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CHAPTER 1
INTRODUCTION



1. INTRODUCTION
1.1. BACKGROUND

Water is one of the most precious natural resources and is abundant as well on
the earth’s surface covering more than 70%. However, the availability of fresh and
drinkable water is under tremendous stress. Living beings on the earth need water for
their survival, in addition the agriculture, industry etc. requires a large fraction of
water. Therefore, the reclamation and reuse of water is essential for its sustainable use.
Moreover, water security is one of the important aspects at present that needs to be
addressed in ways. The safe discharge of industrial effluent to the water bodies is a
serious aspect given a global concern to keep available water safe and fresh (Gleick,
2002; Greenlee et al., 2009).

Existence of water in pure form is colourless, odourless and tasteless and
considered as a universal solvent that dissolves many substances. Because of this,
natural water is contaminated easily and cause severe health and ecological
imbalances. Certain compounds/elements found in water are essential for living being
but their presence beyond the permissible level causes adverse effects to the human
health and the environment in general (Hossain, 2015).

Further, population explosion and globalization led high demand for safe
drinking water in developing countries (Narain, 2009). Access to safe drinking water
is a constitutional right since water is essential for life. The clean and fresh water
significantly improves human health and prevents several waterborne diseases.
Therefore, providing safe and clean water to the human population is an urgent need
the hour. Water quality parameters are laid down by several regulatory bodies are
updated time-to-time to safeguard the humanity on this planet (Gleick, 2002).
Unsanitary conditions prevails with several waterborne diseases and highly vulnerable
towards infants, young children or even elderly persons. Accessibility of clean and
safe drinking water is of the foremost importance in maintaining good hygiene and a
clean environment. Packaged water and ice have followed guideline laid down by the
concerned bodies such as USEPA (United States Environmental Protection Agency),
CDC (Centre for Disease Control), and WHO (World Health Organization), for safety

to human consumption. Moreover, different water quality measures are recommended



for the use of water for different purposes. For example: water quality parameters for
washing contact lenses, renal dialysis, use in pharmaceutical industries and food
production processing industries are quite different from the quality of agricultural
water (Gleick, 2002; World Health Organization, 2008).

Contamination of ground and surface water with several heavy metal toxic ions
and micro-pollutants is a severe global concern. These pollutants are either non-
biodegradable, or seemingly persistent/recalcitrant in aquatic environments, which
lead to serious concern to the human health and marine life (Gumpu et al., 2015;
Pruden et al., 2006).

Rapid growth of population and the need for land and resources, urbanisation
and industrialisation are the visible changes, which leads to consequences like
polluting the aquatic environment generated through municipal waste, industrial
waste, chemical uses in agricultural and farm land, runoff from mining fields etc. The
highly persistent and non-biodegradable pollutants when discarded into the
environment without following the treatment protocols, eventually enter into the
aquatic environment. Some heavy metals are essential to the human body at trace
levels however, it poses serious health effects at higher levels (Valko et al., 2005).
Metal ions including Pb (1), Cr (I11), Cd (1), Hg (I1), As (l11), pose a serious threat
toward human life, and are known for their acute toxicity. However, these metals ions
are often present in industrial waste/effluent and entering into the water bodies; posing
potential threat to aquatic ecosystems and polluting the surface or ground waters.
Consequently enters directly or indirectly to the food chains causing several biological
disorders to humans as well to live stocks (Duruibe et al., 2007).
Ingestion/accumulation of heavy metal toxic ions such as As(l11), Pb(Il) and Cd(ll) in
the human body causing skin, bladder, kidney or lung cancers based on the individual
toxic ions (Huff et al., 2007; Martinez et al., 2011; Phillips & Arlt, 2009; Ruiz-
Manriquez et al., 1998; Steenland & Boffetta, 2000).

The anthropogenic/natural substances, viz., pharmaceuticals (PHCs), personal
care products (PCPs), hormones, antibiotics, pesticides, industrial chemicals, etc., are
called emerging micropollutants and pose serious environmental and health concerns

(Kim & Zoh, 2016). In a line, the EDCs, which are the exogenous agent that interferes



with the synthesis secretion, transport, binding action, or elimination of natural
hormones in the body that are responsible for the maintenance of homeostasis,
reproduction and development, and or behavior (USEPA) is a global concern for its
removal from wastewaters (Luo et al., 2014). These micro-pollutants are persistent and
not efficiently removed in conventional wastewater treatment plants. Hence, these
micro-pollutants escape from the treatment plants and are entered into the water
bodies. The level of micro-pollutants in surface waters is detected at ng/L to mg/L,
which is serious and alarming to human health (Bolong et al., 2009; Schwarzenbach
et al., 2006). Micro-pollutants even at low concentrations in the aquatic environment
IS a serious concern because it causes long term effects when exposed. Moreover, short
term effects of these pollutants are known such as disturbance of normal endocrine
receptor function and antibiotic resistance gene due to continued intake of antibiotics
(Pruden et al., 2006).

Pharmaceuticals are discharged into the aquatic environment from
pharmaceutical industries. In addition, human urine and faeces contribute to be
significant rise of pharmaceuticals in the municipal waste and sewage wastewater
since Ca. 70% of ingested drug compounds are excreted through urine or faeces
(Daughton & Ruhoy, 2009; Landry & Boyer, 2013). Wide range of drugs which are
consumed everyday worldwide such as diclofenac, ibuprofen, 17 p-estradiol,
indomethacin and naproxen (Anti-inflammatory drugs), metoprolol and propranolol
(B-blockers), carbamazepine (antiepileptic), antimicrobial drug are detected in surface

water from trace level to pg/L concentrations (Kim & Zoh, 2016).

Runoff from farm/agricultural lands using pesticides for controlling pests;
creates a serious challenge as it leads to continuous addition of harmful chemicals into
the aquatic system. Herbicide chemicals such as atrazine, diuron insecticides viz.,
diazinon, paraoxon, aldicarb, and fungicides such as clotrimazole and tebuconazole
are widely used synthetic chemicals as pesticides and detected in the water bodies at
low levels (Campanale et al., 2021; Rajmohan et al., 2020). These chemicals are highly
toxic and sometimes permanently hinders the activity of acetylcholinesterase (AChE)
in the central and peripheral nervous system, resulting in accumulation of

neurotransmitter acetylcholine in the body (Quinn, 1987). Atrazine, which is a known
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endocrine disrupting compound; also known to be a potential carcinogenic type C
compound (Kucka et al., 2012; Lin & Chu, 2011; Xing et al., 2012). Similarly, the oral

lethal dose of paraoxon is 5 mg/kg for humans and mammals (Roda et al., 1994).

Although the micro-pollutants are priority hazardous substances, however;
there is no such acceptable limit laid down by the regulatory bodies viz., EPA or WHO
for several compounds. However, due to the toxicity or genotoxicity of these
compounds, a complete removal/elimination from water bodies is important to

safeguard the aquatic environment (Roda et al., 1994).

Determination of heavy metal toxic ions and micro-pollutants from the
complex matrix like blood sample, saliva, serum, natural water, waste water, food, air,
soil, etc., required selective and sensitive analytical tools for their on site detection.
Highly sophisticated modern instruments like atomic absorption spectroscopy (AAS)
(Bansod et al.,, 2017; Gong et al., 2016), inductively coupled plasma, mass
spectroscopy (ICP-MS) (Gong et al., 2016), X-ray fluorescence spectrometry (XRF)
(Sitko et al., 2015), neutron activation analysis (NAA), inductively coupled plasma-
optical emission spectrometry (ICP-OES) (Losev et al., 2015), liquid chromatography-
mass spectrometry (LC-MS) (Yan et al., 2015), gas chromatography-mass
spectrometry (GC-MS), high-performance liquid chromatography (HPLC), enzyme-
linked immunosorbent assay (ELISA), fluorescence and chemiluminescence (Tian et
al., 2020), are known sophisticated analytical tools; determines efficiently these
contaminants in different matrix. The instruments are highly sensitive and selective
for the analytes, however; they showed with several disadvantages viz., high input
cost, sophisticated and costly instruments, cumbersome in instrument handling,
requirement of highly trained technician to run the system and most importantly they
lack with on-site detection of analyte (Yi et al., 2013). Therefore, the development of
miniaturized, robust, simple and cost-effective sensors for on-site detection of these
pollutants is essential to safeguard the environment and hence the ecosystem. The
electrochemical techniques are suitable alternatives since they require low detection
limit, cost effectiveness, are easy to operate, no complicated sample preparations and

useful in on site detection (Yan et al., 2015).



1.2. FATE OF POLLUTANT AND THEIR TOXICITY

Increased level of heavy metal toxic ions and micro-pollutants in the aquatic
environment poses serious environmental concerns due to their persistence in the
environment subsequently the ecological imbalances. The non-biodegradable heavy
metal toxic ions are mostly deposited in sediments, and excessive exposure or intake
above the permissible limit causes several health effects (Kim et al., 2015). Similarly,
continuous intake of micro-pollutants leads to the development of antibiotic resistance
in humans and disruption of normal biochemical function (Gumpu et al., 2015; Pruden
et al., 2006). The occurrence and fate of heavy metal toxic ion Pb (Il) and micro-

pollutants, bisphenol A (BPA) and triclosan (TCS) are summarized below.
1.2.1. Lead (Pb (11))

Lead is ubiquitous in the environment and since Roman era lead is known as a
highly toxic element. Lead is highly malleable, poor conductive, ductile, low melting
point, soft and corrosion resistive (Oprea, 2002). These properties attracted extensive
usage in everyday life activities resulting in lead contamination/accumulation in the
environment (Wani et al., 2015). Because of acute toxicity of lead, the use of lead in
many countries is discontinued. However, still it is used in various applications like
leaded pipe, solders, grids, battery manufacturing and recycling, refining etc. which
leads to excessive exposure of lead to humans. Lead is also known for occupational
toxin and continued exposure leads to serious biological complications both in adults
and children. Children are more susceptible towards lead exposure because of their
soft tissues compared to adults. It was reported that exposure of children to lead even
at low level concentrations leads to behavioural problem, mental retardation and
decrease in 1Q levels (Flora et al., 2012; Wani et al., 2015).

Anthropogenic activities primarily introduce lead into the environment. (Zhang
et al., 2013). The EPA and WHO recommended the maximum acceptable limit in
drinking water is 15.0 pug/L and 10.0 pg/L respectively (Awual, 2016). According to
CDCD (Centre of Disease Control and Prevention), children with lead levels of 10.0
ng/dL and above were considered as “level of concern” (Ettinger et al., 2019; Gilbert

& Weiss, 2006). Long term exposure to lead leads to anemia, damage of the central
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nervous system, blood pressure in both old and middle-aged people, kidney and liver
damage in both children and adult. It is also reported that excessive lead exposure
causes miscarriage and declined fertility in human (Moneim et al., 2011; Gidlow,
2004; Wani et al., 2015). Similarly, absorption of lead through ingestion and lead
particle through respiratory tract leads to disruption of biochemical function and
accumulate in bones, kidney which causes serious damage to central nervous system,

renal function even at low lead concentrations (Moneim et al., 2011; Lin et al., 2003).

Most of the lead in the environment is found in the uppermost humus rich
surface layer of the soils because lead forms complexations with organic matter. Lead
is least mobile toxic metal ion in the soil under non acidic or neutral or basic pH
conditions, which is attributed to binding of lead with organic matter (An et al., 2001;
Mielke & Reagan, 1998; Gumpu et al., 2015; Krishna & Govil, 2004). Furthermore,
industrial emission, burning of fossil fuels and use of leaded gasoline in aviation
industries leads to the atmospheric deposition of lead in the soil, which is very common
in urban soil (Bindler, 2011; Hernberg, 2000; Masiol & Harrison, 2014). Additional
sources of lead contamination includes acid metal plating, used ammunition, leaded
paints, ceramic, toys, tetraethyl lead manufacturing plant, dying industries, glass
industries etc. (An et al., 2001).

1.2.2. Bisphenol A (BPA)

Among the synthetic EDCs, bisphenol A (BPA) is having widespread
applications hence, extensively produced with the annual production of 3.8 million
tons. BPA is an organic synthetic compound (C1sH1602, IUPAC Name: 4,4'-(propane-
2,2-diyl) diphenol) (Cf Figure 1.1), having a molar mass of 228.29 g/mol. BPA is white
crystalline solid and readily soluble in fats but poorly soluble in water (low solubility,
200 mg/dm? at 25°C) (Michatowicz, 2014). BPA is the precursor material for the
production of synthetic polymers including polycarbonate plastic and epoxy resins. It
is also used in production of food containers, water packaging bottles, toys etc. It is

also used in flame retardants materials, dental products, plasticizer, coatings, water



pipes, impact safety material, medical devices, thermal papers, electronic devices, food
cane linings etc. (Flint et al., 2012; Tian et al., 2020).

Increasing level of BPA concentration in the natural environment is only due
to anthropogenic activities. Degradation of BPA containing products like
polycarbonate and epoxy resin, results in releasing BPA into the ecosystem and food
(Vandenberg et al., 2012). BPA is often detected in the atmosphere and the highest
concentration (4.55 ng/m®) was found in the Indian urban states of Chennai and
Mumbai, which was due to the combustion of plastic products contained with BPA
(Praveen et al., 2020). BPA usually exists a low level in surface waters but study in 16
major rivers of Taiwan showed that contamination has significantly increased from
0.01-44.65 pg/L in surface water, and 0.37-491.54 pg/kg, due to the mixing of
industrial effluents originated from the BPA producing industries (Lee et al., 2013).
Urbanization contributes in releasing BPA in the environment, which results in
atmospheric fallout, sewer overflow or runoff and slowly increasing the concentration
of BPA in the aquatic system (Cladiere et al., 2013). The contamination of
groundwater was substantial due to dumping of BPA containing products and waste in
the landfills, and the leachates contaminates the groundwater (Michatowicz, 2014).
Contaminated food and drinking water with BPA are the main source of BPA exposure
to humans. Polycarbonate and epoxy resin contain BPA and are widely used in
manufacturing food containers and tin food containers which leads to exposure of food
toward BPA. It is believed that everyday intake of BPA is estimated to be 0.48 to 1.6
ng/kg/body weight/day through the alimentary canal (Vandenberg et al., 2007).
Release of BPA from polycarbonate and epoxy resins were reported and the sources
of BPA contamination are food stored in tin cans and water bottles, usage of
polycarbonate containers (Colin et al., 2014; Yonekubo et al., 2008). The occupational
manpower engaged in the BPA producing or related factories are inhaling-BPA in the
form of dust which has occurred through the BPA containing products. Moreover, the

workers are also exposed through the dermal routes (Michatowicz, 2014).

BPA is a well known xenoestrogen, which disrupts the endocrine function. The
behaviour of BPA and natural estrogen-17-f estradiol are similar, which results in

mimicking the normal estrogen-17-8 estradiol function and binding with estrogen
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receptors, which disrupt the entire estrogen function (Iso et al., 2006). BPA also shows
interaction with the arylhydrocarbon receptor (AHR) affecting follicle growth in mice
(Ziv-Gal et al., 2013). Not only affecting estrogenic function, it affects the function of
androgens, thyroid hormones, prolactin, insulin and causing immunotoxic,
hepatotoxic, mutagenic and carcinogenic effects (Hassan et al., 2012; Michatlowicz,
2014; Wetherill et al., 2007). Obesity, heart disease and diabetic are closely related to
the BPA exposure (Michatowicz, 2014). BPA showed less toxicity towards plants and
microorganism that includes fungi, bacteria and algae, since they convert BPA to its
metabolites such as carboxylic/polycarboxylic acids and f-hydroxybutyric acid, which
exhibit less toxicity compared to BPA (Chai et al., 2005; Louati et al., 2019). In
mammal’s, the biotransformation (oxidation) of BPA produces more toxic metabolites
i.e., cytochrome P450 monooxygenase, which is highly toxic and shows excessive
estrogenicity. Some species of bacteria and fungi which use BPA for the carbon and
energy, minimized the concentration of BPA from the surrounding environment.
Hence, those species that degrade or minimise BPA concentration from the terrestrial
environment are used for removing BPA from the environment (Li et al., 2012;
Michatowicz, 2014).

Because of the toxicity and several health hazards due to BPA exposures,
Canada is the first country to restrict the sale and advertising products containing BPA
and prohibited the import of polycarbonate baby bottles containing BPA (Government
of Canada, 2010). In Taiwan, BPA has designated BPA as a Class 4 toxic substance
under Toxic Chemical Substances Control Act (Taiwan, 2009). Class 4 toxic
substances are substances that create concern toward environment pollution and
endangering human health (U.S. Environmental Protection Agency, 2010). Other
countries like the European Union (EU), China and Malaysia also banned the use of
BPA in certain products (United States Environmental Protection Agency, 2010). In
India the use of BPA is prohibited in baby feeding bottles and Sippy cups by Bureau
of Indian Standards (BSI) (Indian Standards Referred in Government Regulations -

Bureau of Indian Standards, n.d.)



HO OH

Figure 1.1: Structure of bisphenol A (BPA)

1.2.3. Triclosan (TCS)

HO Cl

Cl Cl

Figure 1.2: Structure of Triclosan (TCS)

2,2,4'-trichloro-2'-hydroxydiphenyl ether also known as triclosan (TCS) or
irgasan (Cf Figure 1.2)is having widespread use in personal care products (Ishibashi et
al., 2004). Triclosan is having poor solubility in water, but readily soluble in alkali
solution and nonpolar organic solvents (Bhargava & Leonard, 1996). It is a stable,
lipophilic compound, non-ionic, broad-spectrum antibacterial and antimicrobial agent.

Because of these excellent properties, TCS is incorporated in personal care products,
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such as toothpaste, hand sanitizer, mouthwash, disinfectants, deodorants, shampoo,
soap, detergents etc. (Morrall et al., 2004; Motia et al., 2019; Saljooqi et al., 2020;
Yazdankhah et al., 2006) and the typical concentration in the range of 0.1 to 0.3% of
product weight (Montaseri & Forbes, 2016). The content of TCS should not exceed
0.3% in the product, which is regulated by European Community Cosmetic Directive
or the US Food and Drug Agency (USFDA) in Europe and the USA, respectively
(Motiaet al., 2019; Rodricks et al., 2010). The presence of TCS in this product is low,
the usage is ubiquitous, resulting in the TCS being detected in the waste water, rivers
and lakes, causing ill effects to the environment and human health (Zhao et al., 2013).

Much attention was given towards the degradation of TCS in aqueous medium
however, the release of hazardous dioxin-type by-products resulted in the degradation
of TCS, showing additional contamination of the aquatic environment (Yueh & Tukey,
2016). The irradiation of TCS with UV light causes the cyclization of the compound,
which forms a more toxic compound compared to TCS. The dioxin derivatives are
formed which are potential carcinogens (Yueh & Tukey, 2016). Dioxins are phenolic
compounds such as 2, 8-dichlorodibenzo-p-dioxin, 2, 4-dichlorophenol and 2, 4, 6-
trichlorophenol, also regarded as potential EDCs (Sankoda et al., 2011).

TCS is a disrupting endocrine compound (Sankoda et al., 2011), affecting
hyperthyroid function (Cullinan et al., 2012). Enhanced exposure of TCS induces skin
irritation (Anderson et al., 2016), decreases the oestrogen levels in placenta during
pregnancy (Jung et al., 2012), reduces neural stem cell in the rat brain (Park et al.,
2016), and significant rise in the body mass index in children and adult (Lankester et
al., 2013). It occurs in human blood (Allmyr et al., 2008), plasma (Zhang et al., 2006),
breast milk (Allmyr et al., 2008) and urine (Calafat et al., 2008). Therefore, based on
the severe environmental and health concerns, the development of sensitive and
selective sensors for low level detection and monitoring of TCS could help in

safeguarding the human health and environment in general.

1.3. Review of Literature
Nano bio-composite materials are used in various areas, including biomedical,

environmental engineering, agricultural sciences, materials sciences, electronics and
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devices, and biological sciences. However, the biocomposite materials are promising
in the environmental remediation and the sensor studies because of several novel
properties viz., the natural and environmental friendly, low cost, enhanced stability,
abundance in nature, biocompatibility, biodegradability, easy fabricability for
optimum use etc. (Sarikokba et al., 2020). A review already published demonstrating
the use of nano bio-composites materials precursor to the chitosan in the development
of electrochemical sensors for various potential and emerging pollutants in aqueous
medium (Sarikokba et al., 2020).

