 uM solution of Zn*",
Pb**, HZ’*, and As’*
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3.1.2 Parameters optimization

The study investigated a range of experimental parameters to optimize the stripping
conditions for the successful detection of targeted HM ions on BTC/GCE. The study
examined several parameters, such as the modifier amount, sample pH, scan rate, the
supporting electrolyte, deposition potential and time to get intense signals of the analyte
species at the sensing platform.

Firstly, the impact of varying BTC concentrations on metal ion sensing response was
investigated. The peak currents were found to increase until a saturation point approached.
The observed improvement in the current signals suggests that the modifier plays an
electrocatalytic role and lead to increase in the active surface area of the modified-electrode
surface. After a certain point, increasing the concentration of molecules of the BTC on the
GCE surface led to the formation of multiple layers, which hindered efficient electron
transfer as evidenced from the decrease in the peak current responses. The maximum peak
current values were noticed at a 1 mM concentration of BTC for stripping electroplated

metals into corresponding Zn?*, Pb?*, Hg?*, and As®" ions, as shown in Fig. 3.3.
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Fig. 3.3. The impact of the amount of the BTC immobilized on GCE on the peak current

responses of Zn*", Pb’*, Hg*", and As®*" metal ions during the stripping process

80



For optimization of the stripping conditions for detecting Zn?*, Pb?*, Hg?*, and As®** ions,
the influence of accumulation potential and time was probed. The sensitivity of modified-
GCE was significantly influenced by the deposition time, which was investigated by
performing SWASV over a range of 10 to 60 seconds. The graph in Fig. 3.4 displays a
relative increase in the current responses as the accumulation time prolongs, indicating the
electroreduction of more number of metal ions on the modified GCE surface. When the
accumulation time was increased beyond the optimal limit, the peak current signal showed
a decline. The optimal accumulation time of 50 seconds yielded the highest current
response, indicating its effectiveness for maintaining this accumulation time in further

electroanalytical experiments.

-15 -10 -05 00 0.5 1.0 15
E/V vs. Ag/AgCl
Fig. 3.4. The impact of deposition time on current signals for detection of Zn?*, Pb?*,
Hg?*, and As®* (1.2 pM) using a BTC/GCE in BRB of pH 3 as supporting electrolyte and
50 mV/s as the scan rate, by SWASV. An inset plot showing, relationship between Ip

Vs. tq.
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To determine the optimal potential range for detecting Zn?*, Pb?*, Hg?*, and As®*, the study
was conducted to examine how changes in the deposition potential can impact the
sensitivity of an BTC/GCE. The current signals increased in the potential range between
—1.0to —1.2 V. However, beyond this potential, i.e., in the potential range (—1.2 to —1.4 V)
sensitivity decreased due to the evolution of hydrogen gas caused by water splitting. In
order to achieve best sensing outcomes and to avoid evolution of the Hz gas, experiments

were conducted at an optimal deposition potential of —1.2 V as demonstrated in Fig. 3.5.
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Fig. 3.5. The influence of various accumulation times on SWASV current signals of 0.9
mM Zn**, Pb’*, Hg*", and As®* solutions were investigated using BTC/GCE. (inset :the
data plotted as I, versus Eg).

The detection capability of BTC/GCE towards metal ions was evaluated to investigate the
impact of different supporting electrolytes. For this purpose multiple electrolyte solutions
such as KCI, HCI, CH3COOH, HzPO4, and BRB with pH 3 were examined. The results of
the study depicted in Fig. 3.6, reveals that the BRB solution of pH 3 provides the highest
current signals, thus indicating its effectiveness as a supporting electrolyte for subsequent

experiments using the BTC/GCE sensor.
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Fig. 3.6. The SWASYV peak current of a 0.5 uM solution of Zn’*, Pb’*, Hg’*, and As* was
studied using BTC/GCE under optimized.

The response of the BTC/GCE towards HM ions was examined in media of different pH.
Fig. 3.7 demonstrates that the highest response is achieved at pH 3, which can be explained
by the ionization of the functionalities within the BTC compound structure that are
accountable for the HM ions binding. The exchange of HM ions with protons produced by
the ionization of functionalities of the modifier occurs is expected in acidic pH. With the
increase in pH of the analyte solution there is a decrease in the ionization of functional
groups, which in turn reduces the number of available ion-exchange sites for metal ions.
Consequently, this results in a decline of current signals. Based on these findings, a medium
of pH of 3 was deemed to be the most suitable for rest of the electroanalytical experiments
conducted on BTC/GCE.
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Fig. 3.7. The influence of pH variation on the current signals of a 1.2 uM solution of
zn’t, Pb*, Hg”, and As®* was examined using the BTC/GCE under optimized
conditions in BRB with pH values ranging from 2 to 6.

The capability of the electrochemical sensors to analyze real sample was evaluated by
studying the impact of competitive metal ions; Cr?*, K*, Na*, Mg?*, Co?*, Cu?*, Cd?*, on
the signals intensity of Zn?*, Pb?*, Hg?*, and As®*. Interfering agents were introduced at
concentrations twice that of the analytes. Fig. 3.8 illustrates that the current signals of Zn?*,
Pb?*, Hg?, and As*" are minimally affected by the interfering agents, indicating the
applicability of the sensor for analyzing the chosen metal ions in complex samples.
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Fig. 3.8. The effect of various interfering agents on the stripping peak current of analytes using
BTC/GCE

3.1.3 Assessing the Reproducibility of the BTC/GCE

Figure 3.9 demonstrates reproducibility of the electrode through six measurements of
stripped metal ions using SWASV on the BTC-modified GCE. The resulting stripping

current values for 0.8 uM Zn?*, Pb?*, Hg?*, and As®* show no significant differences,
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indicating reproducibility of the modified electrochemical sensing platform. Therefore,

BTC/GCE holds promise for repeated electrochemical measurements of heavy metal ions.
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Fig. 3.9. The reproducibility of the BTC/ GCE evaluated by conducting six successive
measurements of a 1 uM solution of Zn*", Pb*", Hg’*, and As’*.

3.1.4 Simultaneous Detection of Zn?*, Hg?*, Pb?**and As®*

Optimized conditions were utilized to enable the concurrent detection of Zn?*, Pb?*, As®*,
and Hg?* through SWASV, resulting in distinct responses as depicted in Fig. 3.10. Linear
calibration curves were obtained for Pb?*, Zn?*, Hg®" and, As®* in the concentration range
of 7 nM to 0.9 uM with regression coefficient values of 0.99, 0.99, 0.99, and 0.998,
correspondingly. The LOD for Zn?*, Pb?*, As®*, and Hg?" are presented in Table 3.1. The
LOD values are quite promising as compared to documented values in prior literature [207-
214].The LOD is obtained in pico Molar range, as it is calculated based on sensitivity of
instrument used, the standard deviation of blanks (s) and the slope of linear caliberation

curve (m), its not necessarily tied to any data point on calibration curve.

86



15 10 05 00 05
E/V vs. Ag/AgCl

1.0 1.5

R = 0.008

0.2 04 0.0 0.8 T.0

Concentration(uM )

Fig. 3.10. (4) SWASV curves acquired in the 7 nM to 0.9 uM, concentration
range for simultaneous detection of Pb**, Zn**, Hg’", and As**by BTC/ GCE. (B)

Linear calibration curves generated for Zn**, Pb**, Hg’*, and As’" in the

concentration ranging between 7 nM -0.9 uM.
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Table 3.1. 4 comparison between the newly designed sensor and other already

reported sensors for the simultaneously determination of Hg’*, Zn**, Pb**, and As’".

Modified Method | LOD LOD LOD LOD Supporting Refs.
electrode Zn** | Pb* As* Hg?* electrolyte
[Ru(bpy)s]2+- DPV - 1.41nM | 2.30 1.60 | Citrate buffer/pH 5 | [215]
GO /GE nM nM
Graphene/Ce | DPASV - 0.1057 - 0.28 Acetate buffer / pH | [216]
02/GCE nM nM 5.0
HAP-Nafion | DPASV - 0.049 - 0.03 | NaAc-HAc/pH 3.0 | [217]
IGCE uM uM
BIiFEs SWASV | 615 | 192 nM - - Acetate buffer / pH | [218]
nM 4.45
Y- SWASV | 0.04 0.002 - 0.02 | NaAc-HAc/pH 5.0 | [219]
AIOOH@SIO uM uM uM
2/Fe304/GCE
HMDE DPASV | 21x | 7.1nM KNOs3 [220]
1078
M
AuNPsS/CNFs | SWASV - 0.1 uM - - PBS [221]
IGCE
BTC/GCE SWASW | 14.6 | 28.8 pM 71.9 66.3 BRB/pH 3.0 This
pM pM pM work
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3.1.5 Real samples analysis

For validation of the sensor performance, real water samples obtained from various
sources, including Rawal dam Lake in Islamabad, tap water samples, and drinking water
samples were analyzed using the BTC-modified GCE. The water samples were prepared
for analysis by diluting them with 50% BRB (pH 3) without any additional treatment [222].
The concentrations of Zn?*, Pb?*, Hg?*, and As®* in the water samples were detected and
recorded using the standard addition technique, where the known quantities of these metal
ions were spiked into the samples for analysis. The results showed excellent recoveries for

all the analytes in the three types of water samples as presented in Table 3.2.