Chitosan is a known biopolymer that showed promising applications in the
field of biomedical sciences. Rouget demonstrated the deacetylation of chitin to
chitosan in the nineteenth century, it paved the way for various applications of
compounds in allied and medical sciences. Chitosan is a polysaccharide biopolymer
made by the partial alkaline N-deacetylation of chitin (Casadidio et al., 2019). Chitin
Is a protein, which is primarily isolated from the shells of shrimp and crabs. Chitosan
is found in the Zygomycetes fungal cell walls and insect cuticles (Raafat et al., 2008).

Chitosan is a natural biopolymer that is the second most prevalent in nature
after cellulose. Similarly, it is extensively derived from natural products such as insect
and arthropod exoskeletons, or as a by-product of the seafood processing industry
(Crini & Badot, 2008; Lalchhingpuii et al., 2017). The unique properties of chitosan
viz., biocompatibility, biodegradability, bio-renewable and non-toxic nature, low cost,
etc., finds a suitable material for varied medical applications (Shukla et al., 2013).
Chitosan has linear p-(1—4) glycosidic linkages, hence, showed a similar structure as
cellulose (Cf Figure 1.3). Glycosidic linkage connects the two chitosan units, 2-
acetamido-d-glucose and 2-amino-d-glucose. Chitosan is produced by hydration or
enzymatic hydrolysis in the presence of chitin deacetylase by removing an acetate
moiety from chitin (Shukla et al., 2013; Suh & Matthew, 2000).

In general, the amino and hydroxyl groups in chitosan compound make it
suitable for a wide range of applications, and it is recognised to have polycationic
properties, compared to other natural polymers (Agrawal et al., 2010). The glycosidic
linkages, enables the material's molecular weight and viscosity. Chitosan is highly pH
sensitive and rapidly dissolves in an acidic environment (Lalhmunsiama et al., 2016).

The degree of deacetylation and molecular weight of chitosan determines its physical
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and chemical properties. At lower pH chitosan showed lower mechanical strength and
poor settling ability, which limits its wider applications (Shukla et al., 2013). However,
introducing suitable inorganic or organic functionalized materials, the physical and
chemical properties of chitosan could be altered (Jiménez-Gomez & Cecilia, 2020).
Chemical modification of chitosan by introducing the suitable functional groups such
as carboxylic, hydroxyl showed varied applications in various field of research (Shukla
et al.,, 2013). The crosslinking agent is reported in the literature for chemical
modification of chitosan for sensor development. In a line, the glutaraldehyde, which
has a carboxylic group in their chemical structure, crosslinked with the chitosan and
showed promising in electrochemical determination of Cr (V1), glucose and hydrogen
peroxide (Miao et al., 2001; Miao & Tan, 2000, 2000; Song et al., 2018). Similarly,
the diepoxy compound [1,2:7,8-diepoxyoctane (DEQO)] was crosslinked with the
chitosan matrix and possessed high removal capacity for Cr (V1) in acidic medium
(Vakili et al., 2018). Furthermore, the sodium tripolyphosphate (TPP) and gloxal were
utilized to crosslink with the chitosan polymer (Gupta & Rastogi, 2008; Nasution et
al., 2018). Further, the materials showed enhanced swelling properties, hydrophilicity,
higher mechanical strength, pore size dimension and also possessed enhanced stability
even at lower pH values (Song et al., 2018).

Inorganic polymeric compounds such as isocyanatopropyltriethoxysilane
(ICPTES) were grafted with the chitosan polymeric chain using the sol gel process.
The synthesized material possessed multifunctional groups and showed promise in
photoluminance features (Silva et al., 2005). Similarly, the grafting of chitosan using
silane (trimethoxyoctylsilane and 3-mercaptopropyl trimethoxysilane) are useful
materials in the removal of arsenate from aqueous solutions applied under the batch
and column reactor operations (Lalhmunsiama et al., 2016; Lalhmunsiama et al.,
2016).

Furthermore, chitosan has outstanding film-forming capacity, good adhesion,
high permeability and nontoxicity make it useful for a wide range of applications,
including sensor development through the fabrication of selective electrodes for a
variety of pollutants. It also facilitates electron transfer reactions because of swelling
and hydrophilic nature (Batra & Pundir, 2013; Ling et al., 2009)].
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The importance of nano bio-composite materials in the fabrication of a variety
of electrodes provides a way of developing suitable electrochemical sensors for
different analytes having the concern in the field of environmental engineering, food
technology or even in the medical sciences. The latest research examines the problems
and opportunities of employing nano bio-composites in the fabrication of
microelectrodes for trace detection of heavy metal toxic ion (lead) and some
micropollutants (bisphenol A and triclosan). Future study is included to pave the way

for nano composites' possible implications in miniaturized device development.

OH OH OH
@) @) 9)
HO He) O OH
HO NF2 HO ACH P NH;
Chitosan
OH OH OH
O @) e)
HO LO /O OH
HO OH HO OH n HO OH
Cellulose

Figure 1.3: Structure of chitosan and cellulose
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1.3.1. Electrochemical Detection of Heavy metal toxic ion, Pb (I1)

Pb (1) is one of the most toxic heavy metal ions that is not essential for life
sustenance. Pb (Il) is readily bioaccumulation and causes severe health concerns,
which includes the failure of the nervous system (Priya et al., 2017; Zuo et al., 2017).
The detection and removal of Pb (I1) at the trace level from the environment is essential
in order to safeguard the human being or the marine life in aquatic environments.
Several techniques are available for the efficient and low level detection of Pb (I1) in
aqueous medium however, the electrochemical technique is promising due to its
simplicity, low cost, fast in analysis and feasible in real time analysis (Sarikokba et al.,
2020). In electrochemical techniques, the role of working electrodes (GCE) is crucial
for sensitive and selective detection of pollutants. Therefore, the fabrication of
working electrodes with suitable and advanced materials show high sensitivity with
low detection limit for Pb (Il) detection in aqueous medium (Mourya et al., 2021;
Nodehi et al., 2021). Chitosan is regarded as an excellent substrate material in
fabrication or modification of working electrodes due to its useful properties such as
film forming ability, swelling ability and forming chelates with metal ions (Sarikokba
et al., 2020). Therefore, the chitosan stabilized gold nanoparticles (Au(NPs)) and was
employed in the determination of Pb (II) from aqueous medium (Ciftci et al., 2014).
The in situ synthesis enabled synthesizing the composite material (hep/CS-rGO)
contained with the chitosan, reduced graphene oxide and heparin. The glassy carbon
electrode surface was modified with the nanocomposite material. The modified
electrode showed significantly enhanced oxidative peak current for Pb (1) under the
square wave anodic stripping voltammetry (SWASV) (Priya et al., 2017).

Furthermore, the simultaneous determination of Pb (I1) and Cd (11) was carried
out using bismuth doped carbon xerogel nanocomposite incorporated with the chitosan
matrix (Chi—(Bi—CX)). The synthesized material exhibited high surface area and
meso-to-macropores with an average diameter of Ca 60 nm (Fort et al., 2015).
Nanocomposite material based on reduced graphene oxide (rGO) and chitosan (CS)
was obtained, which was synthesized using chitosan as a reducing agent for graphene
oxide (GO) to form rGO-CS and the nanocomposite was drop casted onto the glassy
carbon electrode (rGO-CS/GCE). Further, the electro-polymerization of L-lysine was

conducted using the cyclic voltammetry which resulted with fabrication of the rGO-
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CS/PLL/GCE electrode. The electrode was then employed in simultaneous
determination of Cd (I1), Pb (II) and Cu (IlI), which showed an enhanced
electrocatalytic activity toward the metal ions and achieved the limit of detection for
Cd (1) 0.01 pg/L, Pb (I1) 0.02 pg/L and Cu (1) 0.02 pg/L (Guo et al., 2017)
Co0304/rGO/chitosan nanocomposite was synthesized by in-situ growth of Coz04 onto
the rGO followed by the reduction using hydrazine. The material was utilised in
fabricating the GCE and employed in trace determination of Pb (1) under optimised
experimental conditions. The electrooxidation of Pb (I1) shows good linearity within a
wide concentration range i.e., from 1.0 to 200.0 nM with the limit of detection of 0.35
nM for Pb (I1). The high sensitivity in Pb (11) detection was achieved due to the good
electrical conductivity and high surface area of rGO and sorption of Pb (I1) toward the
electrode surface (Zuo et al., 2017).

Simultaneous quantification of Cd (Il) and Pb (Il) using Fe3Os/multiwalled
carbon nanotube/laser scribed graphene composites functionalized with chitosan
modified glassy carbon electrode (FesOs/MWCNTS/LSG/CS/GCE) was conducted
using the square wave anodic stripping voltammetry (SWASV). The nanocomposite
material shows significantly enhanced surface area, improved conductivity, excellent
absorption ability as compared to the bare GCE. The fabricated GCE shows a
favourable sensing platform and provides a good calibration line within the
concentration range 1.0 to 200.0 pg/L. Further, the limit of detection is found 0.1 pg/L
for Cd (1) and 0.07 pg/L for Pb (I1) (Xu et al., 2019).

1.3.2. Electrochemical Detection of Micro-pollutants
1.3.3. Bisphenol A (BPA)

Literature survey reveals that a variety of materials are employed to fabricate
the glassy carbon electrode and utilized for the low level detection of bisphenol A in
aqueous solutions (Gugoasa, 2019). The hydroxyl group of the bisphenol A is readily
oxidized which makes possible for electrochemical determination of BPA in aqueous
solutions (Tian et al., 2020).

The composite materials chitosan-Fes3O4 (CS-Fe304) was impregnated onto
the GCE and employed in the detection of bisphenol A under the amperometry method
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(Yu et al., 2011). The XPS analysis confirmed the presence of Fe204 nanoparticles.
Moreover, the lone pair electrons of nitrogen (N) of chitosan was interacting with the
3d orbital of the Fe atom of Fe3O4 and forming a coordinate bond (Deng et al., 2003;
Yu et al., 2011). The electrochemical method was employed for quantitative
determination of BPA in plastic samples and showed reasonably high recovery rate
(Yuetal., 2011). The hydrothermal method was used to synthesis nano molybdenum
disulphide (MoS2) and introduced into the chitosan and decorated with the gold
nanoparticle to obtain the nanocomposite material (MoS»-chitisan-Au). The material
was used in fabrication of GCE and utilized in low level detection BPA using cyclic
voltammetry. A two electro-oxidation of BPA was observed in electrochemical study
where oxidative peak current show good linearity with the concentration of BPA,
having the linear equation of i, (MA) = 88.87 + 29.79 log C (mM) (R? 0.9896) and
LOD of 5.0 nmol/L (Huang et al., 2014).

Similarly, composite material MnO,NWs-rGO (MnO: nanowires-decorated
reduced graphene oxide composite) was employed in fabricating the GCE and applied
in sensitive determination of BPA. The electrode showed excellent electrocatalytic
activity, sensitivity, stability, and selectivity towards the BPA detection using the CV
and chronocoulometry (CC) studies. The second derivative linear sweep voltammetry
(SDLSV) was employed in the BPA detection which showed reasonably good linearity
with the concentration of BPA (studied concentration range, 0.02-20 uM and 20-100
uM) with the LOD of 6.0 nM. Further, the BPA was detected in the plastic samples
and showed a reasonably high recovery rate of BPA (Tian et al., 2020). Graphene was
obtained by the soft chemistry synthesis that involves graphite oxidation and chemical
reduction process. The graphene was introduced onto the GCE surface using a facile
drop cast method. The electrode was electrochemically characterised using the
potassium ferricyanide redox probe under the CV. The determination of BPA under
optimised experimental conditions showed a good linearty within the BPA
concentration range of 5x10°® mol L™ to 1x10° mol L™ and the LOD was found 4.689
x 10 M (Ntsendwana et al., 2012). Exfoliated graphite (EG) electrode was fabricated
and employed in the determination of BPA under square wave voltammetric technique,
where oxidative peak current exhibits linearity within the BPA concentration range
from 1.56 uM to 50 uM. Further, the LOD was found 0.76 uM (Ndlovu et al., 2012).
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Furthermore, the nitrogen doped graphene sheet (N-GS) and chitosan (CS) was
utilized for electrochemical determination of BPA. The nanocomposite materials
(CS/N-GS) showed enhanced electron transport ability and electrocatalytic activity
compared to the bare graphene. The nanocomposite modified electrode shows
enhanced electrical signal towards the BPA with the limit of detection of 5.0x10°
mol/L (Fan et al., 2012). The stacked graphene nanofibers and gold nanoparticles
composite material (AuNPs/SGNF/GCE) modified GCE was used for the
electrooxidation of BPA. The nanocomposite material caused s decrease in oxidative
overpotential and an increase in peak oxidative current of BPA. Linear sweep
voltammetry was employed in the determination of BPA with the LOD 3.5x10°% M
(Niu et al., 2013).

1.3.4. Triclosan (TCS)

Triclosan (TCS) is one of the widely used compounds in the personal care
products due to its antibacterial properties. TCS is feeble soluble in water but solubility
is significantly increased in alkaline and nonpolar organic solvents (Bhargava &
Leonard, 1996; Saljooqi et al., 2020). TCS is often detected in river, lake, and
wastewater samples. The UV light irradiation caused for cyclization of triclosan to
generate more toxic dioxane derivatives (i.e., 2, 8-dichlorodibenzo-p-dioxin, 2, 4-
dichlorophenol and 2, 4, 6-trichlorophenol), which are found to be highly toxic
compounds (Sankoda et al., 2011). Triclosan is a known endocrine disrupting
compound, which alters the hyperthyroid function (Ley et al., 2017). An excess intake
of TCS causes severe skin irritations (Anderson et al., 2016) and during preghancy
exposure of TCS reduces the production of estrogen in placenta (Jackson et al., 2018;
Sankoda et al., 2011; Yueh & Tukey, 2016). Furthermore, TCS contained with
hydroxyl and phenolic groups, which are readily oxidised hence, provide oxidative
peak current that facilitates in electrochemical detection of triclosan utilizing the
efficient working electrodes (Fan et al., 2012).

The functionalized graphene nano plates using B-cyclodextrin (3-CD/GNP)
utilized in fabricating the GCE and employed in the trace detection of TCS. Owning
to the large surface area and fast electron transfer reactions at the nanocomposite

surface, the electro-oxidation of TCS shows good linearity of oxidative peak current
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within the BPA concentrations 2.0 UM to 100 pM. The method provides the detection
limit of 0.6 uM (Li et al., 2014). Similarly, poly (diallyldimethylammonium chloride)
functionalised graphene doped with palladium nanoparticles (PDDA-Gr/PdNPs) was
obtained using one-pot synthesis. Further, the nanocomposite material exhibits good
electron transfer ability and catalytic activity in the detection of TCS at a wide
concentration range and the limit of detection was found 3.5 nM. Moreover, the
nanocomposite electrode showed good reproducibility, long term stability and
applicability in real sample analysis in the BPA detections (Wu et al., 2017a). The
reduced graphene oxide (rGO) was functionalized with the polyoxometalate (POM) in
aqueous solutions and decorated with the gold nanoparticles (AuNPs/POM/rGO). The
nanomaterial was further employed in the trace determination of TCS in aqueous
medium (Yola et al., 2015).

Facile synthesis of Fe3Os@AuU-PPy/GO nanocomposite was carried out
utilizing the nanostructured Fe3Os@Au, graphene oxide (GO) and the polymer
polypyrrole (PPy). The material was used in fabricating the GCE and utilised in the
determination of TCS (Saljooqi et al., 2020). Chitosan was used as a host material, for
one-pot synthesis of carbon nanodots (CNDs) and chitosan (CS) composite film
(CNDs/CS). The composite material possessed high surface area 0.261 cm? and the
electrocatalytic activity enabled for efficient electro-oxidation of TCS. The electrode
showed the limit of detection of 9.2 nM for the TCS (Dai et al., 2012a). The graphene
quantum dots (GQD) supported by chitosan show an enhanced electro-oxidation of
TCS and MePa (methylparaben). Further, the limit of detection was found 0.03 and
0.04 umol/L for TCS and MePa, respectively. The GQD favoured the electrooxidation
of TCS efficiently at the electrode surface, due to the rapid and efficient charge transfer
reactions occurring at the electrode surface (Santana & Spinelli, 2020).

Similarly, the MWCNT (Multiwall Carbon Nanotube) modified GCE was
assessed in sensitive detection of TCS and the electro-oxidation of TCS involves a one
electron irreversible oxidation process. The fabricated electrode show enhanced
electrochemical response in TCS detection and a reasonably good linearity of
oxidative peak current with TCS concentration (50.0 ug/L to 1.75 mg/ L) was achieved
with the limit of detection of TCS 16.5 pg/L (Yang et al., 2009).
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1.4. SCOPE OF PRESENT INVESTIGATION

The natural activity largely through the industrial activity viz.,
mining/metallurgical, paints, leaded pipes, solders etc. causes for elevated level of Pb
(11) in the terrestrial environment. The intake of Pb (I1) caused for several severe health
effects hence, the permissible limit of Pb (1) in the drinking water is prescribed as low
as 10 pg/L (World Health Organisation (WHO)). On the other hand, the
micropollutants such as bisphenol A (BPA) and TCS is posing serious health
problems. These micropollutants are often detected at pg/L to ng/L in the aquatic
environment hence, showed greater concerns for the environmentalist for their
detection at low levels. Therefore, the present investigation focuses on the
development of simple, cost effective, portable electrochemical sensor for the trace
and efficient detection of emerging water contaminants viz., Pb (Il) and
micropollutants viz., bisphenol A (BPA) and triclosan (TCS). The miniaturized device
development with efficient on-site detection is the demand of the hour. The
electrochemical technique, which utilizes the use of advanced materials, paves the way
for development of miniaturized devices. Therefore, the present investigation
synthesizes the advanced composite and nanocomposite materials precursor to the
chitosan and silanes The chitosan is used as a base and natural polymeric material to
functionalize it with a variety of silanes. Chitosan has abundance of amino and
hydroxyl groups enabling it for possible grafting of silanes. Moreover, the chitosan
shows good film forming and swelling abilities easing the fabrication of thin film
electrodes. The silanes (3-mercaptopropyl trimethoxysilane (MTS) and
trimethoxyoctylsilane (TMS)) are preferentially are to be grafted with the chitosan
(CH) Further, the functionalized chitosan materials i.e., the trimethoxyoctylsilane
grafted chitosan (CHTMS) was decorated with silver nanoparticle (Ag(NPs)) in a
greener rout utilising (Psidium guajava) leave extract as reducing agent for
synthesizing  nanocomposite  material (CHTMS+Ag(NPs)). The natural
phytochemicals utilized in the synthesis of silver nanoparticles is an endeavour to
obtain the greener synthetic route. Further, these advanced materials were utilized in
the fabrication of thin film electrodes viz., CHTMS/GCE, CHMTS/GCE and
CHTMS+Ag(NPs) fabricated glassy carbon electrodes were then utilized in the trace

19



detection of these emerging water contaminants. The fabrication of thin-film
electrodes is conducted with simple and facile methods. The electrode stability for
repeated and prolonged applications is a greater challenge in real implications of the
electrode. Moreover, the real water implications demonstrate the selectivity of the
electrode in the real implications. The present investigation extensively demonstrated
the stability and selectivity of devised electrodes in the sensitive and trace detection of

pollutants.

Therefore, extensive laboratory results are useful input data in the development
of miniaturized devices for trace, efficient and on site monitoring of Pb (I1), bisphenol

A and triclosan in aqueous solution.
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CHAPTER 2
METHODOLOGY



2. METHODOLOGY
2.1. CHITOSAN AND REAL WATER SAMPLES

Chitosan  which is used as a substrate for synthesis of
composite/nanocomposite material were precured from HIMEDIA having the degree
of deacetylation is > 75%. Real water samples used in real matrix study were collected
from three different locations within the Aizawl City, Mizoram, India. River water
sample, collected from Chite river, Falkand Veng, (GPS (Global position system)
coordinates: N23.73916, E092.74136), whereas, ground water and spring water was
collected from Mizoram University campus, Aizawl, India and their GPS coordinates
are: N23.73255, E092.66342 and N23.73255, E092.66342, respectively. Prior to the
experiment, the real water samples were filtered using Whatman filter paper (pore size
11 pm) to remove any sediment or suspended particles from the water. The physico-
chemical parameters of the collected real water samples were analysed using different
analytical instruments such as pH, salinity, conductivity, resistivity, total dissolved
solid and oxidation-reduction potential was studied using a multiparameter probe
(Hanna, model: HI98194, USA). Similarly, the presence of phosphate, nitrate, sulphate
and fluoride was studied using multiparameter instrument (Hanna, model: Hi83300,
USA). The presence of NPOC (Non-purgeable Organic Carbon) and IC (inorganic
carbon) was obtained using TOC analyser. Various elements present in the water
samples are studied using an AAS (Atomic absorption spectrometer). For real matrix
study, the collected water samples were used to prepare the supporting electrolyte (0.1
M acetate buffer/phosphate buffer), whose pH was adjusted. Furthermore, the prepared
electrolyte solutions were spiked with known concentrations of Pb (11), bisphenol A

and triclosan.

2.2. CHEMICALS AND APPARATUS

Chemicals procured were of analytical grade and used without further
purification. Details of all the chemicals are listed in Table 2.1. Glassy carbon plate (1
mm thick, type 1: CAS no. 7440-44-0; Alfa Aesar, Thermo Fishere Scientific, USA)
was used for investigation of surface morphology (SEM analysis)
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Table 2.1: Details of all chemicals used in present dissertation.

Sl. | Chemicals IUPAC Formula Company CAS
N Name No./ID
0.
1 | Silver nitrate | Silver nitrate | AgNO3 HiMedia 7761-88-
Chemicals, 8
Mumbai
India.
2 | Chloroform Trichloromet HiMedia 67-66-3
CHCl3 )
hane Chemicals,
Mumbai
India.
3 | Glycine 2- C2HsNO: HiMedia 56-40-
Aminoethano Chemicals 6
ic
Mumbai
acid India.
4 | Lead acetate | Lead acetate | Pb(C2H302)2 | HiMedia 6080-56-
Chemicals, 4
Mumbai
India.
5 | Ethylene 2,2'2" 2"- C10H16N20s HiMedia 60-00-4
diamine (Ethane 1,2- Chemicals,
) diyldinitrilo)t )
tetraacetic etraacetic Mumbai
acid acid India
6 | Chitosan (1,4)-2- (CsH11NO4)n | HiMedia 9012-76-
Amino-2- Chemicals, | 4
desoxy- beta-
D-glucan
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Mumbai

India.

7 | Sodium Disodium; NapHPO4+7H | HiMedia 7558-
phosphate dihydrogen | g Chemicals, | /94
L phosphate; )
dibasic heptahydrate Mumbai
heptahydrate India.

8 | Sodium Sodium NaH2PO4*H2 | HiMedia 10049-
phosphate dihydrogen | g Chemicals, | 21

) phosphate .
monobasic Mumbai
monohydrate India.

9 | Ferric chloride | Iron FeCls.6H.0 HiMedia 10025

trichloride :
Chemicals, 77-
hexahydrate Mumbai .
India.

10 | Sodium Sodium CH3COONa | HiMedia 127-09-3
acetate acetate Chemicals,
anhydrous Mumbai

India.
11 | Acetic acid Acetic acid CH3;COOH HiMedia 64-19-7
Chemicals,
Mumbai
India.

12 | Trimethoxy(o | Trimethoxy(o | C11H260sSi> | Sigma 3069-40-

ctyl)silane ctyl)silane Aldrich, 7
USA.
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https://www.sigmaaldrich.com/IN/en/substance/sodiumphosphatedibasicheptahydrate268077782856?context=product
https://www.sigmaaldrich.com/IN/en/substance/sodiumphosphatedibasicheptahydrate268077782856?context=product
https://www.sigmaaldrich.com/IN/en/substance/sodiumphosphatedibasicheptahydrate268077782856?context=product
https://www.sigmaaldrich.com/IN/en/substance/sodiumphosphatedibasicheptahydrate268077782856?context=product
https://www.sigmaaldrich.com/IN/en/substance/sodiumphosphatemonobasicmonohydrate1379910049215?context=product
https://www.sigmaaldrich.com/IN/en/substance/sodiumphosphatemonobasicmonohydrate1379910049215?context=product
https://www.sigmaaldrich.com/IN/en/substance/sodiumphosphatemonobasicmonohydrate1379910049215?context=product
https://www.sigmaaldrich.com/IN/en/substance/sodiumphosphatemonobasicmonohydrate1379910049215?context=product
https://pubchem.ncbi.nlm.nih.gov/#query=C11H26O5Si2

13 | (3- (3- HS(CH2)sSi( | Sigma 4420-74-
Mercaptoprop | Mercaptopro | OCHzs)3 Aldrich, 0
yl) pyl) USA.
trimethoxysila | trimethoxysil
ne ane
14 | Bisphenol A | 4,4'- (CH3)2C(CsH | Merck, 80-05-7
(propane-2,2- 4OH)2 Mumbai,
diyl) diphenol India
15 | Triclosan 5-chloro-2- C12H7Clz02 | Merck, 3380-34-
(2,4- Mumbai, 5
dichlorophen India
oxy)phenol
16 | Lead nitrate Lead nitrate | Pb(NO3)2 Merck, 10099-
Mumbai, 74-8
India
17 | Potassium Potassium Ks[Fe(CN)s] | Merck, 13746
. . Mumbai,
ferricyanide hexacyanofer ) -66-2
India
rate
D)

18 | Potassium Potassium Ka[Fe(CN)s]- | Merck, 14459
) 3 Mumbai,
ferrocyanide | hexacyanofer -95-1

India
rate H20
(1) trihydrate
19 | Potassium Potassium KCI Merck, 7447-
chloride chloride Mumbai,
) 40-7
India
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20 | Copper Copper CuSOq4 Merck, 7758-98-
sulphate sulphate Mumbai, 7
India
21 | Ethyl alcohol | Ethanol C2Hs0H Merck, 64-17-5
Mumbai,
India
22 | Glutardialdeh | Pentanedial CsHsO2 Merck, 111-30-8
yde Mumbai,
India
23 | Cadmium Cadmium Cd(NOs3)2.4H | Merck, 10022
nitrate nitrate @) ;
2 Mumbai, -68-1
tetrahydrate tetrahydrate India
24 | Zinc sulphate | Zinc sulphate | ZnSO4 Merck, 7446-20-
Mumbai, 0
India
25 | Chromium Chromium CrCls Merck, 10049-
chloride chloride Mumbai 05-5
India
26 | Methanol Methanol CH3OH Merck, 67-56-1
Mumobai,
India
27 | Sodium Sodium NaOH Merck, 1310-73-
hydroxide hydroxide Mumbai 2
India
28 | N,N- N,N- C3H/NO Merck, 68-12-2
dimethylform | dimethylform Mumbai
amide amide .
India
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https://www.merckmillipore.com/IN/en/search/-?search=&SingleResultDisplay=SFProductSearch&TrackingSearchType=pdp_related_product&SearchTerm=*&SearchParameter=%26%40QueryTerm%3D*%26feature_cas_no_value%3D7758-98-7
https://www.merckmillipore.com/IN/en/search/-?search=&SingleResultDisplay=SFProductSearch&TrackingSearchType=pdp_related_product&SearchTerm=*&SearchParameter=%26%40QueryTerm%3D*%26feature_cas_no_value%3D7758-98-7
https://www.merckmillipore.com/IN/en/search/-?search=&SingleResultDisplay=SFProductSearch&TrackingSearchType=pdp_related_product&SearchTerm=*&SearchParameter=%26%40QueryTerm%3D*%26feature_cas_no_value%3D64-17-5

29 | Nickel Dichloronick | CI2Ni Merck, 7718-54-
chloride el Mumbai 9
India
30 | Oxalic acid Oxalic acid C2H204 Merck, 144-62-7
Mumbai,
India
31 | Sodium Sodium NacCl Merck, 7647-14-
chloride chloride Mumbai 5
India
32 | Hydroquinone | Benzene-1,4- | CsHeO2 Merck, 123-31-9
diol Mumbai,
India
33 | Phenol Phenol CesHsO Merck, 108-95-2
Mumbai,
India
34 | Sodium Sodium NaNO3 Merck, 7631-99-
nitrate nitrate Mumbai 4
India
35 | Magnesium Magnesium MgSQOg4 Merck, 7487-88-
sulphate sulphate Mumbai 9
India
36 | Sulphuric acid | Sulphuric H2S04 Merck, 7664-93-
acid Mumbai, 9
India

Water purification system (Arium Mini Plus UV Lab) was used to obtain the
purified water having the water resistivity (at 25°C) is 18.2 MQ x cm & < 20 puS/cm.
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https://www.merckmillipore.com/IN/en/search/-?search=&SingleResultDisplay=SFProductSearch&TrackingSearchType=pdp_related_product&SearchTerm=*&SearchParameter=%26%40QueryTerm%3D*%26feature_cas_no_value%3D108-95-2

Double distilled water is employed to prepare all the solutions. Acetate buffer and
phosphate buffer solutions were prepared using the known methods described
elsewhere (Po & Senozan, 2001). The standard analyte solutions were diluted using
the stock solution and their pH was adjusted using 0.1 M HCI or NaOH solutions. All

interfering ion solutions were prepared using 1000 ppm AAS standard solutions.

2.3. INSTRUMENTS

All weighing was performed using an electronic balance (HPB220, Wensar,
India). All the solutions pH were adjusted using Microprocessor pH meter (Labtronics,
India). Collecting solid samples using centrifuge (REMI-23, Vasali, India) having RPM
of 6900. Sonicator (LMUS-4, Wensar, India) was used for sonication of electrodes
after polishing. A UV-Visible spectrophotometer (UV-1800, Shimadzu, Japan) was
used for analysing silver nanoparticles in the fixed wavelength of 200 nm to 600 nm.
The characterisation of chitosan (CH) and composite materials (CHMTS and CHTMS)
and nanocomposite (CHTMS+Ag(NPs)) material was done using Fourier Transform
Infra-Red Spectrometer (FT-IR, IR Affinity-1S, Shimadzu, Japan) within the

wavenumber of 500 to 4000 cm™.

X-Ray diffraction (XRD) instrument (PANalytical, X'Pert PRO MPD,
Netherland) was utilised to obtain the diffraction pattern of CH, CHMTS, CHTMS and
CHTMS+Ag(NPs) materials with the set operation condition: scan rate 0.033 of 20
illumination, and generator 30 mA, 40 kV. Anode material Cu Ko and Koo radiations
were utilised, which have the wavelengths of 1.5406 and 1.54443 A. Surface area, pore
size and pore volume of CH, CHMTS and CHTMS material were obtained using
Brunauer-Emmett-Teller (BET) analyses (Micromeritics, ASAP 2000 V2.04, USA)
based on N adsorption and desorption isotherm.

The surface morphology of the CH, CHMTS, CHTMS and CHTMS+Ag(NPs)
materials were obtained using a Field Emission Scanning Electron Microscope/Energy
dispersive X-Ray (FESEM/EDX: JEOL JSM 7100F; Oxford Xmax, Japan), Operation
condition: SEI Resolution used: 15 kV, Magnification: 10 - 1000000, Accelerating
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Voltage: 0.2 - 30kV, Probe Current: 1pA- 400nA and Electron Gun used: In-lens
Schottky field emission gun and High Resolution Transmission Electron Microscopic
(HRTEM: JEOL, JEM 2100; Oxford Xtreme, Japan) operated at an Acceleration
voltage: 200 kV, Magnification: X40K, Emission current (status): 113 pA, Spot size
(diameter): TEM Spot 1, Alpha 3, Current density: 0.3 pA/cm?, Experiment time: 0.3
sec. M.

TOC analyser (TOC-VCPH/CPN, Shimadzu, Japan) was used to analyse the
NPOC and IC of the real water sample collected from different locations in Mizoram.
The instrument is operated at high temperature catalytic oxidation of pollutants (680°C
combustion) and a non-dispersive infra-red (NDIR) detector was used to analyse the
generated COo.

Similarly, the water samples were subjected for elemental analysis such as Cu,
Ca, Zn, Pb, Ni, Fe, Mn utilising Atomic Absorption Spectrometer (AAS) (Model: AA-
7000, Shimadzu, Japan). Calibration of AAS was done using standards (1000 ppm) of
all the elements procured from Merck, Mumbai, India, and made three different
concentrations through serial dilution for each element and calibrated using the
prepared concentration for each elemental analysis.

Multiparameter photometer (Hanna, model: Hi83300, USA) was used for
analysing nitrate, phosphate, sulphate and fluoride along with Multiparameter
waterproof meter (probe) (Hanna, model: HI98194, USA), which determines on site
the pH, ORP (Oxidation-Reduction Potential), conductivity, resistivity, TDS (Total
Dissolved Solid) and salinity of the real water sample.

Electrochemical characterisation of the test solutions was carried out using
cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS).
Whereas, the electrochemical measurement (detection of pollutants) was carried out
by differential pulse anodic stripping voltammetry (DPASV) using electrochemical
workstation (Biologic Instruments, Model SP-200, France). All the experiment was
conducted using reference electrode Ag/AgCI/KCI (3.5M) (BaSi, USA, Model: RE-
5B, France), platinum electrode was used as counter electrode (outer diameter-6 mm,

inner diameter 1.6 mm; Model: A-002013, France) and working electrode as glassy
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carbon electrode (GCE) (outer diameter — 6 mm, inner diameter - 3 mm; Model: A-
002421, France). The electrochemical data were analysed using inbuilt computer
software ECLab®.

2.4. ELECTROCHEMICAL METHODS
2.4.1. Cyclic Voltammetry

Cyclic voltammetry is an electroanalytical technique where a potentiostat
applies a triangular potential waveform to an electrochemical system and measures the
resulting current. The triangular waveform is made up of this potential sweep,
sweeping the potential linearly as a function of time. The current is measured as a
function of time but ends up plotting the current as a function of the applied potential
and the plot represents current on the Y-axis and potential on the X-axis and this gives
a cyclic voltammogram. This triangular waveform has several parameters such as it
has an initial potential, which is the starting point of the experiment. It starts at the
point where sweep the potential, then sweep it to the switching potential, which defines
the end of the first segment of triangular potential waveform and then the final
potential, which defines the second segment of linear sweep completing the triangular
waveform representing one cycle (Cf Figure 2.1). The cyclic voltammetry consists of
one or multiple cycles. Initial potential, switching potential and final potential and the
number of segments is adjusted depending on electrochemical systems. In fact, there
are a wide variety of potential waveforms that can be created just based on adjusting
the parameters. The classical triangular potential waveform is not strictly the only
waveform used in cyclic voltammetry. In classical triangular potential waveform
consists of two segments, if it only consists of one segment it is referred as linear sweep
voltammetry. The final parameter adjusted in a cyclic voltammetry is the slope of the
linear sweep, which is referred as the sweep rate or the scan rate and it is measured of

how fast the sweep is conducted or in other words the potential as a function of time.
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Figure 2.1: Potential sweep from initial potential to switching potential completed first
segment and sweep to the final potential, which represent the second segment

representing one cycle in cyclic voltammetry study.

2.4.2. Pulse voltammetry techniques

In pulse technique, the difference between the charging current decay and
faradaic currents rates of decay, which usually follows a potential step or pulse fashion.
Exponential decay was observed in a charging current whereas, for faradaic current
(diffusion controlled current) decay as a function of 1/(time)Y2. The charging current
decay is much faster compared to faradaic current decay. After the potential step, the
charging current becomes insignificant after a time of 5R.Ca (RuCa is the
electrochemical cell, time constant ranging from ps to ms). Since only the faradaic
current is present beyond this point (charging current), monitoring the current at the
end of a potential pulse allows for the separation of the faradaic and charging currents.
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Important parameters for pulse technique include pulse amplitude, pulse width and
sampling period. Pulse voltammetry is of three types as:

Normal pulse voltammetry (NPV)

In this type of technique, a series of potential pulses are applied, which have
the same width and increase amplitude. The potential keeps coming back to its initial
value after every pulse. The measurement of current is done at the end of each pulse.
The duration of pulses is usually 1 to 200 ms and the interval is of several seconds.

Normal pulse voltammogram is of sigmoidal shape.
Differential Pulse Voltammetry (DPV)

In this type of technique, the potential form comprises a small pulse of the same
amplitude of 10-100 mV and this pulse is superimposed on each other in a stair-case
wave fashion. The measurement of the current is done twice after each pulse period.
Firstly, it is measured at the starting of the applied pulse and then at the end of the
same pulse. The differential pulse voltammogram shows differentiations between the

measured current for every pulse.
Square wave voltammetry (SWV)

It is one of the most advanced, fast and sophisticated techniques. The potential
form of SWV comprises a symmetrical square wave pulse having the same amplitude
(ESW). This pulse is superimposed in a stair-case wave fashion. In SWV, the potential
changes from a small potential step i.e., dE. In this technique the current is measured
two times at the end of every cycle. Oxidative current i.e., forward current is produced
when the measurement of current is done at the end of half cycle of oxidation.
Similarly, the reductive current i.e., the backward current produced and the
measurement of the current is done at the end of the half cycle of reduction. From

subtraction between the backward and forward current is the net current in SWV.
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2.4.3. Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) is an electrochemical
technique that measures the impedance of a system depending on the frequency of AC
(alternating current) potentials. The impedance is an electrical parameter used in real
world circuit elements that exhibit complex behaviours, unlike the ideal resistor.
Similar to resistance, impedance is also a measure of the circuit’s potential to resist the
current flow. However, it is not limited by the ideal resistor properties such as
independence of frequency, fulfilment of Ohm’s law at all levels of voltage and
current, and lastly, the phase coherence of current and voltage signals through the
resistor. While resistance is the ratio of voltage/potential and current for a direct
current (DC) system, the impedance is the ratio of voltage/potential and current for AC
systems. Usually, it is measured by the application of an AC potential to an
electrochemical cell and then measuring the current through the cell. Assuming that
we apply a sinusoidal potential excitation, the response to this potential is an AC
signal. This current signal is analysed as a sum of sinusoidal functions (a Fourier
series). Electrochemical impedance is normally measured using a small excitation
signal so that the response of the cell is pseudo-linear. In a linear (or pseudo-linear)
system, the current response to a sinusoidal potential will be a sinusoid at the same
frequency but shifted in phase. Therefore, it behaves like a wave, and because of this
nature, it is necessary to define impedance with two parameters which are (i) total
impedance (Z) and (ii) phase shift (®). These are expressed in the impedance spectra
in the form of Nyquist plots and Bode plots. The expression for Z(®) (where o is
angular velocity of current; ® =2mv; where v is the frequency) is made up of two
components - real and imaginary components. In the Bode plot, the impedance is
plotted against log frequency on the X-axis and absolute impedance values (|Z|=Zo)
and phase-shift on the Y-axis. A "Nyquist Plot" is obtained by plotting the real
component on the X-axis and the imaginary component on the Y-axis of the graph.
The Y-axis is negative in this plot, and each point on the Nyquist Plot represents the
impedance at a given frequency. Fitting EIS data to an equivalent electrical circuit
model is a common method of analysing EIS data. The majority of the circuit elements

in the model are standard electrical components such as resistors, capacitors, and
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inductors. In EIS experiments of real samples, capacitors frequently do not behave
ideally. Rather, they function as a constant phase element. These circuit components
relate to certain electrochemical properties such as solution resistance, double layer
capacitance, polarization resistance, charge transfer resistance, etc. which are
important factors in the impedance of electrolytic cells. Thus, by fitting experimental
EIS data collected from electrolytic cells to a suitable electrical circuit model, the
values of these electrochemical parameters are optimized by the least square fitting

method and accordingly the equivalent circuit is obtained.
2.5. MATERIALS PREPARATION
2.5.1. Preparation of plant leaf extracts (Psidium guajava)

Fresh and matured leave of guava (Psidium guajava) was collected from the
Mizoram University, India, campus premises and washed thoroughly using distilled
water for removing foreign material and using oven it was dried at 50°C. After drying,
leaves were chopped into smaller pieces. The chopped leaf was weight 5 gm and
grinded using mortar and pestle to form a paste and dispensed in double distilled water
of around 60 mL under stirred and kept stirring for 30 minutes at room temperature.
The solution mixture was filtered using Whatman filter paper (pore size 11um) after
30 minutes of stirring Figure 2.2. After filtration of the leaf extract it was stored in a

polyethylene bottle and kept in the refrigerator for further usage.
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Figure 2.2: Extraction of phytochemicals from Psidium guajava leaves; (a) Psidium
guajava chopped leaves; (b) grinded leaves was stirred with 60 mL of double distilled
water for 30 minutes; and (c) leave extract, filtered using Whatman filter paper (pore

size 11um).

2.5.2. Leave extract phytochemical analysis

Different phytochemicals present in Psidium guajava leaves extract were
analysed qualitatively. Several test was conducted using the standard phytochemical
method such as, test for alkaloids, glycosides, steroids (Chandraker et al., 2020),
flavonoid (Rattanachaikunsopon & Phumkhachorn, 2010), saponins (Adeyemi et al.,
2009), quinones (Vaidyanathan & Kiruba, 2014), tannin (Mailoa et al., 2014) and
terpenoids (Biswas et al., 2013) were carried out and positive results were confirmed

for these phytochemicals.