Table 3.2. The outcomes of the recovery experiment indicating satisfactory recoveries for

all the analytes in the three types of water samples.

Samples Lake Water Drinking water Tap water
Pb?* (uM) Original - - -
added 0.9 0.6 0.3
Found 0.89 0.59 0.298
Recovery 98.9% 98.3% 99.3%
Zn** (uM) Original - - -
added 0.9 0.6 0.3
Found 0.89 0.58 0.3
Recovery 98.9% 98.3% 100%
As® (uM) Original - - -
added 0.9 0.6 0.3
Found 0.88 0.59 0.3
Recovery 97.8% 98.3% 100%
Hg** (uM) Original - - -
added 0.9 0.6 0.3
Found 0.89 0.6 0.3
Recovery 98.9% 100% 100%
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3.2 Sensor 2: BPTC/GCE

The GCE surface was immobilized with BPTC for HM ion analysis by employing anodic
stripping voltammetry. The stripping signals of Hg?*, Cd?*, and Pb?* at BPTC/GCE were
found to have a rapid electron transfer as confirmed by SWASV. The sensor’s effectiveness
was further evaluated in real water samples obtained from local drinking water sources.

The details of BPTC/GCE characterization and its applications are presented below:

3.2.1 Electrochemical characterization of BPTC/GCE

The electrochemical behavior of ferricyanide and ferrocyanide interconversion at the
BPTC/GCE and bare-GCE was compared as shown in Fig. 3.11(A). Observation of the
voltammograms reveals that the oxidation and reduction peaks of the redox couple at the
BPTC/GCE have higher current intensity than at the surface of the bare-GCE. The much
improved current response can be related to the BPTC's ability to accumulate the redox
probe at the electrode and electrolyte interface, thereby creating active sites that promote
the maintenance of equilibrium between ferrocyanide and ferricyanide ions. The reversible
behavior of the oxidation/reduction process of the redox couple at the surface of the
electrode was confirmed by ratio of the cathodic and anodic peak current values that were
found equal to 1. Using the Randles Sevcik equation (Eq. 3.1), the electroactive surface
area (ECSA) was calculated for both unmodified GCE and the BPTC/GCE. Based on the
results it can be inferred that the BPTC/GCE has a greater ECSA compared to the bare
GCE, which could improve the electrode's performance in various electrochemical

applications.

I,=2.69%x10%4 D232y 12 C (Eqg. 3.1)

The obtained ECSA value for the bare and BPTC GCE were found to be 0.06 cm? and 0.17
cm? respectively. EIS was also used to investigate the faster charge transport through
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BPTC/GCE. The Nyquist plots constructed from EIS data exhibited a semi-circular section
at higher frequencies and a linear section at lower frequencies. The diameter of semicircle
represents Rct, and the linear part relates to the diffusion process of the products of redox
probe. The information displayed in the Table 3.3 depicts that the BPTC/GCE exhibits a
lower Rc: compared to the bare GCE, indicating a more facile process of charge transfer.
The lower value of resistance of the electrolytic solution (Re) at BPTC/GCE indicates
promising conductivity. The constant phase element (CPE) with value lower as compared
to bare GCE indicates a smoother surface with a more homogeneous distribution of active
sites, resulting in faster electron transfer. The higher number density of active sites (n) for
the BPTC/GCE indicates the availability of greater number of available electroactive sites
for redox species. These results further support the improved electrochemical performance
of BPTC/GCE related to the unmodified GCE.

Table 3.3. EIS parameters calculated obtained from Nyquist plot.

EIS parameters Bare-GCE BPTC /GCE
Re /102 (Q) 4.5 3.6
Ret /10° (Q) 5.6 5.2
CPE /10 (F) 1.9 1.7

N 0.5 0.9
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Fig. 3.11. Depicts (A) the cyclic voltammograms, (B) and Nyquist plot, generated from
electrochemical impedance spectroscopy measurements taken at both bare and BPTC/

GCEs in in 5 mM solution of K3[Fe(CN)g].
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3.2.2 SWASYV for electrochemical analysis through BPTC/GCE

SWASV was employed to investigate the response of Cd?*, Pb?*, and Hg?* at the
BPTC/GCE. Significantly sharper and enhanced current responses of metal ions were
noticed at BPTC/GCE as compared to the unmodified-GCE (indicated by the blue line).
The reason can be linked to the role of the modifier in pre-concentrating the targeted
analyte species at the interface between the electrode and electrolyte via host-guest-
complexation. In addition, the modified-GCE exhibited remarkable specificity towards all
the three metal ions, as their signals were detected at unique potentials without any overlap.
This indicates that the BPTC/GCE has great potential as a recognition material for HM
ions detection. Additionally, the higher conductivity of the BPTC/GCE may also contribute
to the enhanced observed current response. The outcomes of the study suggest that the
BPTC/GCE has the potential to serve as a useful and effective analytical tool for the
detection of HM ions.

40 op2+ ——BPTC/GCE
ﬂ —Bare GCE
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< 20-
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Fig. 3.12. SWASV was performed to measure the response of a 10 uM solution of Hg’*,
Cd”*, and Pb**, at both bare-GCE and BPTC/GCE under optimized experimental

conditions.
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3.2.3 Optimizing parameters for HM lons sensing at BPTC/GCE

Assessing the sensing capability of BPTC/GCE platform for HM ion detection, the
concentration of the modifier was investigated as a key factor that could affect the
analytical performance. The current signals corresponding to Cd?*, Hg?*, and Pb?*
increased as the amount of BPTC increased as shown in Fig. 3.13, and reached a maximum
at 0.5 mM. However, amount of the modifier greater than 0.5 mM resulted in a decline in
the current signals of the analytes, which may be due to the formation of a thick multilayer
film of BPTC leading to impeding the electrical conductivity. The study determined that
the most effective concentration of BPTC for the detection of Cd?*, Hg?*, and Pb®* is 0.5
mM. These findings suggest that BPTC/GCE is an effective analytical tool for detecting as

well as quantifying HM ions in various environmental samples.

Fig. 3.13. Under optimized conditions, different concentrations of BPTC were employed
to determine the SWASV responses for detection of Hg**, Pb**, Cd**, and (7 uM) at the
BPTC/GCE.
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Optimization of several parameters was done to provide suitable conditions for BPTC/GCE
to simultaneously detect Hg?*, Pb?" and Cd?". In order to find a suitable supporting
electrolyte, three different electrolytes including 0.1 M acetic acid-sodium acetate, 0.1 M
ammonium chloride-hydrochloric acid, and BRB of pH 4 were tested. In the BRB
electrolyte, metal ions exhibited the highest current response at the sensor surface as shown
in Fig. 3.14(A), indicating BRB as preferred electrolyte the other two electrolytes.
Consequently, it was selected for electroanalytical experiments conducted for LOD

determination.

0.1 MNH4CI-HCI  0.1IMHAc-NaAc solution BRB pH=4

|| o ®)
P
404 | o Hg

2 3 4 5 6
pH of the analyte solution

Fig. 3.14. The impact of various factors on SWASV current signals of Cd**, Hg’*, and
Pb*>* (10 uM ) investigated, and the results are presented showing impact of the (4)
different supporting electrolytes, (B) the pH values of the solution medium, as determined
under optimized conditions at BPTC/GCE.
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The impact of the pH of solution on the current intensity of HM ions was examined. The
solutions pH was changed between 2 to 6, and the corresponding peak current values were
noted. Fig. 3.14(B) illustrates pH dependent variation in the peak current values under
optimized conditions at BPTC/GCE. The outcomes demonstrate that the current values
increases steadily with pH level reaching maximum at pH 4, and then drop as pH level
further increase beyond 4. Thus, pH 4 was selected as the optimum pH level for subsequent
electroanalytical experiments. The fluctuations in peak current values with pH can be
explained by alterations in the speciation and activity of the target analytes, as well as
variations in the electrode’s surface characteristics. At lower pH values, there are more
hydrogen ions in the solution, which can hinder metal ions binding to the available sites on
the surface of electrode, leading to lower peak currents. When pH levels rise, the
concentration of hydrogen ions tends to decrease, allowing more binding sites to become
available for the metal ions, leading to an increase in peak currents. However, as the pH
continues to increase, the metal ions can form hydroxide complexes, as a consequence,
there is a reduced likelihood of hydrogen ions binding to the surface of electrode, which
can lead to reduction in the peak current signals. pH 4 is likely the optimal pH because it
balances the competing effects of increased metal ion binding at higher pH values with the
potential formation of hydroxide complexes at even higher pH values.