Alkaloids Test: The mixture of 2 mL of leaves extract and 2 mL of 10% aqueous
hydrochloric acid was agitated for 20 minutes. Wagner's reagent was added in small
amounts to 1 mL of the mixed solution, which produced a white precipitate that

showed the presence of alkaloids.

Glycosides Test: Add 2-3 drops of Molisch's reagent to 1 mL of the leaves extract and
few drops of concentrated H.SO4 added slowly to the reaction mixture. The creation
of a ring (brownish) at the junction of the solution mixture verifies the presence of

glycosides.

Steroids Test: Chloroform 2mL was dispensed in 2 mL of the leaves extract. And add
2 mL of chloroform, which forms the lowest layer of the solution mixture and indicates

the presence of steroids in the leaves extract, to the solution mixture slowly.

Flavonoid Test: A test tube containing 3 mL of filtered leaves extract was mixed with

1 mL of 10% NaOH, the liquid became yellow, indicating the presence of flavonoids.

Saponin Test: Shaking vigorously after adding 5 mL of the leaves extract to 5 mL of

distilled water causes foam to develop, indicating the presence of saponin.
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Quinone Test: When a few drops of concentrated H.SO4 are added to 1 mL of leaf
extract, the liquid changes colour from clear to yellowish brown, indicating the

presence of quinone.

Tannin Test: Shake vigorously after adding 2 mL of a 5% ferric chloride solution to
1 mL of the leaf extract. The presence of tannin in the leaf extract was confirmed by

the observation of a dark green coloration.

Terpenoids Test (Salkowski test): To create a mixed solution, 5 mL of the leaves
extract was placed in a test tube along with 2 mL of chloroform. 3 mL of concentrated
H>SO4 was added to the solution mixture slowly. This will create a layer that is reddish
brown in colour at the interface, indicating that terpenoids are present in the leaf

extract.

2.5.3. Composite/nanocomposite material synthesis

2.5.4. Composite material synthesis

Chitosan (CH) (degree of deacetylation > 75%) was used as a substrate
material. The 30 gm of chitosan was taken in a three neck round bottom flask and
dispensed using 300 mL of N, N-dimethylformamide under constant stirring in a
magnetic stirrer. After complete dispensed of chitosan in N, N-dimethylformamide, 30
mL of trimethoxyoctylsilane/3-mercaptopropyl trimethoxysilane was slowly
introduced using micropipette dropper under constant stirring and under nitrogen
atmosphere. The flask was sealed and stirred for 48 hours under a nitrogen atmosphere
at 105°C and refluxed using the condenser. After 48 hours the heating was stopped
and a mixture of 90 mL acetic acid and 180 mL of ethanol was added into the reaction
mixture under constant stirring and again sealed the flask and stirred for another 24
hours under nitrogen atmosphere at room temperature Figure 2.3 (a). The formation of
gel was observed and it was clearly dispersed in the reaction mixture, which was then
collected using centrifugation at 4000 RPM (Revolution Per Minutes). The composite
gel was washed with methanol 10 times and dried in a hot air oven at 50°C for 12
hours. The dried composite material was grinded into its powder form using mortar

and pestle and sieved the grinded composite material using 100 nm BSS (British

35



standard sieve) sieve to make into powder form. The powder was used for
characterization as well as for preparation of casting solution. The powder was stored
in an airtight polyethylene container and labelled as CHTMS (chitosan-
trimethoxyoctylsilane) and CHMTS (chitosan-3-mercaptopropyl trimethoxysilane)
Figure 2.3. (b &c).

(b) CHTMS SOLID

(¢) CHMTS SOLID

Figure 2.3: (a) Setup and synthesis of silane grafted chitosan and synthesized
composite material; (b) CHTMS solid; (c) CHMTS solid; (d) casting solution for
CHTMS; (e) casting solution for CHMTS; (f) Synthesized CHTMS+Ag(NPs), casting

solution.

2.5.5. Casting solution preparation and nanocomposite material synthesis:
2.5.51. Casting solution preparation for composite material

50 mg of (CHTMS/CHMTS) composite material in a powder form was
dispensed with 10 mL of 1% acetic acid solution to obtain 0.5% composite material
stock solution. The solution mixture stirred for 12 hours using a magnetic stirrer. The
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solid was completely dissolved and after the dissolution, the pH of the solution mixture
was adjusted to 5.1 by adding freshly prepared 0.1 M NaOH. The solution mixture was
collected using a centrifuge at 4000 RPM, and dispensed the sample in 10 mL of
double distilled water, which was used as a casting solution as shown in Figure. 2.3 (d
&e) form fabricating GCE.

2.5.5.2. Synthesis of nanocomposite material and casting solution preparation
(CHTMS+Ag(NPs))

10 mL of solution mixture pH 5.1 (from casting solution preparation), freshly
prepared 10 mL of AgNOz (30 mM) solution was vigorously mixed and stirred for 1
hours. After 1 hour of stirring 0.2 mL of Psidium guajava leaf extract was added and
stirred the solution mixture for another 3 hours at 60°C under reflux. The solution
colour was gradually changed from pale yellow to deep yellow. Further, the formation
of silver nanoparticles was confirmed using the UV-visible measurements. The UV-
Vis spectra were recorded within the wavelength range 200 nm to 600 nm. The
nanocomposite material (CHTMS+Ag(NPs)) was collected using centrifugation at
4000 RPM and washed with double distilled water several times to remove any
unreacted AgNOs.
2.5.5.3. Preparation of Casting solution for CHTMS+Ag(NPs)

After washing the collected sample was dispensed in 10 mL of double distilled
water to form the final nanocomposite (CHTMS+Ag(NPs)) casting solution for
fabricating GCE Figure 2.3 (f).

2.6. MATERIALS CHARACTERIZATION

UV Visible spectrophotometer was used to confirm the formation of Ag(NPs)
within the nanocomposite material (CHTMS+Ag(NPs)). The solution mixture of
synthesized CHTMS+Ag(NPs) along with the bare composite and silver nitrate
solutions were subjected to the UV-Vis Spectra. The UV-Vis spectra were recorded
within the wavelength of 200 to 600 nm. Bare chitosan (CH), composite materials
(CHTMS, CHMTS) and nanocomposite material (CHTMS+AgNPs) were
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characterised using FT-IR Spectrometer. The FT-IR analysis enabled us to identify the
functional groups present in the solids. The FT-IR spectra was recorded within the
wavenumber of 500 to 4000 cm™. Similarly, the XRD (X-Ray Diffraction) pattern of
CHTMS and CHTMS+Ag(NPs) was obtained. Further, the XRD pattern was enabled
us to identify the Ag(NPs) in the CHTMS+Ag(NPs) material. The diffraction peaks of
CHTMS+Ag(NPs) material was used to estimate the crystallite size of solids under the

powder X-ray diffraction results using the Scherrer formula (2.1)

0.91
d= % cos0 .21

where ‘d’ is the crystallite size, A is the wavelength of X-ray radiation source, g is the
full width at half maximum (FWHM) of the XRD peak at diffraction angle 6
(Govindan et al., 2012).

The BET (Brunauer-Emmett-Teller) analyses of CH, CHTMS and CHMTS
was conducted using the powder samples. The surface area, pore size and pore volume
of the materials were obtained with the N2 adsorption and desorption isotherms.

Surface morphology study along with elemental mapping of the materials i.e.,
CH, CHTMS, CHMTS and CHTMS+Ag(NPs) was studied using glassy carbon plate
(1 mm thick) which was polished first using 0.005 um alumina slurry rubbing solution
and washed with double distilled water, followed by polishing using 1 pum diamond
rubbing solution and sonicated using ethanol and double distilled water for 2 minutes
and dried in a hot air oven at 40°C for 30 minutes. Further, the dried and clean glassy
carbon plate was casted using 0.02 mL casting solution of CH, CHMTS, CHTMS and
CHTMS+Ag(NPs) and dried in the hot air oven at 40°C for 30 minutes. The casted
glassy carbon sheets were then subjected for the field emission scanning electron
microscope/energy dispersive X-Ray analysis (FE-SEM/EDX). HRTEM (high
resolution transmission electron microscope) micrographs were obtained for CH,
CHTMS, CHMTS and CHTMS+Ag(NPs) using the powder samples of these solids.
The TEM micrographs enabled us to optimize the nanoparticle size and distribution.
Further, using J software the average particle size was estimated and the d-spacings of
the nanoparticle was calculated by Gatan digital micrograph software.
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2.7. ELECTRODES FABRICATION
2.7.1. GCE

Fabrication of GCE was done using a straightforward drop casting technique.
First, GCE (outer diameter — 6 mm, inner diameter - 3 mm) was polished using GCE
polishing pad along with 0.005 pm alumina slurry solution and washed with double
distilled water and further polished using 1 pum diamond rubbing solution and washed
again with double distilled and sonicated in ethanol and double distilled water for 2
minutes each using ultrasonic cleaner sonicator to remove any impurities on the
electrode surface and washed with double distilled water and dried in hot air oven at
40°C for 30 minutes Figure 2.4 (a&b). The clean and dried GCE was drop casted using
the prepare casting solution, only 0.02 mL of casting solution was drop casted and
dried in the hot air oven for 30 minutes at 40°C. After drying the fabricated electrode
is ready for experiment in case of micropollutant detection study. Whereas for heavy
metal detection study GCE was drop casted with CHTMS and CHTMS+Ag(NPs)
casting solution and dried in the hot air oven and after drying the fabricated electrode
(CHTMS/GCE and CHTMS+Ag(NPs)/GCE) was again crosslinked using 0.1%
glutaraldehyde solution for 5 minutes each and washed with double distilled water to
remove any uncross linked glutaraldehyde solution on the surface of the fabricated
electrode and further dried the fabricated electrode in the hot air oven at 40°C for 30
minutes. After drying the fabricated electrode is ready for experiment Figure 2.4 (d
&e).
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Figure 2.4: Fabrication of GCE (a) GCE along with polishing pad and solution; (b)
Sonicating after polishing the GCE for two minutes each using ethanol and double
distilled water; (c) simple drop casting method was followed; (d) drying the fabricated
GCE at 40°C for 30 minutes; (¢) Fabricated GCE is ready for experiment.

2.8. PROCEDURES FOR ELECTROCHEMICAL METHODE
2.8.1 Electrodes electrochemical characterization

First, cyclic voltammograms were recorded in presence of 20.0 mg/L bisphenol
A (BPA) and triclosan (TCS). The voltammograms were recorded using supporting
electrolyte phosphate buffer solution of pH 10.0 and 8.0 for BPA and TCS, with fixed
potential window of -0.1 to 1.0 V (Ag/AgCl) and scan rate of 100 mV/s utilising
CHMTS/GCE working electrode. While the scan rate study was conducted for bare
GCE, CH/GCE, CHMTS/GCE, CHTMS/GCE and CHTMS+Ag(NPs)/GCE at varying
scan rate of 20 to 150 mV/s at potential window of -0.5 to 0.1 V using the 0.002 M
standard redox couple [Fe(CN)s]** and the supporting electrolyte of 0.1 M acetate
buffer solution. With the increase of scan rate, the peak current increases linearly and
obtains a straight-line equation from the calibration curve which is a diffusion control

process and follows Randles-Sevcik equation (2.2).
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I, =2.69x10% xn?/3 x v¥/2 x D2 x C x A ..(2.2)

where Iy is the peak current (mA); n is the number of electrons involved in redox
process, D is the Diffusion coefficient of [Fe(CN)s]*’* in aqueous media and equal to
6.70 x 1077 cm?/s, v is the scan rate (mV/s), C is the concentration of electroactive
species (M), and A is the electroactive surface area of working electrode (mm?)
(Marken et al., 2002).

For EIS characterisation, the fabricated electrodes CH/GCE, CHTMS/GCE,
CHMTS/GCE and CHTMS+Ag(NPs) along with bare GCE were studied. The
impedance spectra were collected for all the employed between 80 kHz and 100 MHz
in the redox couple solution at 6 point per decade with sinusoidal amplitude of 10.0
mV. The best equivalent circuit R1+Q2/(R2+W>) was obtained for all the working
electrode, where R; stands for solution resistance (Rs), Q2 for double layer capacitance
(Ca) at solution and electrode interface, R> for charge transfer resistance (Rct), and W»
for Warburg impedance (Zw) in the Randle's circuit, respectively, provided the best fit
for the obtained Nyquist plot. Using the built-in programme EClab and the least square
fitting approach, equivalent circuit fitting and electrical parameter evolution for each

impedance spectrum are carried out.

2.8.2. Electrochemical determination of pollutants

For determination of heavy meatal toxic ion Pb (IlI), CHTMS and
CHTMS+Ag(NPs) material were used for fabricating GCE and employed in
differential pulse anodic stripping voltammetry study. The supporting electrolyte use
was 0.1 M acetate buffer solution. Before conducting the detection experiment, the
optimisation of experimental parameters was carried out such as pH, deposition
potential, deposition time. The pH was studied from 3.4 to 5.5 in acetate buffer solution
containing 50.0 pg/L Pb (I1). And for deposition potential study was conducted from
-0.6 to -1.0 where deposition time study was conducted from 60.0 to 240.0 second.
And other conditions such as pulse amplitude of 50 mV, scan increment of 10 mV,
and pulse width of 50 ms. were remained constant for all the experiment. Under

optimised condition behaviour of different fabricated electrode such as bare GCE,
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CH/GCE, CHTMS/GCE and CHTMS+Ag(NPs)/GCE were studied. Concentration
study was carried out from 5.0 to 80.0 pg/L. while interfering study was conducted
with the increase of 10 fold interfering ions compared to 50.0 pug/L Pb (l1), such
interfering are Cd (1), Cr (1), Cu (II), Ni (I1), Zn (1), glycine, oxalic acid and
Ethylenediamine tetraacetic acid. Reproducibility study was conducted upon
continuous detection (10 time) of 50.0 ug/L Pb (I1) and stability study was conducted
using time duration of 0 to 48 hours where detection was done after 12 hour each and
the fabricated electrode was stored at room temperature. Real water sample analysis
was conducted using groundwater and spring water which was spiked with Pb (1)
varying concentration of 5.0, 10.0, 20.0, 30.0 and 40.0 pg/L. While recovery rate study
was conducted using the spiked concentration in the real water sample. Whereas, for
micropollutant determination study supporting electrode is 0.1 M phosphate buffer
solution. The fabricated electrode CHMTS/GCE was employed for determination of
bisphenol A (BPA) and triclosan (TCS). Electrochemical behaviour of the
CHMTS/GCE was subjected to CV study to know the reversibility of the pollutant.
Where differential pulse anodic voltammetry was used for electrochemical behaviour
of pollutants toward bare GCE, CH/GCE and CHMTS/GCE. Optimisation of
experimental parameter for BPA and TCS was studied at different concentration such
as for BPA 180.0 ug/L and for TCS is 200.0 ug/L. pH optimisation was done in
phosphate buffer solution at different pH from 6.0 to 10.0. Deposition potential was
studied from 0.15 to 0.35 V for BPA and for TCS is from 0.2 to 0.5 V. And time study
is from 90.0 to 210.0 second for BPA whereas, for TCS is from 60.0 to 180.0 second.
Under the optimised experimental condition electrochemical determination of BPA
and TCS was carried out from 140.0 to 200.0 pg/L concentration. For interfering study
10 fold increase in interfering ion was employed in determination of BPA and TCS.
Such interfering ions are phenol, hydroquinone, oxalic acid, glycine, Ethylenediamine
tetraacetic acid, ClI', NO3 , Mg™, Na'. For reproducibility and stability, study
continuous determination of BPA (180.0 pg/L) and TCS (200.0 pg/L) in variation of
time i.e., 0 to 48 hours. Real matrix study was conducted using spring water, river
water and ground water which is spiked with varying concentrations of BPA and TCS.
And the recovery rate study was conducted using the spiked concentration in a real

water sample. For calculating limit of detection (LOD) and limit of quantification

42



(LOQ) the standard equation was used i.e., LOD= 3 x SD/m and LOQ= 10 x SD/m,
where SD is the standard deviation of six replicate of blank sample, ‘m’ is the mean
slope of the calibration line (Uhrov¢ik, 2014). Furthermore, RSD (relative standard
deviation) was calculated using the equation percent RSD=s*100/m, where ‘s’ denotes

the standard deviation and ‘m’ is the mean of the data (Gao et al., 2013)
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RESULTS AND DISCUSSION



3. RESULTS AND DISCUSSION
3.1. MATERIALS CHARACTERIZATION
3.1.1. Phytochemical analysis of Psidium guajava leaves extract

The presence of numerous phytochemicals in Psidium guajava leaves extract
were investigated using the standard qualitative tests. The results are shown in Table
3.1. It is evident that the alkaloids, glycosides, steroids, flavonoids, quinones, tannin,
and terpenoids show positive test results. This confirmed the presence of these
phytochemicals in the leaf extract. The presence of flavonoids reduces the Ag* ions
and stabilizes the nanoparticles by capping the reduced nanoparticles (Kalainila et al.,
2014).

Table 3.1: Phytochemical screening results. (+)= present

Phytochemicals Results
Alkaloids +
Glycosides +
Steroids +
Flavonoids +
Saponin +
Quinones +
Tannin +
Terpenoids +
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3.1.2. UV-Visible spectroscopic analysis of Ag(NPs)

A UV-visible spectra demonstrates the formation of Ag(NPs). Therefore, UV-
Visible spectra of the CHTMS, AgNOs and CHTMS+Ag(NPs) are shown in Figure
3.1 CHTMS+Ag(NPs) showed a strong SPR (surface plasmon resonance) peak at 440
nm, confirming the prsence of Ag(NPs) with the CHTMS material. The SPR peak of
CHTMS+Ag(NPs) sample occurred due to the reduction of Ag* to Ag® by the
phytochemicals present in the leaf extract whereas no absorption peak appeared for
CHTMS and AgNOz (Chen et al., 2014). Further, the Figure 3.1 (inset) shows an
apparent colour of the CHTMS and CHTMS+Ag(NP) solutions. A distinct colour
change with the CHTMS+Ag(NP), clearly inferred the presence of Ag(NPs) in the

composite.
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Figure 3.1: UV visible absorption spectra of the CHTMS, AgNOs: and
CHTMS+Ag(NPs) and inset CHTMS and CHTMS+Ag(NPs) solutions.

3.1.3. FT-IR analysis for synthesized materials

The FT-IR spectra of bare chitosan (CH), chitosan-trimethoxyoctylsilane

(CHMTS),

chitosan-3-mercaptopropyl  trimethoxysilane ~ (CHTMS)
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CHTMS+Ag(NPs) materials are shown in Figure 3.2 and the identified FT-IR
vibration bands are included in Table 3.2. All these materials show the prominent FT-
IR bands of alkyl, amide, N-H, O-H stretching vibrations, chitosan glycosidic linkages
(-C-O-C-) (Cf Table 3.2). In CH, the stretching vibration of N-H and O-H appear in
the region between 3000-3500 cm™, which is almost diminished in CHTMS, CHMTS
and CHTMS+Ag(NPs) materials. The alkyl vibrational band is observed around the
wave number of 2916 and 2877 cm, whereas the amide peaks occurred around 1651
and 1558 cm™ in the CH. However, the amide band is shifted from 1558 t01544 cm
in CHMTS material while in CHTMS, the amide band is shifted from 1558 to 1543,
respectively. This inferred the grafting of silane molecules with the amino group of
chitosan (Lalhmunsiama et al., 2016). Whereas, in CHTMS+Ag(NPs) material the
amide band was further shifted from 1543 to 1566 cm™ with reduced vibrational
intensity of N-H band (Prakash et al., 2012). The -CH stretching bands were observed
at 2916 and 2877 cm™ is associated with the propyl group introduced within the
chitosan using the trimethoxyoctylsilane and 3-mercaptopropyl trimethoxysilane.
Stretching vibrations around 1000-1100 cm™, 900-950 cm™ and 700-800 cm™ were
assigned to the presence of Si-O-Si, Si-OH and Si-O-Si in the CHMTS, CHTMS and
CHTMS+Ag(NPs) (Lalhmunsiama et al., 2016). These results revealed that the silanes
viz., the trimethoxyoctylsilane and 3-mercaptopropyl trimethoxysilane are

successfully grafted with the chitosan matrix.

Table 3.2: Prominent FT-IR peaks of the CH, CHMTS, CHTMS and
CHTMS+Ag(NPs) solids.

FT-IR CH CHMTS CHTMS CHTMS+AQ(NPs)
Vibrational (cm™)
(cm™) (cm?) (cm?)
bands
Alkyl bond 2870, 2870, 2924 2870, 2924 2870, 2924
2924
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Amide bond 1651, 1558 to 1544 | 1558to0 1543 1543 to 1566
1558 (Decreased
intensity)
-NH and -OH 3363 Diminished Diminished Diminished
stretching
vibrations
-C-0O-C- 1100- 1100-1000 1100-1000 1100- 1000
glycosidic 1000
linkage
Stretching 800-700 800-700 800-700
vibration of
Si-O-Si bond
Vibration of 900-950 900-950 900-950
Si-OH
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The X-ray diffraction pattern of the CHTMS and CHTMS+Ag(NPs) are shown
in Figure 3.3. The XRD pattern shows two diffraction peaks at 20 value of 9.5 and
20.26 in both the samples, which confirmed the semi-crystalline nature of chitosan.
The higher degree of deacetylation of chitosan shows high degree of crystallinity; this
is due to chains of chitosan with high degree of deacetylation are more flexible and
with fewer large acetyl side groups (Yuan et al., 2011). The additional diffraction
peaks appeared with the CHTMS+Ag(NPs) solid at the 20 values of 38.38, 46.59,
64.79 and 77.43, which ascribed to the diffraction from the (111), (200), (220) and
(311) planes of the Ag(NPs) (JCPDS card no. 04-0783). In addition, some additional
peaks appeared in the XRD pattern which is, possibly, due to the some organic
compounds/proteins present in the nanoparticle synthesis (Kalaivani et al., 2018;
Prakash et al., 2012). Further, the mean crystallite size of the Ag(NPs) was obtained
using the Scherrer Equation (2.1) (Govindan et al., 2012) and the calculated crystallite

size was 28.17 nm.

The specific surface area, pore size and pore volume of CH, CHTMS and
CHMTS are obtained by the BET analyser with nitrogen adsorption and desorption
isotherms and the results are returned in Figure 3.4. The N2 adsorption and desorption
isotherms show that all these materials follow type IV isotherm with an H3-type
hysteresis loop, which consists of mesopores with slit-shaped pores (Cao et al., 2015;
Rusmin et al., 2015). The surface area, pore size and pore volume of CH, CHMTS and
CHTMS were returned in Table 3.3. CH has a surface area of 0.172 m?/g, whereas the
surface area of CHMTS and CHTMS was increased to 1.013 m?/g and 0.795 m?/g
which is due to the grafting of silane within the chitosan matrix. The pore size of CH
was larger i.e., 48.75 nm compared to CHMTS and CHTMS i.e., 35.21 nm and 35.12
nm, respectively. This is because grafted silane preferably occupied the pores of CH,
resulting in decrease in pore size. However, the pore volume was increased from
0.0024 cm?®/g (for CH) to 0.0097 cm®/g (for CHMTS) and 0.0057 cm®/g (for CHTMS).
Similar  results were obtained by grafting of chitosan with  3-
aminopropyltriethoxysilane resulting in enhanced surface area (Lalnmunsiama et al.,

2016). Similarly, a significant increase in the surface area of composite material
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(chitosan/nano-Al20s i.e., 38 m®/g) was obtained compared to the bare chitosan
(Zavareh et al., 2015).

Table 3.3: Surface area, pore size and pore volume of the CH, CHMTS and CHTMS

materials obtained from the BET analysis.

Materials Surface area Pore size Pore volume
(m?2/g) (cm?¥/g)
(nm)

CH 0.172 48.75 0.0024
CHMTS 1.013 35.21 0.0097
CHTMS 0.795 35.12 0.0057
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Figure 3.4: N2 adsorption-desorption isotherms for the solids CH, CHTMS and
CHMTS materials.

3.1.4. Surface morphology of solids

Surface morphology of CH and CHMTS, CHTMS and CHTMS+Ag(NPs)
were studied using the scanning electron microscope (SEM) images of these solids and
shown in Figure 3.5. The SEM image of bare CH shows a heterogeneous and porous
surface where the pores are randomly distributed on the surface of chitosan. The
polymer is dense and very disordered on the surface (Cf Figure 3.5 (a)). However, the
SEM image of CHTMS composite material shows a very dense surface structure. The
surface is heterogeneous and disordered but pores and surface are predominantly
occupied by the silane molecules (trimethoxyoctylsilane) (Cf Figure 3.5 (b)).
Moreover, perhaps, the silica is visible on the surface as white illuminations. Similarly,
the material composite material CHMTS (i.e., 3-mercaptopropyl trimethoxysilane
grafted chitosan) shows heterogeneous and dense surface structure. Silanes are
predominantly occupied the surface and pores of the chitosan. Previously, it was
reported that the grafting of silanes with chitosan caused for more dense and
heterogeneous surface structure of solids (Lalhmunsiama et al., 2016). Finally, the
SEM image of (CHTMS+Ag(NPs)) solid is shown in Figure 3.5 (d). It is evident from
the SEM image that the Ag(NPs) are distinctly distributed onto the surface of
composite CHTMS material. No agglomeration of Ag(NPs) is observed on the solid
surface (Prakash et al., 2012).
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Figure 3.5: The SEM micrographs of (a) CH (Chitosan); (b) CHTMS; (c) CHMTS;
and (d) CHTMS+Ag(NPs) materials.

Furthermore, Figure 3.6 (a-d), shows the energy dispersive X-ray spectra of
these solids i.e., bare chitosan (CH), CHMTS, CHTMS and CHTMS+Ag(NPs). The
EDX spectra of these solids show the distinct peaks of C, N, O, and S elements in all
these solids. This inferred the presence of these elements in all the solids. However,
an additional peak due to the presence of Si is appeared in the composite materials
viz.,, CHMTS, CHMTS and CHTMS+Ag(NPs), further confirmed the presence of
silane with the chitosan (Cf Figure 3.6 (b, ¢ and d)). Further, the nanocomposite solid
CHTMS+Ag(NPs) possessed an EDX peak due to the presence of Ag, inferred the
decoration of composite materials with the Ag(NPs) (Cf Figure 3.6 (d)) (Murugan et
al., 2017).
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Figure 3.6: EDX spectra of (a) CH; (b) CHMTS; (c) CHTMS; and (d)
CHTMS+Ag(NPs) materials.

The TEM micrographs of the chitosan and composite materials are shown in
Figure 3.7 (a-e). Chitosan shows a dense and heterogeneous surface. Moreover, some
linings are visible in the TEM micrographs possibly due to the arrangement of
polymeric molecules within the chitosan network (Cf Figure 3.7 (a)). On the other
hand, the CHMTS and CHTMS materials showed similar heterogenous and dense
surface structure. However, the darker spots indicated that the silanes occupied the
surface of chitosan (Cf Figure 3.7 (b &c)). This inferred the grafting of silane within
the chitosan network. Moreover, the grafted silane is aggregated on the surface and
forms a denser material compared to the bare chitosan. Further, the TEM image of
(CHTMS+Ag(NPs)) solid showed a distinct presence of small sized silver
nanoparticles on the surface of composite CHTMS material. The Ag(NPs) are not
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aggregated and almost spherical in shape (Cf Figure 3.7 (d)). Furthermore, the
Ag(NPs) showed visible and clear fringes with the TEM micrograph ((Cf Figure 3.7
(e)), and Gatan Digital micrograph which was utilized to obtain the d-spacing and
found to be 0.37 nm. Additionally, the average particle size distribution of Ag(NPs)
was obtained using the Image J software and shown in Figure 3.7 (f). The average
particle size histogram inferred that the mean diameter of the Ag(NPs) was 22.32 nm.
The results inferred that the greener and in situ decoration of Ag(NPs) enabled to
obtain spherical and small sized Ag(NPs) which were not aggregated on the surface of

composite material (Uddin et al., 2017).
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Figure 3.7: TEM micrographs of (a) Chitosan (CH); (b) CHMTS; (c) CHTMS; (d)
CHTMS+Ag(NPs); (e) d-spacing of Ag(NPs); and (f) Average particle size
distribution using the histogram for CHTMS+Ag(NPs) solid.
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3.2. ELECTROCHEMICAL CHARACTERISATION OF FABRICATED
GLASSY CARBON ELECTRODES

3.2.1. Cyclic voltammetry (CV) studies

Electrochemical characterisation of bare glassy carbon electrode and fabricated
glassy carbon electrodes viz., chitosan (CH/GCE), CHTMS/GCE, CHMTS/GCE and
CHTMS+Ag(NPs)/GCE was carried out using the cyclic voltammetry technique. The
cyclic voltammograms were collected using the standard redox probe of 0.002 M
[Fe(CN)s]*"* in 0.1 M acetate buffer at pH 4.5. The CV was collected at the scan rate
of 100 mV/s and with the excitation potential window of -0.5 to 1.0 V and results are
returned in Figure 3.8. The intense redox peak currents (l) for [Fe(CN)s]*’* redox
couples were observed using the CH/GCE, CHMTS/GCE, CHTMS/GCE and
CHTMS+Ag(NPs)/GCE. However, the bare GCE show less prominent redox peak
currents. The increase in peak currents using the CH/GCE is due to amino and
hydroxyl group present in chitosan, which facilitated the sorption of iron ions onto the
electrode surface, hence an enhanced redox peak current was recorded. Moreover, the
CHMTS/GCE, CHTMS/GCE and CHTMS+Ag(NPs)/GCE show much increased
peak currents, which is primarily due to the grafting of silane with chitosan matrix,
which provides additional siloxane sites for binding of iron ions along with amino and
hydroxyl groups of chitosan resulted with enhanced electron transfer between the
electrode surface and solution. The heparin/chitosan/reduce graphene oxide modified
GCE showed significantly increased redox peak currents compared to the bare GCE,
which was attributed that the heparin macromolecule contained with high electron
charge density caused faster electron transfer reactions between the electrode and the
analyte solution (Priya et al., 2017). It is worth to be noted that the redox current was
significantly increased using the CHTMS+Ag(NPs)/GCE compared to other
electrodes. This increase in redox currents is attributed due to the combined effect of
amino and hydroxyl group in chitosan along with siloxane site (from grafting of silane)
and availability of free energy charge of AgP® resulting in catalytic activity or
enhancement of electron transfer reactions with enhanced surface selectivity between
electrode surface and the redox couple [Fe(CN)s]** (Prakash et al., 2012; Zahran et
al., 2021)
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Furthermore, comparison of voltammograms using different electrodes i.e.,
bare GCE, CH/GCE, CHMTS/GCE, CHTMS/GCE and CHTMS+Ag(NPs)/GCE the
peak to peak separation was reduced using the composite or nanocomposite electrodes.
More quantitatively, the calculated AE value for CHTMS+Ag(NPs), CHMTS/GCE,
CHTMS/GCE, CH/GCE, and GCE, was found 0.16, 0.18, 0.22, 0.23, and 0.26 V,
respectively. Lower AE value inferred for faster electron transfer rate at the electrode
surface, which resulted in reduction of overpotential and facilitated the faster electron
transfer Kkinetics. Therefore, significantly low values of AE for the
CHTMS+Ag(NPs)/GCE, CHTMS/GCE and CHMTS/GCE facilitate a rapid electron
transfer kinetics. The trichloro(octadecyl)silane grafted bentonite modified carbon
paste electrode showed an enhanced electron transfer at the electrode surface
compared to the bare bentonite (Lalmalsawmi et al., 2020). Moreover, the
trichloro(octadecyl)silane grafted bentonite decorated with Ag(NPs) showed further
increase in electron transfer reactions compared to the composite material, which was
due to the presence of Ag® on silane grafted bentonite surface (Lalmalsawmi & Tiwari,
2021).
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Figure 3.8: Cyclic voltammograms of [Fe(CN)s]*"* (0.002 M; 0.1 M acetate buffer
pH 4.5) obtained at a scan rate of 100 mV/s using the bare GCE, CH/GCE,
CHTMS/GCE, CHMTS/GCE and CHTMS+Ag(NPs)/GCE.
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Figure 3.9: Scan rate studies for redox couple [Fe(CN)e]*"* (0.002 M; 0.1 M acetate
buffer; pH 4.5) using the bare GCE, CH/GCE, CHTMS/GCE, CHMTS/GCE and
CHTMS+Ag(NPs).

Further, the scan rate study was conducted using these electrodes with the
standard redox couple [Fe(CN)s]*"*. The scan rate was varied from 20 mV/s to 150
mV/s at a constant concentration of 0.002 M Fe(CN)s]*’* (0.1 M acetate buffer
solution pH 4.5). The increase in scan rate from 20 mV/s to 150 mV/s, the peak current
was increased linearity with the scan rate (Cf Figure 3.9) for these electrodes i.e., bare
GCE, CH/GCE, CHTMS/GCE, CHMTS/GCE and CHTMS+Ag(NPs)/GCE. Further,
the oxidative peak current (lp: anodic peak current) vs. square root of scan rate (v*2)
was plotted for these electrodes and the linear relationship was obtained (Cf Figure
3.10), which infers that the redox process primarily proceeds through the diffusion-
control and follow the Randle-Sevick equation (Zirlianngura et al., 2017). Using
Randle-Sevick equation (2.2) electroactive surface area was calculated and return in
Table 3.4.
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Figure 3.10: Plots of scan rate (v*'2) vs I, (peak current; anodic peak current) using
different electrodes i.e., bare GCE, CH/GCE, CHTMS/GCE, CHMTS/GCE and
CHTMS+Ag(NPs)/GCE (0.002 M [Fe(CN)e]*>"# (0.1 M acetate buffer; pH 4.5).

The slope of the straight lines was obtained from the linear plots (Cf Figure
3.10), and utilized to obtain the electroactive surface area of employed electrodes (A)
and returned in Table 3.4. The results clearly indicated that the electroactive surface
area of electrodes modified with CHTMS and CHMTS significantly increased
compared to the bare GCE. The increase of surface area for the CHTMS and CHMTS
was 4 fold and 5 fold higher than the bare GCE. Similarly, a 6 fold increase in
electroactive surface area was obtained using the CHTM+Ag(NPs)/GCE compared to
the bare GCE. The electroactive surface area of working electrode deduced with this
method was reported to relate the amount of electroactive sites available on to the
electrode surface (Lalmalsawmi & Tiwari, 2021). Thus, high specific electroactive
surface area could provide an enhanced electroactive response and enable for trace

detection of the analyte.
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Table 3.4: Electroactive surface area of GCE, CH/GCE, CHTMS/GCE, CHMTS/GCE
and CHTMS+Ag(NPs)/GCE obtained by using the Randle-Sevick equation.

Employed Electrode Linear Equation R2 Surface Area
Obtained Estimated
(mm?)
Bare GCE y=0.0015x»+0.0049 0.9977 0.000895
CH/GCE y=0.0038%+0.013 0.9908 0.00237
CHTMS/GCE y=0.0074x%+0.01 0.9918 0.003899
CHMTS/GCE y=0.0117%-0.0087 0.9992 0.00493
CHTMS+Ag(NPs)/GCE | y=0.011x+0.0174 0.9952 0.005827

3.2.2. Electrochemical impedance spectroscopy (EIS) analysis of fabricated

electrodes

A standard redox couple 0.002 M [Fe(CN)s]*’* with supporting electrolyte
(0.1 M acetate buffer; pH 4.5) was employed to study the electron transfer behaviour
at the fabricated electrode surface using the EIS technique. The frequency range was
applied from 80.0 kHz to 100.0 MHz, while maintaining 6.0 per decade at an employed
10.0 mV peak to peak sinusoidal potential. Nyquist plots (Cf. Figure 3.11) was
ascribed by imaginary impedance (-1m(Z)/Ohm) vs. real impedance (Re(Z)/Ohm). Best
fitted Randles circuit for the Nyquist plots was Rs+Cal/(Rct+Zw) (Cf Figure 3.11
inserted), and Zsit of all the working electrodes is shown in Figure 3.11. The equivalent
circuit or Randles circuit indicated that the diffusional element, Warburg (Zw), is
connected in series with a resistor (Rct), which is measured as the electron transfer
resistance (Zainudin et al., 2019). The electrical component (Rs) is the solution

resistance, wire, or even contact resistance, and double layer capacitance (Ca)) occur
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at electrode surface and electrolyte interface. Electron transfer resistance occurs due
to charge (electron) transfer reactions at the electrode and electrolyte interface, while
the Warburg diffusion is due to the ionic species diffusion into the bulk solution
(Lalmalsawmi et al., 2020). The values obtained for these components show that
solution resistance (Rs) of the employed electrodes are almost similar for these
electrodes viz., bare GCE, CH/GCE, CHTMS/GCE, CHMTS/GCE,
CHTMS+Ag(NPs)/GCE (Cf Table 3.5). However, a significant decrease in semicircle
size of the Nyquist plots for the electrodes CHTMS+Ag(NPs)/GCE and CHMTS/GCE
results in significant decrease in R¢t value compared to the bare GCE (Cf Table 3.5).
The smaller semicircle obtained in CHTMS/GCE and CHMTS/GCE is due to the
presence of silane, which further facilitated the electron transfer reactions at the
electrode surface. Moreover, a further decrease in semicircle was obtained using the
CHTMS+Ag(NPs)/GCE, which is due to the presence of Ag® nanoparticles
incorporated with silane grafted chitosan. The incorporated Ag°(NPs), thus facilitated
the electron transfer at the interfacial region. The findings are in line with the cyclic

voltammetry results.
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Figure 3.11: Nyquist plots of bare GCE, CH/GCE, CHTMS/GCE, CHMTS/GCE and
CHTMS+Ag(NPs) with Zsi: modified GCE using the standard probe of [Fe(CN)e]*"*
(0.002 M; 0.1 M acetate buffer at pH 4.5) [Inset: Fitted equivalent circuit].

Table 3.5: The optimized EIS parameters for the best fitted electrical circuit model of
the Nyquist plots for bare GCE, CH/GCE, CHTMS/GCE, CHMTS/GCE and
CHTMS+Ag(NPs)/GCE working electrodes.

Working Electrode Parameters
Rs(€2) Rct(€2)
Bare GCE 205.8 7746
CH/GCE 194.7 678.7
CHTMS/GCE 197.7 646.6
CHMTS/GCE 197.3 633.7
CHTMS+Ag(NPs)/GCE 187.7 431.6

3.3. ELECTROCHEMICAL DETERMINATION OF Pb (11) USING CHTMS
COMPOSITE MATERIAL

3.3.1. Electrochemical behaviour of Pb (11) at different modified GCE under
DPASV

Differential pulse anodic stripping voltammetry (DPASV) was introduced for
the analysis of Pb (1) in aqueous solutions. DPASV analysis was carried out using a
CHTMS modified GCE in 0.1 M acetate buffer solution (pH 4.5) as a supporting
electrolyte with a Pb (I1) concentration of 50.0 pg/L. An applied potential of -0.9 V

for 180.0 sec. was used for the preconcentration step. The DPASV curves obtained for
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the 50.0 pg/L Pb (1) using the bare GCE and CHTMS modified GCE are presented in
Figure 3.12. The results show that there is no oxidative peak current using bare GCE,
which indicates that the bare GCE possesses insignificant affinity towards the Pb (I1)
hence, show no or insignificant oxidative peak current. However, using the
CHTMS/GCE a prominent oxidative peak current is observed at around Ca. -0.35 V.
This demonstrates that CHTMS show high affinity for the Pb (I1). The presence of
amino and hydroxyl groups in chitosan and chelation properties of chitosan towards
metal ions in addition the availability of siloxane binding sites enables the efficient
binding of Pb (II) at the electrode surface, which results in increase in oxidative peak
current. The GCE/Chi-(Bi-CX) (Bismuth doped carbon xerogel and chitosan as
substrate material modified glassy carbon electrode) showed an increased sensitivity
towards the detection of Pb (I1) and Cd (1) compared to the bare GCE. The increased
sensitivity was due to the presence of Bi nanoparticles dispersed with the xerogel
matrix facilitating the electron transfer reactions on the electrode surface (Fort et al.,
2015).