The peak current values observed during HM ion detection using the BPTC/GCE modified
electrode demonstrated enhancement as the accumulation time increased. The reason for
the increase in current response with longer accumulation time is due to the larger volume
of HM ions which are accumulated at the surface of electrode during this time. However,
when the accumulation time was prolonged beyond a certain limit, the electrode surface
could become saturated with metal ions, which lead to a decline in the current signals.
Thus, the best accumulation time was determined based on achieving the highest possible
accumulation of metal ions on the electrode surface, leading to the highest current signal.
In this study, the optimal accumulation time for detecting Hg?*, Cd?*, and Pb?* using the
BPTC/GCE modified electrode was found to be 20 seconds, as depicted in Fig. 3.15(A),
where the highest peak current value was obtained.
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Fig. 3.15. The SWASV current response of Cd**, Pb**, and Hg’* (10 uM ) on
BPTC/GCE affected by different factors, including ( A) accumulation time, ( B)
accumulation potential, ( C) pulse amplitude, and ( D) frequency.

The selection of an appropriate deposition potential is crucial in stripping voltammetric
analysis, as it directly affects the current response of the target analytes. In this study, a
deposition potential range between —1.0 to —1.4 V was investigated to determine their
effect on the stripping current responses of Cd?*, Hg?*, and Pb?*. According to the results,
it was observed that the current response was positively correlated with more negative
deposition potentials. The rise in current response with potential value becomes more
negative, can be credited to the advantageous reduction and accumulations of HM ions at
the surface of modified GCE. However, the deposition potential of —1.4 V can result in

water splitting and lead to H gas release, which can compromise the surface of electrode
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and affect measurement repeatability. Therefore, after careful evaluation, a deposition
potential of —1.2 V was determined to be the optimal condition for detecting Hg?*, Cd?*,
and Pb?* using the BPTC/GCE. The selected potential offered the most effective stripping
current response for the electroreduced metal ions, while also ensuring measurement
reliability.

The choice of instrumental parameters, such as amplitude and frequency, is crucial in
obtaining accurate and reliable results in stripping voltammetric analysis. The impact of
amplitude and frequency on the peak current responses of Cd?*, Hg?*, and Pb?*, was
studied, and the optimal values were determined and depicted in Fig. 3.15(C) and 3.15(D).
An amplitude of 50 mV was found to produce the maximum current signals, indicating that
it is the optimum amplitude for detection of the Cd?*, Hg?*, and Pb?* simultaneously. The
effect of frequency was also studied, and it was observed that increasing the frequency
resulted in higher current signals up to 80 Hz, after which the current response decreased.
However, a frequency of 80 Hz also introduced a significant amount of noise into the
current signal, limiting its usefulness. Consequently, after examining the influence of
amplitude and frequency on the peak current signals of Cd?*, Pb?*, and Hg?*, a frequency
of 20 Hz was chosen as the optimal value to achieve an exceptional signal-to-noise ratio
for the current responses. After assessing different instrumental parameters, the optimal
values were found to be, —1.2 V as accumulation potential, 20 s as accumulation time, 50
mV as pulse amplitude, and a 20 Hz frequency. These parameters were then implemented
to find the analytical parameters of the targeted analyte species using the developed sensing

platform, guaranteeing precise and dependable outcomes.

3.2.4 Electroanalytical detection parameters of Hg?*, Cd?*, and, Pb?
using BPTC/GCE

The electro-analytical performance of the BPTC/GCE sensor was examined under
experimental conditions optimized for the detection of Hg?*, Cd?*, and Pb?* using SWASV.
The concentration range of 1.0 nM to 2.5 uM was used to construct linear calibration plots

for the simultaneous detection of the three metal ions, with obtained regression coefficient
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values of 0.992, 0.993, and 0.991, for Hg?*, Pb?*, and Cd?* respectively. Fig. 3.16 shows

the results of electroanalysis at the designed sensing platform.
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Fig. 3.16. (4) SWASV used to determine the concentration of the targeted analytes, Cd"",
Pb**, and Hg*", simultaneously using BPTC/GCE. (B) Calibration curves constructed for
Hg?*, Cd**, and Pb**, simultaneously at BPTC/GCE.
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The LODs of a targeted analyte at the sensor is evaluated from LOD = 3s/m and LOQ =
10s/m, where ‘s’ denotes standard deviation of multiple voltammograms of the sensor in
blank solution and ‘m’ the calibration curve slope. Hence, the LODs for Hg?*, Pb?" and
Cd?*, were determined to be 25.7 pM, 15.5 pM , and 37.1 pM respectively. These values
represent high sensitivity of modified-GCE. Table 3.4 presents a summary of the
comparison of the detection performance of our designed sensor as compared with LODs

achieved with various modified electrodes as reported in literature.

Table 3.4. The LODs achieved by BPTC/GCE for Hg’*, Cd”* and Pb*" detection were

compared with previously reported methods, showing similar or improved LOD:s for all

three ions.
Electrode Techniques LODs Ref.
Used Cd Pp2* ng+
SnO»-reduced graphene SWASV | 110 uM | 184 uM 279 UM [223]
oxide nanocomposite-GCE

NG-GCE DPSV - 5nM 50nM | [224]
Bi-ERNGO-GCE SWASV 2nM 0.8nM - [225]
NH,-CMS-GCE SWASV | 1.07uM | 0.38uM | 0.37 uM | [226]
Mn3O4-GCE DPASV | 48pM | 96.6pM | 56pM | [227]
F-MWCNT-Fe30,-0.5% SWV 14nM | 84nM 3.9nM | [228]

Nafion-GCE
ERGO-GCE SWASV 97 uM 4.99nM | [229]
BPTC-GCE SWASV | 37.1pM | 155pM | 25.7 pM This
work
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3.2.5 Interference study

To assess the potential impact of coexisting metal ions on the sensor performance for
detecting Hg?*, Pb?", and Cd?*, interference experiments were conducted. Also, We
conducted interference study to recognize the significance of investigating the presence of
heavy metals (HMs) in forms other than metal ions in water, particularly those associated
with organic matter or already chelated, and also to ensure the efficacy of BPTC in sensing
these diverse forms. This study assess the selectivity and sensitivity of the electrochemical
method in the presence of potential interferents, providing insights into the ability of BPTC

to detect and quantify HMs in complex environmental samples.

This involved spiking known concentrations of metal ions such as Ni?*, Ca?*, Cr?*, APP*
and Zn?* and CI*-, to the standard solution of target metal ions, with the aim of determining
the sensor’s ability to retain integrity of its analytes signals when interfering ions are present
in solution. By conducting this experiment, the selectivity and specificity of the sensor for

detecting the target metal ions in complex sample matrices was evaluated.

The outcomes of the experiment displayed that the current signals remained relatively
unchanged even when the competitor ions concentration was increased up to three-fold for
chloride, cobalt, nickel, and zinc ions, and two-fold for chromium and aluminum ions as
compared to target analytes concentration. According to the findings of the interference
study, the sensor showed excellent selectivity towards the target metal ions, and the
presence of other metal ions in the solution could not significantly affect its performance.
This indicates that the sensor is capable of accurately detecting Hg?*, Cd?*, and Pb?*, even
when if interfering ions are present. These findings point to the applicability of the sensor
for determining of the Hg?*, Pb?*, and Cd?* in real-world samples which may contain

various other metal ions. The results of interference study are presented in Fig. 3.17.
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Fig. 3.17. (4) The impact of potential interfering species on detection of the Hg’*, Pb°*,
and Cd**, simultaneously, investigated by adding cobalt, nickel, chloride, zinc and
chromium, aluminum ions to the solution in concentrations up to three times and two
times, respectively, and compared to the detection in the absence of interfering agents.
(B) The results presented in bar graphs for a clear comparison of the impact of potential

interfering-agents on the detection of the target HM ions.
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3.2.6 Reproducibility and stability of the designed sensing platform

To ensure the reliability of the BPTC/GCE for the determination of Hg?*, Pb?*, and
Cd?*, several experiments were conducted to evaluate its reproducibility and precision. Six
repeated experiments were carried out on the same day, and triplicate detection was
performed for three consecutive days to check intraday and inter-day precisions. It was
found that the BPTC GCE had decent reproducibility, with RSD of 1.46% and 2.51% for
intra-day and inter-day precision, respectively. Based on these results, it can be inferred
that the developed sensor exhibits excellent precision, suggesting its potential utility for
the quantitative determination of the target analytes. Moreover, to assess the stability of the
BPTC/GCE, multiplexed detection was performed after one complete week using the same
electrode. Results demonstrated promising promising stability. These results demonstrate
that the BPTC/GCE has reliable and stable performance, making it a useful tool for the

detection of Hg?*, Pb?* and Cd?* simultaneously in various samples.
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Fig. 3.18. Evaluation of reproducibility and stability of sensor's current responses, as
shown in (A) intra day current response, (B) inter day current response, (C) current

responses after time of one week.

3.2.7 Analysis of metal ions in drinking water samples using BPTC/GCE

Hg?*, Pb?*, and Cd?* were analyzed in drinking-water samples using the developed sensor,
with a focus on recovery rate analysis to evaluate practical performance of BPTC/GCE.
The sample preparation involved concentrating a 50 milliliters of drinking water to 10
milliliters, followed by mixing a portion of the condensed water with BRB (pH 4) without
any additional treatment. Next, various standard concentrations of Hg?*, Cd?*, and Pb?*
were spiked in the same condensed water sample and analyzed using the modified electrode

104



and optimized procedure developed in this experiment. The obtained findings presented in
Table 3.5 demonstrate the potential practical utility of the BPTC/GCE for analyzing real

drinking water samples.

Table 3.5. Detection of Hg**, Pb?*, and Cd?*, simultaneously, in drinking water samples
using the developed BPTC/GCE.

Samples Target Concentrations Spiked % %RSD
Metal ions (uUM) Amount Recovery

Drinking water Hg? 2.50 2.49 99.6 0.28
sample 1 Cd** 2.50 2.48 99.2 0.57
Pb?* 2.50 2.49 99.6 0.28
Drinking water Hg? 1.20 1.19 99.0 0.71
sample 2 Cd* 1.20 1.19 99.2 0.59
Pb?* 1.20 1.19 98.9 0.77

3.3 Sensor 3: FeCoSe, nanorods modified GCE for isoniazid detection

There is an increasing demand for the development of electrochemical devices with higher
sensitivity, and portability for pharmaceutical analysis. New electrode materials with
exceptional properties are explored for the electroanalysis of drugs. One such material that
has gained attention is bimetallic cobalt-iron diselenide (FeCoSe2) nanorods. FeCoSe;
nanorods possess distinct characteristics, including high-surface-area, outstanding
conductivity, and strong affinity towards isoniazid, which render them as a likely electrode
material, for the creation of sensitive and selective electrochemical sensor. Moreover,
nanorods can serve as effective electrode modifier to enhance the electrochemical
performances of sensing platforms. This is because they can improve electron transfer
kinetics and increase the surface-area of the electrode, leading to higher sensitivity and
selectivity of the sensor. Overall, the development of FeCoSe, nanorods as an electrode
modifier represents a significant step forward in the field of electrochemical sensing for
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pharmaceutical analysis, with potential applications in drug screening, disease diagnosis,
and personalized medicine The synthesis and characterization of FeCoSe, nanorods were
carried out and this materials was used as an electrode modifier for the purpose of
selectively detecting isoniazid, a commonly used anti-tuberculosis medication.

3.3.1 Structural and morphological characterization of FeCoSe;

3.3.1.1. XRD analysis for characterization of nanorods

The X-ray diffraction pattern displayed in Fig. 3.19 offers a clear indication of the
crystallinity of the synthesized FeCoSe, as manifested by the sharp and intense peaks.
These diffraction signals exhibit various hkl planes and their identification through the
Powder Diffraction Standard Database (JCPDS # 21-0432) reveals critical information

regarding the crystal structure and orientation of the synthesized material.

Fig. 3.19. XRD pattern of the synthesized FeCoSe.
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3.3.1.2 Surface analysis and pore size distribution of FeCoSe;

The surface properties of the FeCoSe> nanorods were analyzed using N2 adsorption-
desorption isotherms. The isotherms showed a mesoporous nature based on IUPAC

classification, with H3 hysteresis loop observed between 0.4 -0.8 % (here p is relative

pressure, and po is saturation pressure of N2). As shown in Fig. 3.20, the FeCoSe, nano-
catalyst exhibited a BET surface-area of 93.14 m?g~L. The conductivity of the material was
affected by both its surface morphology and internal porous structure. The pore size
distribution curve was determined from the desorption isotherm, using Barret-Joyner-
Halenda (BJH) method. A unimodal distribution of pores with a pore size of 5.5 nm was
obtained from the narrow scattering of pores. This suggests that the FeCoSe>
nanocomposite has a well-defined porous structure along with uniform pores distribution.

The selective electrochemical sensing of isoniazid over the electrode surface
modified with the synthesized FeCoSe, nanocomposite catalyst was credited to its higher
BET surface-area and mesoporous nature, providing more active sites for the target analyte.
The efficient mass transport properties of the mesoporous structure could also enhance the
electroanalytical response of proposed sensor. The surface-area and pore size distribution
analysis provide insights into the surface properties of the FeCoSe, nanocomposite that are
crucial for designing highly efficient and selective electrochemical sensors.

Fig. 3.20. The surface properties of the FeCoSe> nanorods analyzed using two methods:
(A) N> adsorption/desorption isotherm, (B) pore size distribution curve obtained using

BJH method.
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3.3.1.3 Morphology of FeCoSe2 nanorods

The FeCoSe> nanorods synthesized in this study were analyzed using SEM as shown in
Fig. 3.21(A-C). The images reveal that the nanorods have diameters ranging from 40 to 90
nm and exhibit a uniform distribution without agglomeration, making them suitable for
electrochemical applications. The optimal dispersion of metals in the synthesized FeCoSe:
nanorods led to enhanced catalytic activity for the electrochemical sensing of isoniazid, as
discussed in the follow up sections. The TEM image in Fig. 3.21(D) shows the presence of
uniformly shaped rod structures with an average diameter of 40 nm in the synthesized
material. These findings demonstrate the successful synthesis of FeCoSe, nanorods and

suggest their potential for electrochemical applications.

Fig. 3.21 (4-C) Displays SEM micrographs of FeCoSe: nanorods at different
magnifications and (D) a TEM image.
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3.3.1.4 EDX Analysis

The EDX mapping provides information about the spatial distribution of the elements,
which can help confirm the homogeneity and uniformity of the synthesized material.
Overall, the EDX analysis and mapping play a crucial role in characterizing the synthesized
material and understanding its properties for potential applications. The surface of the
prepared catalyst was investigated by performing EDX analysis on randomly selected
points as presented in the Fig. 3.22. The EDX study provided information about the
elemental composition and weight percentage of each element present in the sample.

Fig. 3.22. EDX profile of FeCoSe> nanocomposite.

The EDX analysis of the FeCoSe, sample in Fig. 3.23(A) reveals distinct peaks
corresponding to Co, Fe, and Se elements. The resulting weight percentages are 19.26%,
1.21%, and 59.91% for Co, Fe, and Se respectively. The EDX mapping results as shown
in Fig. 3.23(B-E) show uniform distribution of Fe, Co, and Se elements throughout the
sample, indicating a homogenous dispersion of the metal alloy NPs. These findings
highlight the successful synthesis of FeCoSez nanorods with a uniform composition, which

is essential for their effective use in various electrochemical applications.
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Fig. 3.23. (4) EDX profile for chemical composition and (B-E) EDX mapping for

elemental distribution of the prepared FeCoSe> nanocomposite.

3.3.1.5 TPR analysis

The reduction behavior of the catalysts and their potential catalytic applications were
probed through TPR analysis. Fig. 3.24 displays the TPR profiles of the prepared
nanocomposite. The reduction of cobalt oxide generally occurs in two steps, as described
by equation 3.2 and 3.3 [230,231]:

Co304+H2 —» 3Co0 + H0 (Eq. 3.2)
3Co0 +3H, —* 3Co°%+ 3H:0 (Eq. 3.3)

The TPR analysis of the FeCoSe> nanocomposite showed a different reduction pattern

compared to the monometallic Co catalyst. The Co304 in the monometallic Co sample

underwent a three-step reduction process at temperatures ranging from 150-800 °C, while

the CoSe; catalyst underwent an easier reduction process than Co. The addition of Fe to

FeCoSe, lowered the temperature required for CosO4 reduction, causing the reduction

peaks to shift towards lower temperatures. This suggests that the combination of Co, Fe,
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and Se in the nanocomposite could enhance its catalytic efficiency as demonstrated in the

electrochemical sensing of INZ.

Fig. 3.24. TPR profiles of the synthesized nanocatalysts.