The better performance of the fabricated electrode is due to the crosslinked
chitosan with glutaraldehyde, which forms a three-dimensional network structure as
shown in the Scheme 3.1. The crosslinking of chitosan with glutaraldehyde was
created through the Schiff base reactions (covalent bond formation). In acidic
conditions the chitosan network ionization degree increases, which favours the
osmotic swelling pressure between the hydrophilic network and acidic solution. This
leads to expansion of the gap between the polymer chain making it to hold more water
without disintegrating chitosan structure (Rithe, 2014; Song et al., 2018). Furthermore,
grafting of silane within the chitosan network, functionalizes the composite materials

and shows an enhanced mechanical strength of material (Lalnmunsiama et al., 2016).
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Figure 3.12: DPASV curves obtained for Pb (11) (50.0 pg/L at pH 4.5; acetate buffer
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Scheme 3.1: Crosslinking of chitosan with 0.1 % glutaraldehyde via Schiff base
reactions.

3.3.2. Optimization of experimental parameters

The optimization of experimental parameters is crucial in electrochemical
methods that helps in receiving the sensitive, selective and improved electrochemical
signals. An enhanced and distinct signal helps in trace detection of analytes. Therefore,
the optimisation of or preconcentration studies were carried out for the parameters viz.,
effect of pH, deposition potential and deposition time in 50.0 pg/L Pb (11) using 0.1 M
acetate buffer solution as supporting electrolyte. Other electronics control such as,
Pulse amplitude: 0.05 V; Step potential: 0.0001 V; Modulation time: 0.05 sec.; and

time interval: 0.5 sec. remained constant.

3.3.3. Effect of pH

The electrochemical behaviour of metal ions is strongly influenced by the
solution pH, which is primarily due to protonation/deprotonation and hydrolysis of
metal ions. The influence of pH was studied over a pH range from 3.6 to 5.5, while
maintaining a constant deposition potential (-0.9 V) and deposition time (180.0 sec.)
and a Pb (I1) concentration of 50.0 pug/L in 0.1 M acetate buffer. The pH dependent
DPASV results are shown in Figure 3.13 (a). Figure 3.13 (a) shows that the stripping
peak current (Ip) is increased with increasing pH and attains a maximum peak current
at pH 4.5. With a further increase in pH (pH>4.5), the peak current was slightly
decreased, which is, perhaps, due to the evolution of H,. The lower peak current
response at lower pH is due to the hydrogen ion actively occupying the active sites at
the working electrode (Zuo et al., 2017). Moreover, at high pH values the lead is
seemingly forming the hydroxides and preventing the sorption at the electrode surface,
resulting in decreased peak current. Therefore, pH 4.5 was selected as the optimal pH

for the subsequent electrochemical analysis.
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3.3.4. Effect of deposition potential

In the stripping technique, deposition potential is an important parameter that
improves the sensitivity of detection. The deposition potential was studied within the
potential range of -0.6 to -1.0 V, keeping other parameters constants such as pH (4.5),
deposition time (180.0 sec.) and Pb (1I) concentration of 50.0 pg/L in 0.1 M acetate
buffer solution constant. The deposition potential dependence results are shown in
Figure 3.13 (b). Figure 3.13 (b) shows that with an increase in deposition potential
from -1.0 to -0.9 V, the stripping peak current (lp) is increased from 1.96 to 2.05 pA,
respectively. However, further increase in deposition potential from -0.9 to -0.6 V
caused the peak current from 2.05 to 1.91 pA, respectively. The decreased stripping
peak current is attributed to the generation of hydrogen gas in the medium at higher
applied potentials (Fida et al., 2017). Therefore, a maximum value of peak stripping

current (Ip) was obtained at an applied potential of -0.9 V.

3.3.5. Effect of deposition time

Similarly, the influence of deposition time was studied at varied deposition
time intervals, i.e., from 60.0 sec. to 240.0 sec., while keeping other parameters
constant: pH: 4.5, deposition potential: -0.9 V and Pb (I1) concentration of 50.0 pug/L
in 0.1 M acetate buffer. The results are shown in Figure 3.13 (c). It is evident from
the Figure that with an increase in deposition time from 60.0 to 180.0 sec. the stripping
I (peak current) is increased from 1.86 to 2.09 pA, respectively. However, a further
increase in deposition time (time >180.0 sec), caused a slight decrease in peak current.
This decrease in peak current at higher deposition time is due to the saturation of active
sites on the surface of the modified GCE (Xiong et al., 2015). Therefore, a deposition
time of 180.0 sec. was chosen as an optimal time for the electrochemical detection of
Pb (I1).
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Figure 3.13: Parametric studies carried out at 50.0 pg/L Pb (11) (0.1 M acetate buffer;
pH 4.5); (a) The oxidative peak current of Pb (11) as a function of pH; (b) The oxidative
peak current of Pb (I1) as a function of deposition potential; and (c) The oxidative peak
current of Pb (I1) as a function of deposition time [Pulse amplitude: 0.05 V; Step

potential: 0.0001 V; Modulation time: 0.05 sec; and time interval: 0.5 sec].

3.3.6. Electrochemical determination of Pb (11)

The optimised parametric values (pH 4.5; deposition potential -0.9 V, and
deposition time 180.0 sec.) under the DPASV measurements were used in the detection
of Pb (II) in aqueous medium. The oxidative peak currents were recorded at varied
concentrations of Pb (Il) using CHTMS/GCE. The DPASV results are shown in
Figure 3.14 (a). A sharp and distinct oxidative peak for Pb (1) was observed at an
applied potential of -0.9 V. Further, it is evident from Figure 3.14 (a) that a gradual
increase in peak current was obtained with an increase in concentration of Pb (II).
Moreover, the oxidative peak current was slightly shifted towards less negative
potential at higher concentration of Pb (I1), which was due to the compensation of mass
transport from lower to higher concentrations, thus electrochemical system applied

more potential for diffusion, resulted in shifting of oxidative peak current position
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(Scholz, 2015). Therefore, the oxidative peak current was utilized to obtain the
calibration line for the detection of Pb (II).

A good linearity between the oxidative peak against the respective Pb (Il)
concentrations (5.0 pg/L to 80.0 pg/L) was obtained and the calibration line is shown
in Figure 3.14 (b). The calibration line is represented as y (MA) = 0.0049 x (ug/L) +
1.7964 (LA) (R? = 0.992). Further, the LOD and LOQ values were found to be 2.83
pg/L and 9.43 pg/L, respectively, which are much lower than the permissible limit of
lead in drinking water set by the WHO (i.e., 10.0 pg/L). Furthermore, a comparison
between the performance of the CHTMS/GCE with other electrodes previously
reported are included in Table 3.6. Table 3.6, eventually indicates that the present
study enables the detection of Pb (II) at reasonably low levels, which shows the

potential use of functionalized material in the trace detection of Pb (Il) in aqueous

solutions.
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Figure 3.14: (a) The DPASV of Pb (1) as a function of Pb (II) concentrations; (b)
Calibration line obtained for the oxidative peak current of Pb (I1) as a function of Pb
(1) concentration (Acetate buffer (0.1 M; pH 4.5); deposition potential: -0.9 V;
deposition time: 180.0 sec; Pulse amplitude: 0.05 V; Step potential: 0.0001 V;

Modulation time: 0.05 sec; and time interval: 0.5 sec).

Table 3.6: The comparison of LOD obtained for Pb (I1) using the CHTMS/GCE with

other studies.

Modified Electrode Method Linear range LOD References
(Hg/L) (Hg/L)
Diacetyldioxime/CPE DPASV 20.7-3105.0 2.07 (Huetal.,
2003)
G/PANI/PS/SPE SWASV 10.0-500.0 3.3 (Promphet et
al., 2015)
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FesOs-chitosan/ GCE | SWASV 20.0-270.0 8.74 (Zhou et al.,
2016)
Quasi-spherical SWASV 60.0-270.0 24.6 (Fan et al.,
FesO4/GCE 2016)
Bi-CNT/SPCE DPASV 2.0-100.0 1.3 (Hwang et
al.,
2008)
L-cys/GR-CS/GCE DPASV 1.04-62.1 0.12 (Zhou et al.,
2016)
CHTMS/GCE DPASV 5.0-80.0 2.83 This work

SWASV-  Square wave anodic  stripping  voltammetry, = G/PANI/PS/SPE-
Graphene/polyaniline/polystyrene, Bi-CNT/SPCE-Bismuth-carbon nanotube/Screen printed
carbon electrode, L-cys/GR-CS/GCE- L-cysteine/graphene/chitosan/glassy carbon electrode

The CHTMS/GCE shows an excellent performance towards Pb (11) detection,
which is due to the presence of amino and hydroxyl groups in chitosan and additional
siloxane present in the CHTMS material. These functional groups facilitate the
sorption of Pb (1) at the electrode surface, resulting in an enhanced electrochemical
response (Mourya et al., 2021). Therefore, under the DPASV studies the proposed
mechanism of Pb (I1) detection is demonstrated in Equations (3.1) and (3.2). This

indicates that the Pb (11) shows two electron transfer reactions as shown in the equation

below.
Deposition: CHTMS + Pb (Il) + 26 — Pb (0)....CHTMS ...(3.1)
Stripping:  Pb (0).....CHTMS — CHTMS + Pb (II) + 2¢” ..(3.2)
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3.3.7. Effect of Interfering ions

The interference of several cations and anions (each 10-fold to Pb (1)) was
studied in 50.0 pg/L Pb (11) solution, and the observed peak currents were compared
with that of blank Pb (II) solution. DPASV study was conducted in the presence of
several interfering ions, viz.,, Cd (llI), Zn (I1), Cr (I), Ni (), Cu (ll),
ethylenediaminetetraacetic acid (EDTA), oxalic acid (OA) and glycine (GLY), and the
results are shown in Figure 3.15. It is evident from the results that EDTA slightly
interferes the determination of Pb (I1), which is possibly due to the complexation of
Pb (1) with EDTA and the feeble attraction of complexed species by the electrode
surface (Cf Figure 3.15), hence, leading to a reduced peak current for Pb (I1) (Prakash
et al., 2012). The remaining cationic or anionic species have no significant effect on
the detection of Pb (11). Thus, these studies on interfering ions reveal that the fabricated
electrode utilizing the novel functionalized material show potential application in the
determination of Pb (I1) in the presence of various interfering ions.
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Figure 3.15: The detection of Pb (Il) in presence of several interfering ions using the
CHTMS/GCE ([Pb (I1): 50.0 ug/L; [Interfering ion]: 500.0 ug/L; acetate buffer (0.1

74



M; pH 4.5); Pulse amplitude = 0.05 V; Step potential= 0.0001 V; Modulation time=
0.05 sec; and time interval= 0.5 sec).

3.3.8. Reproducibility and stability study

A reproducibility/repeatability test performed by 10 repetitive measurements
(n=10) of Pb (I1) (50.0 pg/L) employing the CHTMS/GCE under the optimized
conditions in DPASV measurements. The %RSD (relative standard deviation) was
found to be 0.18 %. The low value of %RSD indicated the potential applicability of
the fabricated electrode in repetitive determination of Pb (Il) from aqueous solution.
Further, the stability of the fabricated electrode was also studied in the presence of
50.0 pg/L Pb (I1) at different time durations, i.e., 0, 12 hours, 24 hours and 48 hours
(5 consecutive detections for each time interval and storage of the prepared electrode
at room temperature). Furthermore, the %RSD was calculated at each interval of time.
The results obtained are shown in Table 3.7. The results indicate that the fabricated
electrode material CHTMS/GCE) exhibits long-term stability for the determination of
Pb (1) in aqueous solution (Xu et al., 2019).

Table 3.7: Calculation of %RSD (relative standard deviation) in different time

duration of prepared electrode in the determination of Pb (1) 50.0 pg/L from aqueous

solution.
Hours RDS (%)
0 0.160
12 0.175
24 0.180
48 0.182
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3.3.9. Real sample analysis

To evaluate the applicability of the fabricated electrode in the detection of Pb
(1) in natural matrix samples, the study was extended utilizing two different natural
water samples. These water samples were collected from two different sources in the
Mizoram University campus i.e., ‘Groundwater’ collected through the hand pump and
“Spring water”. The collected samples were analysed using different water parameters,
and the results are included in Table 3.8. As evident from Table 3.8, both samples
contain high concentrations of calcium along with nitrate. The TOC analysis indicated
that both samples contain high inorganic carbon, which might be due to the presence
of carbonates or bicarbonates. The spring water is having high organic carbon content
as well. On the other hand, both water samples are high in calcium. This indicated that
both water samples are having relatively high water hardness due to the dissolved
calcium bicarbonates (Tiwari et al., 2017). The other metals are almost negligible in
both water samples. Prior to conducting the experiment, the water samples were
filtered using Whatman filter paper (pore size 11 um) to remove any suspended
particles and used to prepare 0.1 M acetate buffer pH 4.5. The required concentrations
of Pb (I) analyte (5.0 ug/L, 10.0 pg/L, 20.0 pg/L, 30.0 pg/L and 40.0 pg/L) were
prepared using natural water samples, and DPASV experiments were carried out using
the optimized experimental parameters, i.e., deposition potential = -0.9 V;,
accumulation time = 180.0 sec.; pulse amplitude = 0.05 V; step potential= 0.0001 V;

modulation time= 0.05 sec.; and time interval= 0.5 sec.].

The DPASV results are illustrated in Figure 3.16 (a & b). The oxidative peak
currents for Pb (I1) show good linearity with the Pb (I1) concentration in both natural
water samples (spring water and groundwater). From the calibration curve Figure 3.16
(c &d), the obtained linear equation and correlation coefficients for (c) groundwater
and (d) spring water are y (LA) =0.00128 x (ug/L) + 0.5858 (uA) (R?=0.9994) and y
(MA) = 0.0069 x (ug/L) + 0.675 (HA) (R? = 0.9992) respectively. The results indicate
that the fabricated electrode using the functionalized material possesses a reasonably
good response toward the detection of Pb (1) in natural water samples. Therefore, the
fabricated electrode is reliable, and the material has potential with real implications for

the low-level detection of Pb (II).
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Furthermore, the Pb (II) recovery percentage in both water samples was
calculated, and the results are given in Table 3.9. Table 3.9 shows that the calculated
concentrations of Pb (1) are very close to the spiked concentrations of Pb (1), even in
the presence of several impurities of natural water samples. A promising recovery
percentage in both water samples was obtained, i.e., 96.63-102.99% (spring water) and
96.98-104.6% (groundwater). A similar study was previously performed using a clay-
based nanoparticles modified glassy carbon electrode in the detection of

micropollutants in spring water (Lalmalsawmi & Tiwari, 2021).

Table 3.8: Analysis of real water samples using different analytical methods

AAS Spring water (mg/L) | Groundwater (mg/L)

Copper (Cu) 0.02 0.02
Calcium (Ca) 11.16 12.31
Zinc (Zn) BDL 0.14
Lead (Pb) BDL BDL
Nickle (Ni) BDL BDL
Iron (Fe) 0.02 0.95
Manganese (Mn) BDL BDL

TOC (mg/L) (mg/L)

NPOC 13.17 1.35

IC 12.18 11.85

TC 25.35 13.20

Multiparameter
Nitrate 6.0 ug/L 8.0 ug/L
Phosphate 0.03 mg/L 0.06 mg/L
Sulphate 0.02 mg/L 0.20 mg/L
Multiparameter Probe
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pH
OPR
Conductivity
Resistivity
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Figure 3.16: Real water sample spiked with Pb (11) having concentrations from 5.0 to
40.0 pg/L (Acetate buffer 0.1 M; pH 4.5), (a) DPASV of Pb (1) using the ground
water; and (b) DPASV of Pb (1) using spring water; calibration lines obtained for (c)

ground water; and (d) spring water samples. [Deposition potential = -0.9 V;
Accumulation time = 180.0 sec.; Pulse amplitude = 0.05 V; Step potential= 0.0001 V;

Modulation time= 0.05 sec; and time interval= 0.5 sec].

Table 3.9: The recovery of Pb (I1) in the spiked spring water and ground water using

CHTMS/GCE.
Real sample Spiked Found Recovery
amount (ng/L) (%)
(Hg/L)
5.0 4.99 99.14
Spring water 10.0 9.66 96.63
20.0 20.6 102.99
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5.0 4.85 96.98

Ground water 10.0 10.46 104.6

20.0 19.67 98.33

3.3.10. Conclusion

Electrochemical detection of Pb (11) using CHTMS/GCE was studied under the
DPASV technique. The electrochemical response of Pb (II) under DPASV was
significantly pronounced compared to the bare GCE. The optimized pH, deposition
potential and deposition time was found to be 4.5, -0.9 V and 180 sec., respectively in
the efficient detection of Pb (11). The detection of Pb (I1) within the concentration range
5.0 pg/L to 80.0 pg/L show a good calibration line with linear equation of y (LA) =
0.0049 x (ug/L) + 1.7964 (LA) (R? = 0.992) with limit of detection of 2.83 ug/L. In
the presence of several interfering ions such as Cd (11), Zn (11), Cr (111), Ni (11), Cu (11),
EDTA, OA and GLY, where EDTA, which show no significant interference except
EDTA. Real matrix study using spring water and ground water show reasonable
recovery rate compared to spiked concentrations of Pb (Il). Hence, CHTMS/GCE is
an efficient and selective material in the trace determination of Pb (Il) in agueous

medium.

3.4. ELECTROCHEMICAL DETERMINATION OF Pb (11) USING
CHTMS+Ag(NPs) NANOCOMPOSITE MATERIAL

3.4.1. Electrochemical behaviour of Pb (11) at different modified GCE under
DPASV

Electrochemical response of 50.0 pg/L Pb (Il) in 0.1 M acetate buffer
electrolyte using the bare GC, CHTMS/GCE and CHTMS+Ag(NPs)/GCE under the
DPASYV is obtained and shown in Figure 3.17. Figure 3.17 (a) reveals that the GCE
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showed no oxidation peak current of Pb (1), which implies that the lead shows poor
affinity towards the GCE hence, an insignificant oxidation of lead occurs at the
electrode surface. However, a pronounced oxidative peak current of Pb (1) at potential
Ca. -0.37 V is observed using the CHTMS/GCE (Cf Figure 3.17 (b)). Moreover, the
use of nanocomposite CHTMS+Ag(NPs)/GCE showed significantly enhanced
oxidative peak current for Pb (11) at an applied potential of Ca -0.35 V (Cf Figure 3.17
(c)). The high oxidative peak currents using the CHTMS/GCE or
CHTMS+Ag(NPs)/GCE inferred that the Pb (1) is having high affinity towards the
nanocomposite materials hence, giving fairly good electrochemical response at the
electrode surface. The presence of functional groups of the functionalized material
chelating the Pb (I1), which enabled the efficient oxidation of Pb (Il) at the electrode
surface. Similarly, in the CHTMS+Ag(NPs)/GCE, the oxidative peak current was
increased by almost 3 fold compared to the CHTMS/GCE and 5 fold compared to the
bare GCE. A high oxidative peak current of Pb (11) using the CHTMS+Ag(NPs)/GCE
is due to the combined effect i.e., the functionalized composite material and presence
of Ag°(NPs). The presence of Ag°(NPs) catalyses the electron transfer rate, which
facilitates faster electron transfer reactions at the electrode surface. Similar report show
Ag(NPs)/chitosan synthesized material employed in simultaneous determination of As
(111) and Cu (I1) where the presence of Ag(NPs) facilitated the current response toward
the target pollutants (Prakash et al., 2012)
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Figure 3.17: DPASV curves obtained for Pb (I1) (50.0 pg/L at pH 4.5; acetate buffer
(0.1 M)) using the (a) bare GCE; (b) CHTMS/GCE; and (c) CHTMS+Ag(NPs)/GCE
(Deposition potential: -0.9 V; Scan rate: 100 mV/s; and Deposition time: 180.0 sec;
Pulse amplitude: 0.05 V; Step potential: 0.0001 V; Modulation time: 0.05 sec.; and
Time interval: 0.5 sec].

3.4.2. Optimization of the stripping parameters

Studies at various pH conditions using CHTMS+Ag(NPs)/GCE were carried
out in the detection of 50.0 pg/L Pb (1), in acetate buffer (0.1 M). The other parameters
were taken as deposition potential -0.9 V (vs. Ag/AgCl), deposition time 180.0 sec.
The pH was increased from 3.5 to 5.5 and the corresponding oxidative peak current is
shown in Figure 3.18 (a). Figure 3.18 (a) shows that an increase in pH from 3.5 to
4.5 caused a increase in the oxidative peak current from 4.23 to 5.50 pA, respectively.
However, further increase in pH from 4.5 to 5.5 caused for decrease in oxidative peak
current from 5.50 to 3.95 YA, respectively. A rapid decrease in oxidative peak current
at pH>4.5 is due to the formation of hydroxy species of lead i.e., Pb (OH)x, which was
not attracted by the electrode surface. Hence restricted the electrooxidation of lead
(Eshlaghi et al., 2020). On the other hand, at lower pH conditions pH<4.5, the
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hydrogen ions preferentially occupy the active sites over Pb (Il), resulting in the
reduced oxidative peak current of Pb (I1). Similar observations were reported for Pb
(I1) determination in various pH conditions using CosOas/reduced graphene
oxide/chitosan (Cos04/rGO/CS) modified glassy carbon electrode (Zuo et al., 2017).
Therefore, pH 4.5 was selected for electrochemical detection of Pb (II) in aqueous
medium.