3.3.1.6 Electrochemical investigation of FeCoSe,/GCE by cyclic

voltammetry

Cyclic voltammetry was performed using a 5 mM solution of potassium ferrocyanide
to study the electrochemical characteristics of FeCoSe,/GCE. The CV results obtained at
FeCoSe2/GCE presented in Fig. 3.25 reveal sharp peaks with a small potential difference
between anodic and cathodic signals and a substantial increase in the peak currents for
oxidation/reduction indicate faster electron transfer process. These results suggest the
potential of FeCoSe/GCE for use in electroanalytical applications [232].The active-
surface-area of the electrodes was determined using the Randles Sevcik equation. The
modified-GCE was found to have higher active surface-area as compared to the bare-GCE.
The larger active-surface-area possesses more active-sites leading to enhanced

electrochemical activity.
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Fig. 3.25. CVs of bare and FeCoSe»/GCE in 5 mM K;3[Fe(CN)s] at under optimized

conditions.

3.3.2 Testing the performance of FeCoSe,/GCE for INZ oxidation

The electrooxidation behavior of isoniazid (INZ) was examined in BRB of pH 7 using
SWASYV technique. VVoltammograms indicated the presence of an oxidation signal for INZ
at a potential of 0.45 V. A couple of factors such as outstanding conductivity along with
larger active surface-area The FeCoSe, nanorods could account for the increased current
responses for the electro-oxidation of INZ at FeCoSe»/GCE in comparison to bare-GCE.
These properties enable efficient transfer of electrons between the electrode surface and
the INZ molecules, resulting in a higher current response. Moreover, the larger active-
surface-area of the FeCoSe, nanorods provides more interaction sites for INZ molecules to
attach to the electrode surface, resulting in intense signals as required for more reliable
guantitative analysis. Fig. 3.26(B) depicts the mechanism of electro-oxidation of the INZ
on FeCoSe»/GCE [233].
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Fig. 3.26. (4) SWASV measurements conducted (a.) bare-GCE in solution of INZ
(25 uM), (b.) FeCoSe>/GCE in solution of INZ (25 uM), and (c) FeCoSe2/GCE in
blank sample (solvent +BRB of pH 7) under optimal parameters, and (B) The
process of electrochemical oxidation of isoniazid investigated. Using

FeCoSe:/GCE.
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3.3.3 Optimization of experimental parameters

The electrochemical detection of INZ using FeCoSex/GCE exhibited an incremental
increase in peak heights with a gradual increase in the pH of the solution from pH 4 - pH
7. Fig. 3.27(A) demonstrates that the peak current for the oxidation of INZ gradually
increased with the rise in the solution's pH. However, as the pH of the solution further
increases beyond 7, the peak current values start to fall. This might be due to the formation
of hydroxide ions, which can interact with the electroactive species, leading to a decrease
in the electrochemical activity of the FeCoSe2/GCE electrode. The experiments showed
pH 7 as the most favorable condition for the best INZ sensing of the sensor. The shift of
the peak potential value toward more negative direction as the pH increases suggested that
the transfer of electrons taking place at the surface of electrode are coupled with protons
transfer. By analyzing the slope value derived from the plot of Ep versus pH illustrated in
Fig. 3.27(B), it can be deduced that the isoniazid INZ process is a type of electron transfer

process that is coupled with protons.

Fig. 3.27. (A) SWASV of 16uM INZ at pH 4-8 using FeCoSe»/GCE, (B) E, and 1, plotted

against pH to analyze electrochemical behavior.
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SWASV was used to examine the effect of various accumulation potentials on current
responses related to the oxidation of INZ as displayed in the Fig. 3.28(A). Voltammograms
show that the current increases gradually in the positive potential direction, reaching its
highest value at 0.0 V with respect to Ag/AgCl reference electrode. However, beyond this
potential, the current decreased rapidly. Consequently, the potential of 0.0 V was

recognized as the most optimal accumulation potential INZ detection.

The impact of different accumulation-times on the Ip was also analyzed and is showed in
the Fig. 3.28(B). The findings indicated enhancement in the Ip value with the increase in
accumulation time, with the most intense signal at 90 seconds. The peak height then started
to decrease upon further increase in accumulation time. Consequently, an accumulation
time of 90 seconds was set as the optimal value for subsequent electroanalytical

experiments.

The reason for the gradual increase in the Ip in the positive potential direction can be related
to the higher concentration of INZ at the electrode surface, possible due to prolonging
accumulation process. However, beyond the optimal potential, the oxidation of INZ might
be hampered due to electrode fouling or competition with other electroactive species. The
rise in the peak current values with the accumulation time can be attributed to the higher
deposition of INZ on the surface of the electrode. However, beyond the optimal
accumulation time, the peak current value may decrease due to the saturation of the
electrode surface or the initiation of unwanted side reactions. The reasons for selecting
these values were based on the fact that the optimal accumulation potential and time
contribute significantly to the electrochemical performance of the sensor. The
accumulation potential aids in the effective adsorption of INZ on the electrode surface,
while A longer accumulation time allows for the analyte to accumulate on the surface of

electrode, leading to higher sensitivity.
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Fig. 3.28 (4) the influence of accumulation potential (accumulation time constant at 90
seconds, (B) The effect of different accumulation times (constant accumulation potential

of 0.0 V), on the oxidation peak current of INZ (18uM) at FeCoSe»/GCE.

Based upon the SWAS voltammograms presented in Fig. 3.29(A) , a calibration
curve was plotted between peak current against INZ concentrations in the range between
0.03 and 1 puM. The linear correlation observed among the INZ concentrations and
oxidation peak current values in the calibration curve suggests that the FeCoSe,/GCE
electrode is a suitable platform for detecting low concentrations of INZ. By applying
equation 3.4 and 3.5, the LOD and LOQ of INZ were determined. The equations utilized
the slope value of the current vs. concentration plot (represented by "m") and the standard

deviation of the peak current of the blank solution indicated as "s" [234].

3s
LOD= — (Eq. 3.4)
m
Log= 2 Eq. 3.5
Q= - (Eq. 3.5)

In Fig. 3.29(B), the relationship between the concentrations of INZ and the peak current

response at the FeCoSe2/GCE is presented, revealing a linear correlation between the two
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variables. Using this correlation, the LOD and LOQ for INZ were quantified to be
1.24x107° M and 4.14x10-1° M. The parameters achieved from the calibration curves are

also provided in Table 3.6.

Table 3.6. The following table presents the important parameters and regression data

acquired from the calibration curves:

Parameters Measured Values
Measured potential (mV) 433
Linear range (uM) 0.03-1
Correlation coefficient (R?) 0.998
LOD (M) 1.24x107%
LOQ (M) 4.14x10710

Fig. 3.29. (4) SWAS voltammograms of INZ at FeCoSe>/GCE in BRB solution (pH 7)
under optimized conditions, over the concentration range of 0.03-1 uM. (B) The plot of

oxidation current values (Iy,) versus INZ concentrations shown in the calibration curve.
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3.3.4 Precision and reliability assessment of FeCoSe,/GCE for the

detection of isoniazid

In order to verify the credibility of the proposed method, the precision of the FeCoSe>/GCE
was assessed. The intra-day precision was evaluated by conducting three measurements
within a single day, and computing the %RSD, which was found to be 2.22%. Additionally,
the inter-day precision was assessed by conducting three measurements on different days,
resulting in a %RSD of 0.56%. In addition, the %RSD for isoniazid detection was within
the acceptable range of less than 5%, as shown in Fig. 3.30. These results demonstrate the
high precision of the FeCoSe,/GCE and indicate its suitability for the accurate and reliable
detection of INZ.

Fig. 3.30. Results showed that the developed sensor showed good stability and
reproducibility along with (4) an intra-day precision of 2.22% and, (B) inter-day
precision of 0.56%.
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3.3.5 Interference Study

Fig. 3.31 demonstrates the effectiveness of the proposed method by conducting
interference experiments to evaluate the impact of common interferences that may be
present in biological samples. The results indicate that there was minimal interference in
the anodic peak current response of INZ even at excess of 500-folds of the Ca?*, NH*",
Mg?*, glucose, and excess of 200-folds of uric acid and ascorbic acid, with an RSD of only
1.59%. This indicates that the FeCoSe,/GCE has excellent anti-jamming properties.
Furthermore, the outcomes suggest that the suggested method has the potential to be an
efficient and reliable approach for accurately detecting INZ in complex biological samples
due to its remarkable sensitivity, and selectivity. Table 3.8 is presented to demonstrate the
superiority of the proposed method in comparison to previously reported modified

electrodes for the INZ detection.

Fig. 3.31. (A) Interference measurements of 25 uM INZ solution at FeCoSe»/GCE in BRB
(pH 7) with various co-existing species using SWASV and (B) Bar graph comparing the

impact of interfering species on INZ detection.

The validity of prosed sensor for real sample analysis was also investigated by detection of
INZ in pharmaceutical formulation. The concentration of INZ in the pharmaceutical
formulations was determined from the calibration curves. The quantified sample values are
found to be in close agreement with the claimed amounts as summarized in Table 3.7. Thus
the proposed method is found promising for the direct determination of INZ from

pharmaceutical samples.
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Table 3.7. Real sample analysis in Pharmaceutical Formulation

Samples

Labeled Claim (mg)

Amount Found (mg)

%RSD (n=3)

Tablets
Solonex

50 49.90 0.21
100 99.30 0.34
300 299.80 0.25

Table 3.8. Compare our proposed modified GCE's analytical parameters for detecting isoniazid

with previously reported methods, highlighting its superior performance.

Electrodes Used Techniques Used | Linear range(uM) LOD Ref.
Ag-P(MMA-co-AMPS)ESP AMP 0.05 — 150 10 nM [235]
GO-PAG-GCE DPV 20 - 1400 2.59 uM [236]
Cu-GO-GCE AMP 0.1-500 23.4nM [237]
SPCE-PH-electrode DPV 0.5-110 17 uM [238]
MWCPE DPV 1-1000 0.5 pM [239]
PdNPs-CILE Ccv 5-100 0.47 uM [240]
ERGO-GCE LSV 2-70 0.17 uM [241]
RGO-AuU/GCE DPV 0.1 -1000 0.01 pM [242]
CoTRP(dchpy),]-Ni-GO BIA 100 — 1000 3.5 uM [243]
FeCoSe,/GCE SWASV 0.03-1 0.12 M This
work

3.3.6 Real Sample Analysis of FeCoSe2/GCE for Isoniazid Detection

To assess the real-world utility of FeCoSe2/GCE, SWASV technique was employed to

measure the presence of the drug INZ in physiological fluids, specifically human serum
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and urine samples. By using standard addition methods, INZ was spiked to biological fluid
samples to investigate the drug's metabolic behavior. Prior to analysis, samples were
diluted 15 times with pH 7 BRB to ensure accuracy. Each sample was examined three times
(n=3) to verify reproducibility. The reliability of FeCoSe,/GCE in detecting INZ in
biological fluids was confirmed by the low value of RSD of 2.5%, and 3.4% for the urine
and human serum samples, correspondingly. These values were obtained during the
recovery analysis of spiked INZ samples using FeCoSe2/GCE. The results of the sample
analyses are presented in Table 3.9. The aim of the study is to detect the drug INZ in
physiological fluids and understand its behavior in biological systems. The drugs detection
in the biological fluids is very essential step in pharmacokinetic studies, which involves
the investigation of the absorption, distribution, metabolism, and excretion of drugs in the
body. Accurate detection of drugs in biological fluids is essential for determining the
appropriate dosage and frequency of drug administration, identifying potential drug

interactions, and assessing the risk of side effects.

Table 3.9. FeCoSe»/GCE Application for INZ Detection in Biological Samples

Samples Analyte | INZ added INZ Found (uM) | Recovery (%) | %RSD

(HM) (n=3)
Urine INZ. 5.00 4.95 98.82 2.51
Human INZ. 2.00 1.95 98.01 3.40
serum

3.4 Sensor 4: Co-Pd@AI.O3/GCE for venlafaxine detection

Modification of electrodes with nanoparticles is a promising approach to enhance the

electrochemical sensing of transducer. As a result, it is becoming increasingly popular in

various electroanalytical sensing applications. Nanoparticles modification of electrode

surface is advantageous for electrocatalytic role. Hence, with this consideration,

enhancement in the electrochemical detection signal of venlafaxine was tried by modifying

GCE with the synthesized bimetallic Co-Pd@AIl.O3 NPs. The designed platform was used
121




for detecting venlafaxine in human serum samples. The sensor showed superior
venlafaxine detection performance as demonstrated by the experimental results discussed

in onward sections.

3.4.1 Structural and morphological characterization
The AAS analysis of Co-Pd@AI>O3 revealed matching concentrations of metals with the
theoretical metal loadings of the catalyst. Fig. 3.32(A) presents the results of EDX analysis
conducted to confirm the elemental composition of the prepared catalyst. The EDX
analysis showed that the composition of the catalyst contained Co, Pd, O, and Al in
concentrations of 13.34 wt%, 4.74 wt%, 47.97 wt%, and 33.95 wt%, respectively. These
results are consistent with the concentrations obtained from AAS analysis.

SEM analysis was conducted to study the surface morphology of the Co-Pd@Al20:s.
The results shown in Fig. 3.32(B) demonstrate the presence of spherical Co-Pd alloy
nanoparticles that are evenly distributed on the surface of alumina. The sizes of the
nanoparticles are in the range from 45-85 nm. EDX mapping shown in Fig. 3.32(C) further

supports the even distribution of the metal nanoparticles over the alumina support.
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Fig. 3.32. The synthesized Co-Pd@AI>0;s, with (4) EDX spectrum, (B) SEM
micrograph, and (C) EDX elemental mapping.

The crystalline properties of the bimetallic catalyst were analyzed using XRD
analysis. The XRD pattern in Fig. 3.33 reveals prominent peaks at 37.3° 45.7°, and 67.1°,
which correspond to the (311), (400), and (440) hkl respectively, providing information
about the crystalline properties of the bimetallic catalyst. These values correspond to the
standard pattern of Al.O3 (ICDD card no. 00-001-1303), which exhibits a cubic crystal
structure, thus confirming the crystalline nature of the synthesized bimetallic catalyst. In
addition, the XRD analysis revealed two broad peaks at 32.9° and 59.6° corresponding to
the standard pattern of Co (JCPDS:15-0806) with hkl values of (210) and (411),
respectively, that confirms the presence of Co in the bimetallic catalyst. Furthermore, the
XRD analysis also revealed small peaks at 39.2°and 55.7°, which match the reference card
for Pd metal (JCPDS: 46-1043) with hkl planes of (111) and (200, indicating the presence
of Pd in the bimetallic catalyst. Using the Debye-Scherrer formula, which relates the peak
broadening in radians to crystal size, X-ray wavelength, and angle of diffraction, the
average size of the Co-Pd alloy nanoparticles in the bimetallic catalyst was estimated to be
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18 nm. The broad diffraction peaks observed in the XRD pattern of the bimetallic catalyst
indicate that the size of the nanoparticles is relatively small. The small average crystallite
size of 18 nm observed in the XRD pattern also suggests that the Co-Pd@AI.O3 catalyst
consists of nanoscale particles. This nanoscale nature is desirable for many applications, as
it often results in improved in higher surface area, increased reactivity and enhanced
catalytic performance. However, the ideal crystallite size depends on the specific
application and the properties desired for the material. Nanoparticles offer a higher surface
area-to-volume ratio, which facilitates a more efficient interaction between the electrode
and analyte, leading to improved detection efficiency and sensitivity. In fact the use of 18
nm Co-Pd@AI>O3 nanoparticles for electrode modification led to successful detection of

venlafaxine.

AlO3
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Fig. 3.33. The X-ray diffraction (XRD) pattern of the bimetallic Co-Pd@.A[>03

nanoalloy catalyst.
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The analysis of surface area of the Co-Pd@AI,Oz3 catalyst is important as it directly
affects the number of active sites that are available for catalytic reactions. The BET surface
area analysis was carried out to determine the active sites available for catalytic reactions
of the Co-Pd@AI,0s. The obtained BET surface area of 112 m?/g is lower than that of pure
Al>03 (205 m?/g). The decrease in surface area can be attributed to the filling of pores with
metal particles and the sintering process, which causes the metal particles on the surface of
the alumina support to fuse together as shown in Fig. 3.34(B). The surface area analysis
can also provide information about the mesoporous nature of the catalyst, which is
important for electrode modification. Overall, the surface area analysis of the Co-
Pd@AI,O3 catalyst can provide important information about its porosity, surface activity,
and mesoporous structure, which are all important factors for electrode modification and
catalytic performance [244]. The Co-Pd@AI2O3 catalyst displayed a type IV hysteresis
loop in the adsorption-desorption isotherms as depicted in Fig. 3.34(A), which indicates
the presence of mesopores and suggests that the catalyst has a relatively narrow pore size
distribution. This is consistent with the TEM analysis which showed the presence of well-
dispersed spherical nanoparticles of 45 to 85 nm in size. The presence of mesopores in the
catalyst structure allows for greater surface area and pore volume, promoting the diffusion

of reactants and products, and ultimately leading to enhanced catalytic activity.
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Fig. 3.34. (A) The N: adsorption-desorption isotherm of the Co-Pd@Al>O3 catalyst,
(B) The corresponding pore size distribution of the Co-Pd@A[l>O0;3 catalyst.

The study aimed to investigate the physical and chemical properties of the Co-
Pd@AI>Os catalyst, including its surface area, crystal structure, metal loading, and
reducibility, in order to probe its potential for use as electrode modifier in electrochemical

analysis of VEN. The reduction behavior of metal alloy nanoparticles in bimetallic systems
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was investigated through the TPR profile of Co-Pd@AI>Os. As shown in Fig. 3.35, the
introduction of Pd metal to the Co-Al.O3 monometallic catalyst shifted the reduction peaks
to a lower temperature range, suggesting improvement in reducibility and catalytic activity.
The combination of Pd and Co metals in bimetallic systems leads to improved metal
dispersion and smaller particle size, which are envisioned to contribute to enhanced

catalytic activity.