The chitosan dissociates in acidic medium, however the crosslinked chitosan
matrix with 0.1 percent glutaraldehyde solution having the three-dimensional network
structure that remained stable even in acidic conditions as shown previously in Section
3.3.1

Deposition or the accumulation potential is a crucial parameter in the stripping
voltammetry technique since it significantly affects the sensitivity of the working
electrode. The deposition potential was varied from -0.6 V to -1.1 V and the
corresponding peak current was presented in Figure 3.18 (b). The oxidation peak
current was maximum at a deposition potential of -0.9 V. The generation of hydrogen
at deposition potential > -0.9 V caused a decrease in peak current. Therefore, the
optimum deposition potential for Pb (I1) detection was -0.9 V using the nanocomposite

fabricated electrode.

The deposition time at various time intervals ranging from 60.0 sec. to 240.0
sec. was conducted and the current response of Pb (11) (50.0 pg/L) is shown in Figure
3.18 (c). An increase in the deposition duration from 60.0 sec. to 180.0 sec. caused a
gradual increase in peak current for Pb (11). However, further increase in deposition
time from 180.0 to 240.0 sec. caused for almost constant oxidative peak current, which
is due to the saturation of electroactive sites at the electrode surface (Cf Figure 3.18
(c)). Therefore, the 180.0 sec. was used as the deposition time for efficient and trace

detection of Pb (I1) in agueous medium.
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Figure 3.18: Parametric studies carried out at 50.0 pg/L Pb (I1) (0.1 M acetate buffer;
pH 4.5); (a) The oxidative peak current of Pb (11) as a function of pH; (b) The oxidative
peak current of Pb (I1) as a function of deposition potential; and (c) The oxidative peak
current of Pb (I1) as a function of deposition time [Pulse amplitude: 0.05 V; Step

potential: 0.0001 V; Modulation time: 0.05 sec; and time interval: 0.5 sec].

3.4.3. Electrochemical determination of Pb (I1)

The DPASV voltammograms of Pb (1) under optimised stripping conditions
were recorded using the CHTMS+Ag(NPs)/GCE. Further, the voltammograms at
varied Pb (1) concentrations are returned in Figure 3.19 (). It is evident from the
figure that increasing the Pb (I1) concentration from 5.0 to 80.0 pg/L caused a gradual
increase in the oxidative peak current. Moreover, the oxidative peak current occurred
at potential -0.37 V. Further, a calibration line was drawn between the concentration
of Pb (I1) against the peak current values, which shows a good linear relationship. The
calibration line is represented with a linear equation: y (LA) =0.0368 x (ug/L) + 3.5742
(MA) with R?= 0.9811 (Cf Figure 3.19 (b)). The LOD and LOQ were calculated and
found to be 1.97 pg/L and 6.58 ug/L for Pb (I1) using the CHTMS+Ag(NPs)/GCE.
The LOD value is considerably less than the 10.0 pg/L in drinking water, the
permissible level suggested by the WHO.
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Moreover, the LOD value obtained for Pb (1) in this study is compared with
several other electrodes using different materials and returned in Table 3.10. The LOD
obtained in this study is quite comparable or lower than many other studies. This
pointed to the potential application of nanocomposite material in the trace and efficient

detection of Pb (II) in aqueous solutions.
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Figure 3.19: (a) The DPASV of Pb (1) as a function of Pb (Il) concentrations; (b)
Calibration line obtained for the oxidative peak current of Pb (Il) as a function of Pb
(1) concentration (Acetate buffer (0.1 M; pH 4.5); deposition potential: -0.9 V;
deposition time: 180.0 sec; Pulse amplitude: 0.05 V; Step potential: 0.0001 V;

Modulation time: 0.05 sec; and time interval: 0.5 sec).

Table 3.10: The comparison of LOD obtained for

CHTMS+Ag(NPs)/GCE with other studies.

Pb (Il) wusing the

Technique | Composite material Limit of Studied Ref.
employed ) concentration
employed detection
range (ug/L)
(Hg/L)
LOD

SWASV GCE/GQDs-NF 8.49 20.0-200.0 | (Pizarro

etal.,

2020)
DPASV 5-Br- 0.1 0.9-114.6 (Salma
PADAP/MWCNT nipour

&

Taher,

2011)
DPASV Fes04@PDA@MNO,/ 0.03 0.1-150.0 (Wang
mGCE etal.,
2020)
SWASV BEFs 2.47 10.0-100.0 (Liet

al.,
2009)
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SWASV SPE/SWCNHs 0.04 1.0-60.0 (Yao et
al.,
2019)
DPASV CHTMS+Ag(NPs)/G 1.97 5.0-80.0 Present
CE work

*SWASV - Square wave anodic stripping voltammetry, GC/GQDs-NF- Glassy Carbon
Electrode/Graphene  Quantum  Dots-Nafion, 5-Br-PADAP/MWCNT-  2-(5-bromo-2-
pyridylazo)-5-diethylaminophenol/Multiwalled carbon nanotube, PDA-polymer of typical
dopamine, BEFs- Bismuth Film Electrodes, SPE/SWCNHs-Screen Printed Electrode/single-
walled carbon nanohorns.

3.4.4. Effect of interfering ions in Pb (11) detection

The interference study was conducted using the variety of interfering ions in
the detection of 50.0 pg/L Pb (1) under the DPASV measurements using the
CHTMS+Ag(NPs)/GCE. The concentration of interfering ions were taken 500.0 pg/L.
Cations such as Ni (1), Zn (1I), Cr (I11), and Cu (Il) and anionic species like EDTA,
OA and GLY were used as interfering ions. Figure 3.20 shows that the cationic species
do not show any significant effect in the determination of Pb (II) from aqueous
medium. On the other hand, the anionic species glycine (GLY) and oxalic acid (OA)
interferes with the determination of Pb (I1). Glycine is contained with the amino and
carboxyl groups, which readily oxidise towards the working electrode (Olejnik et al.,
2020), and hampers the oxidation of Pb (II) at the working electrode. Therefore, it is
caused by relatively less oxidative peak current. GLY also acts as an excellent
antioxidant, preventing Pb (11) oxidation at the surface of working electrodes (Alcaraz-
Contreras et al., 2011). Similarly, OA shows interference in the Pb (I1) determination.
OA forms chelate with Pb (I1), which restricts the oxidation of Pb (II) and hence, a
reduced peak current was recorded. It was reported previously that the Cu (1) detection
was interfered in presence of OA using nanoscale hydroxyapatite (nHAP,
Ca10(PO4)s(OH)2) modified electrodes. This interference was due to the formation of
strong coordinate bond between the OA and Cu (I1), which significantly lowered the

free Cu (I1) concentration that inhibited the current in the electrochemical detection of
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Cu (I1) (Wei et al., 2021).However, the coexisting ions do not interfere with the

detection of Pb (Il) hence, the nanocomposite material is selective in the detection of

Pb (I1).

Blank Cr(Ill) Cu(ll) Ni(ll) 2zn(ll) EDTA GLY
Interfering ions

Current/pA
w

Figure 3.20: The detection of Pb (II) in presence of several interfering ions using the
CHTMS+Ag(NPs)/GCE ([Pb (I1): 50.0 pg/L; [Interfering ion]: 500.0 pg/L; acetate
buffer (0.1 M; pH 4.5); Pulse amplitude = 0.05 V; Step potential= 0.0001 V;

Modulation time= 0.05 sec; and time interval= 0.5 sec).

3.4.5. Reproducibility and stability study

The reproducibility study was conducted under optimised experimental
conditions and utilising 50.0 pg/L Pb (I1) solution in 0.1 M acetate buffer as supporting
electrolyte. The other stripping parameters were taken as mentioned before. The
repeatability study was performed in a series of repetitive experiments running the
blank sample 10 times and then detected the Pb (11) 5 times. The % relative standard
deviation (%RSD) was calculated (n=5) and found always less than 2.43%, which
reaffirmed the reproducibility of results using the fabricated electrodes in repeated
operations.
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Long term stability of the CHTMS+Ag(NPs)/GCE was also investigated in a
series of experiments conducted at varied time duration after the fabrication of
electrodes, i.e., 0, 12, 24, and 48 hours. Each time the experiment was run for five
consecutive times and the electrode was washed with purified water and stored in a
closed beaker at room temperature. Further, the RSD% are calculated and presented in
Table 3.11. Results show that the RSD% is always less than 5%. Hence, the
CHTMS+Ag(NPs)/GCE show reasonably high stability hence, promising in

prolonged and efficient use at least for the trace detection of Pb (11).

Table 3.11: Calculation of %RSD (relative standard deviation) in different time

duration of prepared electrode in the determination of Pb (1) 50.0 pg/L from aqueous

solution.
Hours RSD (%)
0 2.429
12 2.434
24 2.486
48 2.556

3.4.6. Real sample analysis

The applicability of the CHTMS+Ag(NPs)/GCE in the detection of Pb (1) was
performed using the natural water samples as collected previously. The ground and
spring water samples were collected from the Mizoram University campus, Tanhril,
Aizawl (India). The water parameters were already shown in Table 3.8 and water
quality was discussed in Section 3.3.9. The natural water samples were spiked with
varied concentrations of Pb (1) i.e., 5.0, 10.0, and 20.0 pg/L of Pb (1) in 0.1 M acetate
buffer pH 4.5. The DPASV response for Pb (1) is shown in Figure 3.21 (a & b). It is
evident from the DPASV that the Pb (I1) showed sharp and distinct oxidative peaks at

around the potential of -0.35 V and increasing the concentration of Pb (Il) caused for
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gradual increase in oxidative peak current. Using the oxidative peak current values,
the calibration lines were obtained, which showed a good linear relationship between
the concentration of Pb (I1) and corresponding peak current values (Cf Figure 3.21 (c
&d)). The calibration lines were obtained as: for (Cf Figure 3.21 (c) spring water: y
(MA) =0.0256 x (ug/L) + 3.5068 (MA) (R?=0.9292) and y (MA) =0.0213 x (ug/L) +
2.431 (uA) (R?=9806) for groundwater (Cf Figure 3.21 (d)). The recovery of the spiked
concentrations were returned in Table 3.12. The recovery percentage of Pb (Il) at
natural water samples were between 95.52-96.06% and 92.95-102.57% for spring
water and groundwater, respectively. These results inferred that the determination of
Pb (I1) in natural water samples is not affected and showed promising results, which
further show the potential of CHTMS+Ag(NPs)/GCE in the trace, and efficient and

selective detection of Pb (II).
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water; and (d) ground water samples. [Deposition potential = -0.9 V; Accumulation

amplitude = 0.05 V; Step potential= 0.0001 V; Modulation

time = 180.0 sec; Pulse

Potential/V vs. Ag/AgCI

sample spiked with Pb (11) having concentrations from 5.0 to
r 0.1 M; pH 4.5), (a) DPASV of Pb (1) using the spring water;
and (b) DPASV of Pb (I1) using ground water; calibration lines obtained for (c) spring

time= 0.05 sec; and time interval= 0.5 sec].

Table 3.12: The recovery

of Pb (I1) in the spiked spring water and ground water using

CHTMS+Ag(NPs)/GCE.
Real sample Spiked Found Recovery
amount (ug/L) (%)
(Ho/L)
5.0 4.78 95.52
Spring water 10.0 9.66 96.62
20.0 19.21 96.06
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5.0 4.65 92.95

Ground water 10.0 10.26 102.57

20.0 20.40 102.0

3.4.7. Conclusion

The potential of CHTMS+Ag(NPs)/GCE was studied in the trace, efficient and
selective detection of Pb (Il). The optimized stripping parameters were pH 4.5,
deposition potential -0.9 V and deposition time as 180.0 sec. The free energy charge
on the fabricated electrode surface due to the presence of Ag°(NPs) synergises the
oxidative peak current of Pb (Il) due to the fast electron transfer reactions at the
surface. Further, the detection of Pb (Il) using CHTMS+Ag(NPs)/GCE in aqueous
media show limit of detection of 1.97 pg/L in a wide linear range of Pb (II)
concentrations i.e., 5.0 pg/L to 80.0 pg/L. The linear equation was found to be y (LA)
=0.0368 x (ug/L) + 3.5742 (uA) (R?>= 0.9811). The presence of several interfering ions
could not affect the detection of Pb (I1) except the GLY and OA using the fabricated
electrode. The CHTMS+Ag(NPs)/GCE showed relatively high stability and
repeatability in the detection of Pb (I1). Furthermore, in real matrix study using spring
and ground water spiked with different concentrations of Pb (I1) showed high recovery
percentage of Pb (I1). Therefore, silane grafted chitosan decorated with Ag(NPSs) is an

efficient material in the trace determination of Pb (1) from aqueous medium.

3.5. ELECTROCHEMICAL DETERMINATION OF BISPHENOL A (BPA)
3.5.1. Electro oxidation of BPA using CHMTS/GCE

Electro oxidation of BPA using CHMTS/GCE under cyclic voltammetry was
conducted within a potential window of £0.1 V. The voltammogram of 20.0 mg/L of
BPA along with the blank electrolyte i.e., 0.1 M phosphate buffer solution pH 10.0, at
scan rate 100 mV/s is shown in Figure 3.22. The Figure indicated that no redox peak

current is observed for the blank solution. However, the presence of 20.0 mg/L BPA,
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a predominant oxidative peak current was observed at the potential Ca. 0.50 V.
However, the reverse scan showed no reductive peak, which confirmed the irreversible
oxidation of BPA. A similar result was obtained in the oxidation of BPA using the
poly(amidoamine)- gold nanoparticles-silk fibroin (PAMAM-AuUNPs-SF (Yin et al.,
2010). Further, a plausible mechanism of electro-oxidation of BPA is shown in
Scheme 3.2. Direct oxidation of phenolic compounds via one electron or two electron
transfer resulted with generation of phenoxy radical and quinone, which leads to
electro polymerisation at the electrode surface. Further, the dimerization of phenoxy
radical or free radical multi step growth polymerization with the monomer or the
oxidised monomer initiated by phenoxy radical was suggested (Kuramitz et al., 2001).
It is interesting to note that the second or successive cycles of scan, showed no
oxidative peak current of BPA using the CHMTS/GCE which further, confirmed the
electrooxidation of BPA is resulted with the formation of (4-(2-(4-
hydroxyphenyl)propan-2-yl)cyclohexane-2,4-dienone)  consequently — with  the
formation of dimer or polymers. These polymers or dimers bock the electrode surface
and inhibit access of BPA at the electrode surface hence the oxidation of BPA in
successive cycles. A similar observation was reported previously in the study of
electrochemical oxidation of BPA using cyclic voltammetry (CV), rotating disk
electrode (RDE) and controlled potential coulometry (CPC) (Ngundi et al., 2003).
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Figure 3.22: Cyclic voltammograms of BPA (20.0 mg/L; phosphate buffer (0.1 M);
pH 10.0) using the CHMTS/GCE and blank (Scan rate: 100 mV/s).

H*, e
—_—
HO OH

4-(2-(4--hydroxyphenyl)propan-2-yl)phenol

(0] OH

4-(2-(4-hydroxyphenyl)propan-2-yl)cyclohexane-2,4-dienone

Scheme 3.2: Electro oxidation of (BPA) 4-(2-(4--hydroxyphenyl)propan-2-yl)phenol
to 4-(2-(4-hydroxyphenyl)propan-2-yl)cyclohexane-2,4-dienone.

3.5.2. Electrochemical behaviour of BPA using the fabricated electrodes under
the DPASV studies

The DPASV results of BPA (0.1 M phosphate buffer solution, pH 10.0) using
the bare GCE, CH/GCE and CHMTS/GCE at the scan rate of 100 mV/s are shown in
Figure 3.23. The DPASV was recorded at the scan rate of 100 mV/s, deposition
potential of 0.2 V, deposition time of 180.0 sec., pulse amplitude: 0.05 V, step
potential: 0.0001 V, modulation time: 0.05 sec.; and time interval: 0.5 sec. Figure 3.23
reveals that the oxidative peak current of BPA follows the order
GCE<CH/GCE<CHTMS/GCE. The bare GCE showed very insignificant oxidative
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peak current, which was due to the fact that the BPA molecules were not attracted by
the electrode surface hence, the electro oxidation of BPA was not favoured. Moreover,
the electron transport to the surface of bare GCE is exceedingly sluggish, which causes
lower oxidation of BPA at the GCE (Huang et al., 2014). On the other hand, the
CH/GCE showed relatively higher oxidative peak current, which was primarily due to
the hydrophobic nature of the chitosan. Moreover, the functional groups viz., amino
groups with cationic polysaccharides, possess a net positive charge, enabled to attract
the BPA (which has a negative charge in the solution) molecules resulting with an
enhanced peak current (Yu et al., 2011).

Furthermore, compared to the CH/GCE, the CHMTS/GCE exhibits much
sharper and enhanced oxidative peak current for BPA with a value of 1.28 pA at the
potential Ca 0.42 V. The higher peak current observed using the composite material
modified GCE is due to the synergistic effect using the silane grafted chitosan. The
composite material provides an enhanced hydrophobic site which facilitates the
sorption of BPA molecules on the electrode surface and undergoes an enhanced
oxidation of BPA (Lee et al., 2016).
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Figure 3.23: DPASV curves obtained for BPA (180.0 pg/L at pH 10.0; phosphate
buffer (0.1 M)) using the bare GCE, CH/GCE and CHMTS/GCE (Deposition
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potential: 0.2 V; Scan rate: 100 mV/s; and Deposition time: 180.0 sec; Pulse
amplitude: 0.05 V; Step potential: 0.0001 V; Modulation time: 0.05 sec; and Time

interval: 0.5 sec].

3.5.3. Optimization of the experimental parameters

The voltammetric method needs the optimization of experimental parameters
since these factors provide the optimum sensitivity to the detection of analytes. As a
result, several parametric experiments, i.e., effect of pH, deposition potential, and
deposition time, were conducted using the composite (CHMTS) thin film electrode in

the detection of BPA in an aqueous solution.

3.5.4. Effect of pH

The electrochemical oxidation of BPA was investigated using CHMTS/GCE
in 0.1 M phosphate buffer at various pH levels (i.e., from 6.0 to 10.0). The Figure 3.24
(@) (Primary axis) depicts the change in oxidative peak current at various pH values.
The oxidative peak current was increased with an increase in the pH, and the maximum
oxidative peak current was obtained at pH 10.0. The dissociation constants i.e., pka!
and pki? of BPA are 9.9 and 10.2, respectively. Therefore, the speciation of BPA
demonstrated that the BPA molecule is almost undissociated throughout a wide range
of pH 2.0 to 9.0 (Regueiro et al., 2015; Zheng et al., 2013). The dissociated BPA
molecule oxidizes readily at the electrode surface hence, exhibits an increased
oxidative current. Moreover, the silane-grafted chitosan possesses hydrophobic and
organophilic binding sites that facilitates the sorption of BPA to the electrode surface,
and causes enhanced oxidation of BPA. A similar result was observed using
thermosensitive molecular imprinted polymers at a higher pH region (Yonten et al.,
2016). The BPA was adsorbed onto palygorskite-montmorillonite at pH 12.0, which
revealed that the electrostatic attraction was predominant between the solid surface
and the dissociated BPA molecules (Berhane et al., 2016). Figure 3.24 (a) (Secondary
axis) depicts the relationship between oxidative peak current potential (Ep) against the
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pH. A linear relationship occurred between the potential and pH (Cf Figure 3.24 (b)).
Further, the linear equation is: Ep (V) = -0.0629 pH + 1.0554 (R?=0.9973), where the
slope was found 0.0629 pH, which is close to the theoretical value of 0.057 pH™.
Hence, this infers that the equal number of protons and electrons are involved in the
electrode reaction (Akilarasan et al., 2018; Fan et al., 2012).