330°C —— Co-Pd@Al,0O3
170°c — Co@AlZ03

TCD Signal

0 200 400 600 800 1000
Reduction Temperature (°C)
Fig. 3.35. The TPR (Temperature Programmed Reduction) profiles of the prepared

catalysts.

3.4.2 Charge transport behavior of GCE modified with Co-Pd@AI.O3

Electrochemical impedance spectroscopy was employed to assess the electron transfer
efficiency of the GCE modified with Co-Pd@AIl2Os. A solution of potassium ferricyanide
with a concentration of 5.0 mM in a 1.0 M potassium chloride solution was used for the
EIS analysis. The EIS results are illustrated in Fig. 3.36, where the Nyquist plots are
presented with the Randles circuit as inset. The impedance spectrum was characterized by
the electrolyte resistance, charge transfer resistance and the Warburg impedance. At high
frequency, diameter of the semicircular portion of the impedance spectrum indicates charge
transfer process at the electrode-electrolyte interface. On the other hand, diffusional
processes can be associated at a lower frequency with the linear part. EIS data revealed that

the R¢t values for the unmodified-GCE and Co-Pd@AIl203/GCE are 6.41 kQ and 3.33 kQ,
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respectively. The results indicate that the Co-Pd@AIl.Oz/ GCE exhibits enhanced charge
transfer efficiency as compared to the unmodified-GCE [245,246].

Fig. 3.36. Nyquist plots compared between bare GCE and Co-Pd@Al:O3/GCE
using potassium ferricyanide (5 mM) and 1.0 M KCI as the redox probe.

CV was conducted using 1.0 M KCI containing 5.0 mM Kz[Fe(CN)s] to investigate
the electron transfer process of the redox probe through Co-Pd@AIl203/GCE. The resulting
cyclic voltammograms showed a reversible redox behavior, with Co-Pd@AIl.03/GCE
displaying faster electron transfer compared than bare-GCE. The Randles-Sevcik equation
confirmed greater surface area and conductivity of Co-Pd@AIl.03/GCE, resulting in a 2-
fold increase in electrochemical active surface area and current intensity of the signals of
the redox probe (0.02 cm? for bare-GCE and 0.04 cm? for Co-Pd@Al.03/ GCE).
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Fig. 3.37. The electrochemical response of bare-GCE and Co-Pd@Al:03/GCE
probed using CV in a solution of K3[Fe(CN)s]( 5 mM) and KCI (0.1 M).

3.4.3 SWASYV for analyzing VEN via Co-Pd@AIl.Os/GCE

Fig. 3.38 shows the results of SWASV performed of the electro-oxidation behavior of
VEN. The Co-Pd@AI.O3/GCE demonstrated a notably higher current response compared
to bare GCE for the electro-oxidation of VEN. The intense peak observed at Co-
Pd@AI>03/GCE can be attributed to its superior conductivity and electrocatalytic activity
towards oxidation of VEN. These findings indicate that Co-Pd@AIlOs/GCE is an efficient

platform for the voltammetric determination of VEN.
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Fig. 3.38. SWASV analysis of VEN was performed in three scenarios: (a) 2 uM
VEN at bare-GCE, (b) Co-Pd@Al>:O3/GCE in blank solution, and (c) Co-
Pd@AL>03/GCE in 2 uM VEN with pH 7 BRB solution. The SWASV measurements were
conducted at a scan rate of 50 mV/s, with a deposition potential of —0.5 V, and a

deposition time of 60 seconds.

3.4.4. Optimization of the experimental parameters
3.4.4.1. Impact of electrolyte and pH on the signal of analyte

The electro-oxidation response of VEN was probed in a number of electrolyte solutions
such as BRB, acetate, and phosphate buffer solutions. Results showed that BRB is more
suitable as much enhanced current response and distinct electrooxidation peaks of VEN
appeared in this medium. Furthermore, The impact of pH on the VEN oxidation current
response using Co-Pd@AIl,O3z/GCE was examined across a pH range of 6-11. The best
current response was observed at pH 7 as obvious from observation of Fig. 3.39(A).
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Fig. 3.39. (4) Square Wave Voltammograms of a 2 uM VEN solution under varying
pH conditions keeping all other optimum conditions (B) The Linear plot among the peak-
potential and pH of the medium.

Fig. 3.39(B) illustrates that as the pH increases, the peak potential shifts towards a
more negative value. The observed shift in the optimal pH for the oxidation signal of VEN
using Co-Pd@ Al,O3/GCE can be explained by considering the protonation state of acidic
and basic functional groups during the VEN oxidation process. The oxidation process of
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VEN involves two protons and two electrons as obvious from the Nernstian slope of the
linear relationship of peak potential and pH as shown in Fig. 3.39(C). Using the half peak
width value for electrons involvement and Ep / mV = E° — (59m/n) pH, it was estimated
that two protons are involved along with the transfer of two electrons [247]. These findings

helped in proposing oxidation mechanism of VEN as shown in Scheme 3

Scheme 3. 4 possible mechanism proposed for electro- oxidation of VEN using Co-
Pd@Al:05/GCE.

3.4.4.2 Effect of deposition potential and time on analyte analysis

In order to study the adsorption mechanism of VEN on the electrode surface, the impact of
various deposition potentials and deposition times were probed using SWASYV at an initial
concentration of 2 uM VEN. The findings indicated that the highest peak current was
achieved at deposition potential and deposition time of —0.5 V and 60 s as depicted in Fig.
3.40. Consequently, all further electroanalytical experiments of VEN were conducted

under these optimized conditions.
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Fig. 3.40. (4) Deposition potential's influence on VEN oxidation 2 uM INZ with
constant deposition time (60 s) using SWASV. (B) Impact of accumulation time on
oxidation of INZ (2 uM ) at Co-Pd@Al>03/GCE with fixed accumulation potential (—0.5
V) using SWASV.

3.4.5. Application of Co-Pd@AI.O3/GCE for VEN analysis

The electrochemical detection of VEN at various concentrations was carried out at Co-
Pd@ Al>0s/GCE using SWASV. Fig. 3.41 displays the voltammograms acquired for
various VEN concentrations. The calibration curve of VEN in 0.5 uM-1.95 nM
concentration range shown in the inset of Fig. 3.41 was used to determine the LOD. The
current values (n = 11) of the blank solution at the peak position of VEN were used to
compute the standard deviation [248]. Based on the analysis, the LOD was found to be
1.86 pM..

133



10-
| R*=0.998 (\ (@M

Concentration / (uM)

02 04 06 08 1.0

E/V vs. Ag/AgCl

Fig. 3.41. SWASV of VEN at Pd@.Al>03/GCE showed linear response in the
concentration range of 1.95 nM - 0.5 uM. The inset graph illustrates a direct correlation
between concentration of VEN and peak current (I,q), using optimum parameters ( BRB

solution of pH 7the scan rate of 50 mV/s, accumulation potential and time of 0.5V, 60 s

respectively)

Table 3.10 compares the VEN detection performance of Co-Pd@ Al.O3/GCE with other
reported modified electrodes. The results suggest that Co-Pd@ Al>O3/GCE is more
sensitive which could be attributed to its unique design and improved material properties
compared to the other electrodes reported in literature. Therefore, the proposed sensor is a

suitable platform for detecting VEN.
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Table 3.10. Comparison of VEN detection by Co-Pd@Al>03/GCE with reported sensors.

Electrodes Used Linear Range LOD Ref.
(LM) (LM)

NAF-CNT-GCE 0.04 - 62.2 0.012 [249]

Mercury-film-microelectrode 1.3-243 0.69 [250]

Fes04@CNC-Cu-GSPE 0.05 - 600 0.01 [251]

La**/Co304-nanocubes-SPE 1-500 0.5 [252]

MWCNT-RTIL-GCE 2 — 2000 1.69 [253]

Eu?* doped NiO-CPE 0.04 — 300 0.01 [254]

Gd203-SPE 5-900 0.21 [139]
Co-Pd@AI>03/GCE 1.95nM - 0.5 uM 1.86 pM This work

3.4.6 Testing reproducibility, repeatability and stability of Co-

Pd@AI.Os/GCE

The Co-Pd@ Al>03/GCE was examined for its repeatability, reproducibility and stability.
Five consecutive measurements were conducted on this electrode and the resulting %RSD
values less than 1% demonstrated its repeatability. Moreover, four separately fabricated
electrodes were employed to detect 0.5 uM VEN, and matching of the peak heights with
%RSD below 5% indicated acceptable reproducibility. To evaluate the stability of the
electrode, it was used to detect VEN after 3, 6, and 9 days, and the RSD with less than 5%,
demonstrated stability up to this much time. Thus, the reliability and stability of Co-Pd@
Al;0O3/GCE point to its promising applicability for voltammetric determination of VEN.
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Fig. 3.42. Current responses for evaluating, (A) Repeatability, (B) Fabrication
reproducibility, and (C) Stability of the Co-Pd@ Al>O3/GCE.

3.4.7 Interference effects on the performance of Co-Pd@AIl.O3/GCE

To assess the selectivity of Co-Pd@AI20s/ GCE for the detection of VEN in the
presence of potential interfering substances typically found in human plasma and
pharmaceutical samples, various interfering species were tested. Interference study showed
high selectivity of Co-Pd@AIl.O3/GCE for VEN detection. A 100-fold excess of common
interfering substances including citric acid, ascorbic acid, glucose, uric acid, and sucrose,
did not significantly affect the oxidation peak current of 0.5 uM VEN under optimized
conditions. The maximum concentration of each interfering substance that resulted in a
%RSD of less than 5% was defined as the tolerance limit. These results indicate the
excellent interference tolerance of the proposed electrode. Moreover, the Co-
Pd@AI>O3/GCE electrode exhibited high selectivity for determination of VEN in

biological fluids, with excellent recoveries ranging from 95-99%.
136



For the assessment of the practical application of the designed sensor, it was
subjected to VEN detection in serum samples. The proposed method entails determining
the VEN concentration in a solution by spiking a known amount of VEN into a biological
fluid sample, followed by measuring the percentage of VEN recovered through a direct
calibration approach. The obtained percentage recovery results of VEN in biological fluid
samples using the Co-Pd@AI>O3/GCE under optimized conditions are presented in Table
3.11. Recovery results suggest practical applicability of the designed platform for VEN
detection in biological fluids.

Table 3.11. Selectivity of Co-Pd@Al:O3/GCE for VEN determination in solution

containing common coexisting species.

Interferents VEN : Interfering Species %Recovery + RSD?
Citric Acid 1: 50 98.7% + 0.45
1: 100 99.0% =+ 0.57

Glucose 1: 50 98.1% + 0.39
1: 100 98.3% + 0.35

Ascorbic Acid 1: 50 97.1% + 0.48
1: 100 98.0% + 0.43

Sucrose 1: 50 97.9% + 0.46
1: 100 98.1% + 0.43

Uric Acid 1: 50 98.2% + 0.49
1: 100 98.7% + 0.45

a : average of three readings

Table 3.12. Evaluation of VEN recovery in serum samples using Co-Pd@.A[>03/GCE.

Samples | No VEN Added | Amount Added Amount %Recovery + RSD
(M) Found (uM)

1. Sample - 0.50 0.49 98.0£0.48

2. Sample - 0.25 0.25 98.4 +0.49
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Conclusions and outlook

Electrode modifier were prepared, characterized and applied for four different types of
electrochemical sensing platforms that detected the target analytes in water and biological
samples. BTC/GCE and BPTC/GCE sensors were found suitable for the simultaneous trace
level detection of heavy metal ions. While FeCoSe>/GCE and Co-Pd@Al,O3 were found
sensitive and selective for the detection of isoniazid (INZ) and venlafaxine (VEN) drugs
respectively. The synthesized electrode modifiers were structurally and morphologically
characterized by SEM, TEM, EDX and XRD analysis. Electrochemical characterization of
the designed sensing platforms was performed by EIS, CV and SWASV, which confirmed
effective charge transport, enhancement in electrode active surface area and
electrocatalytic role of the recognition layer that imparted high sensitivity characteristics
through host guest complexation. Results of electrochemical investigations showed that the
selected modifiers serve as effective electro-catalysts, leading to enhanced current response
as evidenced by the intense signals of multiple HM ions and targeted drugs. For getting
further amplified electroanalytical signals, conditions such as scan rate, pH, deposition
time, amount of the electrode modifier, accumulation potential and supporting electrolyte
were optimized. Under optimized conditions the effective coordination of the recognition
layer with the targeted analytes led to much better detection limits. The prepared sensing
platforms were found to work even in the presence of various interfering agents. The
designed sensors exhibited good repeatability and long-term stability with negligible
current variations. Moreover, the sensors showed practical applicability as validated by

good percentage recoveries of the real sample analysis.

The BTC/GCE sensor demonstrated well defined and well resolved signals in the stripping
SWASYV step of the electroreduced metal ions such as Zn%*, Pb?*, As®** and Hg?*. The
modified electrode showed improved performance for the targeted metal ions in
comparison to unmodified glassy carbon electrode owing to increased surface area and
greater conductivity. The voltammograms obtained at the BTC/GCE displayed promising
repeatability, sensitivity, selectivity, anti-interference ability and reproducibility.
Interestingly the LODs in picomolar range, (the LOD for Zn%*, Pb?*, As®**, and Hg*
calculated are 14.6 pM, 28.8 pM, 71.9 pM and 66.3 pM) of the selected metal ions detected

through BTC/GCE are better than their life-threatening levels set by the WHO.
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For the second sensor, BPTC was synthesized and used as a recognition layer of
the electrochemical scaffold for capturing the signals of Hg?*, Pb?* and Cd?*. The modified-
GCE demonstrated good conductivity, sensitivity and selectivity due to its ability of host-
guest complexation and consequent preconcentration of the target metal ions at the
electrode/electrolyte interface, thus resulting in intense peak currents. The experimental
conditions were optimized to obtain linear calibration curves as required for the evaluation
of the detection limits. The LODs for Hg?*, Pb?* and Cd?*, were determined to be 25.7 pM,
15.5 pM, and 37.1 pM respectively. BPTC modified GCE demonstrated the qualities of
easy fabrication, fast responsiveness and multianalyte sensing without signals overlapping.
The optimized procedure and sensor's, effectiveness were further validated by successfully
detecting HM ions in two distinct drinking water samples. The obtained results showcased
the potential of BPTC/GCE sensor as a reliable and efficient tool for HM ion detection in

real water samples.

In the third study, bimetallic cobalt-iron diselenide (FeCoSez) nanorods were
synthesized and characterized by a variety of techniques including SEM, TEM, XRD, TRP
and EDX. Their catalytic role was examined by subjecting FeCoSe2/GCE for the
electrooxidation of an antituberculosis drug, isoniazid (INZ). The voltammetric signal of
INZ at the GCE was six times enhanced by FeCoSe>. Electrochemical results in a wide pH
range revealed pH dependent electrooxidation of INZ involving two electrons transfer
accompanied with two protons transfer as validated by the half peak width of voltammetric
signals and the plot of peak potential as a function of pH of the solution. The FeCoSe2/GCE
exhibited wide linearity range for INZ detection and strong resilience towards interfering
species. The LOD obtained for INZ detect is calculated to be 0.12 nM. The superior
performance of the sensor is attributable to the good electrical conductivity, greater surface
area, and impressive catalytic properties of FeCoSe, nanorods. The developed sensor was

also found promising for the detection of INZ in human serum and urine samples.

The fourth sensor was prepared by immobilizing Co-Pd@AIl203 over the surface of
carbon based transducer for the sensing of a strong antidepressant, venlafaxine (VEN). Co-
Pd@AIl203 was synthesized and characterized structurally and morphologically. EIS, CV
and SWASV revealed the electrocatalytic role of Co-Pd@AIl>Os for facilitating VEN
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electrooxidation. The modified electrode found practically applicable for VEN detection in
water and biological fluids. The limit of detection with a value of 1.86 pM revealed much
higher sensitivity of Co-Pd@AI.O3/GCE for venlafaxine. The voltammograms at the
designed nanosensor were found to be reproducible, thus making it suitable for regular

electroanalysis and monitoring of venlafaxine.

It can be concluded that electrochemical sensors have great potential and scope for use in
environmental and medical fields. Their application horizon can be extended to the
investigation of electronic transport in biological molecules and monitoring of metabolites
in water, human serum, and urine as required in clinical diagnostics for getting insights
into the mechanism of drugs action and their final fate. For the stability of the sensors, the
modifiers must remain anchored with the electrode surface and should not leach into the
analytes solution. For good sensitivity of the sensor, the modifier should possess host guest
complexation ability, for which it must have analyte binding sites or moieties.
Electrochemical sensors offer advantages of cost cut off, ease of fabrication and handling,
rapid responsiveness and multianalyte detection as signals of different species appear at
different potentials. The results of investigations carried out on the designed nanosensors
highlight the importance of optimizing experimental conditions such as pH, deposition
time, and supporting electrolyte to achieve optimal sensor performance. In summary, the
findings of these investigations demonstrate the potential of electrochemical sensors to
detect a broad range of analytes in real-world samples with remarkable sensitivity and

specificity.
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