3.5.5. Effect of deposition potential and time

Figure 3.24 (b) indicates increase in accumulation potential from 0.15 V to
0.20 V, the oxidative peak current was increased from 1.265 to 1.284 uA, respectively.
However, further increase in potential from 0.20 to 0.35 V caused a decrease in the
peak current from 1.284 to 1.273 pA. Similarly, increasing the accumulation duration
from 90.0 to 180.0 sec caused an increase in peak current from 1.263 to 1.283 pA.
However, further increase in deposition time i.e., time>180.0 sec. caused a decrease in
peak current values (Cf Figure 3.24 (c)). Therefore, the optimized parameters i.e., pH,
accumulation potential, and accumulation time is obtained as pH 10.0, 0.2 V, and

180.0 sec, respectively.
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Figure 3.24: Parametric studies carried out at 180.0 pug/L BPA (0.1 M phosphate
buffer; pH 10.0); (a) The oxidative peak potential (Primary axis) as a function of pH
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and the oxidative peak current of BPA at different pH values (Secondary axis); (b) The
oxidative peak current of BPA as a function of deposition potential; and (c) The
oxidative peak current of BPA as a function of deposition time [Pulse amplitude: 0.05
V; Step potential: 0.0001 V; Modulation time: 0.05 sec; and time interval: 0.5 sec].

3.5.6. Electrochemical determination of BPA

The electrochemical detection of BPA at various concentrations of BPA (140.0
pg/L to 200.0 pg/L) utilising CHMTS/GCE are shown in Figure 3.25 (a). The
oxidative peak current of BPA (0.1 M phosphate buffer at pH 10.0) was obtained at an
applied potential of 0.42 V. The other parameters such as deposition potential: 0.2 V,
deposition time: 180.0 sec, pulse amplitude: 0.05 V, Step potential: 0.0001 V,
Modulation time: 0.05 sec., and time interval: 0.5 sec. were maintained as constant
throughout the experiments. The oxidative peak current of BPA was gradually
increased with an increase in BPA concentration (Cf Figure 3.25 (a)). The calibration
line between the oxidative peak current and BPA concentration was obtained and
shown in Figure 3.25 (b). The straight line equation is: y (LA) = 0.0008 x (ug/L) +
1.1337 (uA) (R?=0.9723). Hence, reasonably a good linearity was obtained between
the BPA concentration and peak current. Further, the LOD and LOQ found to be 5.61
pg/L and 18.70 pg/L respectively.

Table 3.13 shows a comparison of the fabricated electrode to other reported
modified electrodes in terms of LOD obtained in the detection of BPA from aqueous
medium. Table 3.13 revealed that the fabricated electrode possessed reasonably low
LOD compared to several other electrodes fabricated using different materials.
Therefore, the current investigation demonstrated a useful sensing platform for the low
level detection of BPA.
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Figure 3.25: (a) The DPASV of BPA as a function of BPA concentrations; (b)
Calibration line obtained for the oxidative peak current of BPA as a function of BPA

concentration (Phosphate buffer (0.1 M; pH 10.0); deposition potential: 0.2 V;

103



deposition time: 180.0 sec; Pulse amplitude: 0.05 V; Step potential: 0.0001 V;
Modulation time: 0.05 sec; and time interval: 0.5 sec).

Table 3.13: The comparison of LOD obtained for BPA using the CHMTS/GCE with

other studies.

Electrode material Method Concentration LOD Ref.
employed range/ linear
Py : (umol/L)
range
(umol/L)
MIP-NG/GCE Amperometry | 8.0 to 60000.0 0.14 (Huang et
al., 2011)
CAS-CG/GCE LSV 0.49to0 24.0 0.25 (Jodar et
al., 2019)
RGO-Ag/PLL/GCE DPASV 1.0to 80.0 0.54 (Lietal.,
2017)
NiNPs/NCN/CS/GCE DPASV 0.1to 15.0 0.05 (Wang et
al., 2020)
CB/AuUSNPs/SNGCE DPASV 0.51t050.0 0.06 (Jebril et
al., 2021)
CHMTS/GCE DPASV 0.61to 0.88 0.02 This
work
(140.0 pg/L to (5.61
200.0 pg/L) ug/L)

LSV — Linear sweep voltammetry, MIP-NG/GCE-Molecularly imprinted polymers and gold
nanoparticles/glassy carbon electrode, CAS-CG/GCE - Casein and Carbon Black/glassy
carbon electrode, RGO-Ag/PLL/GCE- Reduced graphene oxide-silver/poly-L-lysine
nanocomposites/glassy carbon electrode, NiNPs/NCN/CS/GCE- Nickel
nanoparticle/nitrogen-doped  carbon  nanosheet/chitosan/glassy ~ carbon  electrode,
CB/AuUSNPs/SNGCE- green gold sononanoparticles and carbon black nanocomposite.
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3.5.7. Effect of co-existing ions
Several coexisting ions viz., Na*, Mg?*, CI", NOs, oxalic acid (OA), ethylene

diamine tetraacetic acid (EDTA), and glycine (GLY), along with the phenolic
compounds, such as phenol (PH), and hydroquinone (HQ), are investigated in the
electrochemical detection of BPA. The concentrations of co-existing ions were kept at
1.8 mg/L, and the BPA concentration was 180.0 pg/L. The peak current was measured
in presence of this co-existing ions and compared with the blank value using the
CHMTS/GCE under the DPASV measurements (Cf Figure 3.26). Figure 3.26, reveals
that the presence of these co-existing ions even at the level of 1.8 mg/L had no effect
on BPA detection using the composite modified GCE. They inferred that the
CHMTS/GCE showed very high selectivity and sensitivity towards the detection of
BPA. This enhances the applicability of the material in miniaturized device
development for detection of BPA. Similarly molecularly imprinted polymer-modified
multiwalled carbon nanotube paste electrode ((MIP-MWNPE) also showed an

enhanced sensitivity and selectivity toward the detection of 5.0 uM BPA (Chen et al.,

2014)
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Figure 3.26: The detection of BPA in presence of several interfering ions using the
CHMTS/GCE ([BPA: 180.0 ug/L; [Interfering ion]: 1.8. mg/L; phosphate buffer (0.1
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M; pH 10.0); Pulse amplitude = 0.05 V; Step potential= 0.0001 V; Modulation time=
0.05 sec; and time interval= 0.5 sec).

3.5.8. Reproducibility and stability study

The stability of fabricated electrodes was ascertained with the repeated and
prolonged use of electrodes in the detection of BPA. The experiments were conducted
using 180.0 pg/L BPA (0.1 M phosphate buffer solution at pH 10.0). Similarly, the
other parameters in DPASV measurements were taken as deposition period (180.0
sec.), and deposition potential (0.2 V) were unchanged. The CHMTS/GCE was used
for 10 times in blank electrolyte, then washed with purified water and again run 5 times
in BPA (180.0 pg/L) analyte, and the oxidative peak current of BPA is shown in Figure
3.27 (a). Further the %RSD (relative standard deviation) was calculated (n=5) and
found to be 0.35%. The low value of %RSD indicated that CHMTS/GCE is reasonably
stable for repeated operations in the determination of BPA.

Similarly, the study was extended to assess the long-term stability of the
fabricated CHMTS/GCE. Figure 3.27 (b) showed the current response of BPA (180.0
pg/L) at a prolonged detection till 48 hrs. At varied time intervals, i.e., from 0 to 48
hours, the CHMTS/GCE response towards BPA detection (n=3) was maintained to
99.42% up until the 48 hrs of duration. The stability and reproducibility of
CHMTS/GCE showed that the fabricated electrode is reasonably stable and showed

long-term applicability for detection of BPA in an aqueous solution.
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Figure 3.27: (a) Reproducibility studies using the CHMTS/GCE at 180.0 pg/L BPA,
for repeated detection of BPA; and (b) Stability of fabricated CHMTS/GCE at varied
duration of time i.e., from 0 to 48 hrs.
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3.5.9. Real water implications

BPA was detected in natural water samples using the fabricated electrode
(CHMTS/GCE) under the DPASV measurements. Natural water samples were
collected from the Mizoram University campus in Aizawl, Mizoram, India
(Springwater) and Chite river water, Aizawl, Mizoram, India (Chite river water). The
water samples were first filtered using Whatman filter paper (pore size 11 m) to
eliminate the suspended particles. Table 3.14 includes the water quality analysis
performed for these two water samples. AAS results showed that spring water
contained relatively higher concentration of calcium (1.12 mg/L). However, the other
elements viz., are either not detected or minimal in both the water samples. The TOC
analysis revealed that both water samples are contained with relatively high value of
inorganic carbon (IC). This indicated that the water is having the dissolved carbonates
or bicarbonates. Moreover, these samples are having minimal NPOC value. Other
impurities viz., the phosphate, nitrate, sulphate, and fluoride are present to their low
values in both the water samples. The natural water sample was spiked with varied
concentrations of BPA (160.0 pg/L to 200.0 pg/L) in 0.1 M phosphate buffer at pH
10.0. The DPASV experiments were carried out for the determination of spiked BPA
under the optimized conditions and DPASV curves are shown in Figure 3.28 (a & b).
Figure reveals that increase in BPA concentration caused an increase in oxidative peak
current of BPA in both the water samples. Further, the plot of peak current against
spiked BPA concentrations is drawn and shown in Figure 3.28 (¢ &d). Reasonably
good straight lines were obtained between the BPA concentration and the peak current
values. The straight lines were obtained as: y (1A) = 0.0006 (ug/L) + 0.693 (HA)
(R?=0.991) and y (nA) =0.0005 (ug/L) + 1.1968 (LA) (R?=0.9913), respectively for
the spring water and Chite river water samples. These results suggested that the
CHMTS/GCE possessed reasonably fair applicability in the electrochemical
determination of BPA in the real matrix samples.

In addition, the recovery percentage of BPA was estimated and presented in
Table 3.15. The recoveries were estimated using three different spiked concentrations
of BPA in each water samplesi.e., 160.0 pug/L, 170.0 pg/L, and 180.0 pg/L. The results
revealed that reasonably a high recovery of BPA is achieved in the detection process.

The recovery percentage in the springwater sample was varied from 99.7% to 100.2%,
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whereas it varied from 102.4% to 102.9% in the Chite river water sample. The
CHMTS/GCE showed a significantly high recovery percentage in the real water
samples. This inferred that the fabricated electrode has potential in real-world
applications, at least in the trace detection of BPA. The fabricated electrode is, perhaps,

a miniaturized device development.
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Figure 3.28: Real water sample spiked with BPA having concentrations from 160.0
t0 200.0 pg/L (Phosphate buffer 0.1 M; pH 10.0), (a) DPASV of BPA using the spring
water; and (b) DPASV of BPA using Chite river water; calibration lines obtained for
(c) spring water; and (d) Chite river water samples. [Deposition potential = 0.2 V;
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Table 3.14: Analysis of real water samples using different analytical methods.

Elemental Analysis

Spring water (mg/L)

Chite river water

(mg/L)
Copper (Cu) 0.01 BDL
Calcium (Ca) 1.12 0.02
Zinc (Zn) BDL BDL
Lead (Pb) BDL BDL
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Nickle (Ni) BDL 0.01
Iron (Fe) 0.01 BDL
Manganese (Mn) BDL BDL
TOC Analysis (mg/L) (mg/L)
NPOC 1.16 2.89
IC 15.21 14.49
TC 16.37 17.38
Other contents Analysed
Nitrate 4.00 po/L 3.70 mg/L
Phosphate 0.01 mg/L 0.02 mg/L
Sulfate 0.03 mg/L 11 mg/L
Fluoride 0.01 mg/L 0.09 mg/L

BDL: Below detection limit

Table 3.15: The recovery of BPA in the spiked spring water and Chite river water
using CHMTS/GCE.

Real sample Spiked amount | Found (ug/L) Recovery (%)
(Hg/L)
160.0 159.48 99.7
Spring water 170.0 170.46 100.2
180.0 180.38 100.2
160.0 164.36 102.7
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Chite River water 170.0 174.92 102.9

180.0 184.28 102.4

3.5.10. Conclusion

3-mercaptopropyl trimethoxysilane grafted chitosan matrix (CHMTS) material
was used in fabricating GCE for electrochemical determination of BPA from aqueous
medium. The irreversible oxidation of BPA occurred around the potential of 0.50 V.
Similarly, the DPASV results showed that the oxidative peak current followed the
order GCE<CH/GCE<CHTMS/GCE. Further, the optimized parameters in the
DPASV measurements for efficient detection of BPA were: pH 10.0; deposition
potential 0.2 V and deposition time 180.0 sec. The BPA concentration (140.0 pg/L to
200.0 pg/L) dependence study showed a good linearity between the BPA
concentration against the oxidative peak current values. The linear equation was
obtained as: y (MA) = 0.0008 x (ug/L) + 1.1337 (uA) (R?=0.9723) and the LOD was
5.61 pg/L. Presence of several several coexisting ions (Na*, Mg, CI', NOs, OA,
EDTA, PH and HQ) were not affected by the detection of BPA using the
CHTMS/GCE. Moreover, the CHTMS/GCE showed fairly high stability in terms of
repeated and prolonged operations in the detection of BPA. The real matrix
implications showed that a high recovery percentage of BPA was obtained as: 99.7 to
100.2 % in spring water and 102.7 to 102.9 % in river water samples. Therefore, the
fabricated CHMTS/GCE showed a good sensing platform in the detection of BPA in
agueous medium and, perhaps, showed potential in developing the miniaturized

device.
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3.6. ELECTROCHEMICAL DETERMINATION OF TRICLOSAN (TCS)
3.6.1. Electro oxidation of TCS toward CHMTS/GCE under CV study

Figure 3.29, shows the voltammograms of TCS (20.0 mg/L). TCS shows a
distinct oxidative peak current at an applied potential of Ca. 0.61 V. However,
reductive peak current does not appear in the reverse scan of the voltammogram, which
shows irreversible oxidation of TCS at the electrode surface. The results follow the
previous reports (Zheng et al., 2018). Oxidation of the phenolic hydroxyl group of
TCS gives the oxidative peak current. On the other hand, in the absence of TCS
(Blank), no redox peak current appeared, indicating the oxidative peak current
occurred due to the oxidation of TCS molecules. Further, it is interesting to observe
that the successive scans caused a gradual decrease in oxidation peak current values.
This is due to the deposition of oxidized TCS species on the surface of CHMTS/GCE
forming a polymeric product that blocks the access of TCS for further oxidation at the
electrode surface (Yola et al., 2015; Santana & Spinelli, 2020).
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Figure 3.29. Cyclic voltammograms of TCS (20.0 mg/L; phosphate buffer (0.1 M);
pH 8.0) using the CHMTS/GCE and blank (Scan rate: 100 mV/s).
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3.6.2. Differential Pulse Anodic Stripping Voltammetry (DPASV) study of triclosan

Voltammograms of TCS (200.0 pg/L) (0.1 M phosphate buffer; pH 8.0, applied
potential: 0.2 V (Ag/AgCl) and deposition time: 180.0 sec.) using different electrodes
are shown in Figure 3.30. The redox peak current was observed within the potential of
about 0.6 V to 0.64 V, which might be due to the electro-oxidation of the phenolic
group in the structure of TCS (Wu et al., 2017b). The results (Cf Figure 3.30)
demonstrated that no noticeable peak current was seen in the bare GCE, pointing to
the use of the bare GCE for slow electron flow (Dai et al., 2012b). Significant enhanced
oxidative peak current was observed using the CH/GCE, CHMTS/GCE, due to the
enhanced hydrophobicity of materials that attracted the phenol on the surface of
electrodes (Wu et al., 2017b). Furthermore, the CHMTS/GCE showed a well-defined
and enhanced oxidative peak current of 1.99 pA at an applied potential of 0.64 V due
to the synergistic effect of organophilic and additional siloxane sites favored the
sorption of phenol molecules onto the solid surface that showed excellent sensing
properties for TCS (Saljooqi et al., 2020).
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Figure 3.30: DPASV curves obtained for TCS (200.0 pg/L at pH 8.0; phosphate buffer
(0.1 M)) using the bare GCE, CH/GCE and CHMTS/GCE (Deposition potential: 0.2
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V; Scan rate: 100 mV/s; and Deposition time: 180.0 sec; Pulse amplitude: 0.05 V; Step
potential: 0.0001 V; Modulation time: 0.05 sec; and Time interval: 0.5 sec].

3.6.3. Experimental parameters Optimization

Various voltammetric studies were conducted to develop selective and
sensitive electrochemical sensors, and various parameters (pH, deposition potential,
and time) were optimized using the CHMTS/GCE to detect 200.0 pg/L TCS.

3.6.4. Effect of pH

Using CHMTS/GCE, the influence of pH on TCS (200.0 g/L) detection was
investigated. The pH of the 0.1 M phosphate buffer solution was changed from 6.0 to
10.0 (Deposition potential: 0.2 V, Deposition duration: 180.0 sec.). In Figure 3.31 (a),
the orange plot shows the electro-oxidation of TCS and electroactive (Wu et al.,
2017b). The oxidative peak current rose as pH increased, reaching its maximum value
at 8.0. The limiting peak current decreased when the pH level rose further due to the
phenolic moiety's dissociation into the corresponding anions (Zheng et al., 2018). As
a result, pH 8.0 was chosen as the best pH for the sensitive detection of TCS.

Figure 3.31 (a) shows the effect of pH in peak potential (Ep) (blue plot). These
results show that the oxidative peak current potential was shifted from higher to lower
potential linearly with the increase in pH, which implies an excellent sensing property
of CHMTS/GCE towards TCS. Linear relationship of Ep (V)= -0.055 pH + 1.0678
(R?=0.9977) was obtained from Figure 3.31 (a) where slope of this relationship was
0.055 pH?, which approximates the standard value 0.059 pH™. This result
demonstrated the same number of protons and electrons involved in the reaction

process (Saljooqi et al., 2020).

3.6.5. Effect of deposition potential and time.

Optimizing deposition potential and time are critical parameters for developing
sensitive electrochemical sensors. The voltammograms of 200.0 pg/L TCS (0.1 M
phosphate buffer, pH 8.0) are obtained at varied deposition potential (Cf Figure 3.31
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(b)). The 0.2 V (vs. Ag/AgCl) deposition potential gave a relatively higher oxidative
peak current. However, further, an increase in potential causes a gradual decrease in
oxidative peak. Similarly, the deposition time was increased from 60.0 sec. to 180.0
sec. for peak current values of TCS (Cf Figure 3.31 (c)). Increasing deposition duration
favors the oxidative peak current and attains a maximum at 180.0 sec. Therefore, 180.0

sec. is considered an optimum deposition time for sensitive determination of TCS.
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Figure 3.31: Parametric studies carried out at 200.0 pg/L TCS (0.1 M phosphate
buffer; pH 8.0); (a) The oxidative peak potential (Primary axis) as a function of pH
and the oxidative peak current of TCS at different pH values (Secondary axis); (b) The
oxidative peak current of TCS as a function of deposition potential; and (c) The
oxidative peak current of TCS as a function of deposition time [Pulse amplitude: 0.05
V; Step potential: 0.0001 V; Modulation time: 0.05 sec; and time interval: 0.5 sec].
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3.6.6. Concentration dependence studies

Low-level determination of TCS was studied under well-optimized
experimental conditions, utilizing CHMTS/GCE with a concentration of TCS ranging
from 140.0 to 200.0 pg/L, as shown in Figure 3.32 (a). The oxidation of TCS occurs
at the potential of Ca. 0.64 V. Ca. 0.64 V. Further, the obtained oxidative peak current
was plotted against the TCS concentration, which resulted in a good linear relation.
Therefore, the calibration line was obtained and shown in Figure 3.32 (b). The obtained
linear regression equation is: y (LA) = 0.0016 x (ug/L) + 1.6724 (WA) with the
correlation coefficient R?=0.993. Further, LOD and LOQ were calculated and found
out to be 9.49 pg/L and 31.65 pg/L. Furthermore, the performance of the
CHMTS/GCE toward TCS detection and the previously reported study were compared
in Table 3.16. Table 3.16 showed that the performance of CHMTS/GCE is relatively
efficient and found a relatively lower LOD value compared to similar other studies for
TCS detection. Therefore, the synthesized CHMTS material showed a good sensing

property and was found promising in developing an electrochemical sensor for TCS.
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Figure 3.32: (a) The DPASV of TCS as a function of TCS concentrations; (b)
Calibration line obtained for the oxidative peak current of TCS as a function of TCS
concentration (Phosphate buffer (0.1 M; pH 8.0); deposition potential: 0.2 V;
deposition time: 180.0 sec; Pulse amplitude: 0.05 V; Step potential: 0.0001 V;

Modulation time: 0.05 sec; and time interval: 0.5 sec).

Table 3.16: The comparison of LOD obtained for TCS using the CHMTS/GCE with

other studies.

Electrode Method Concentration LOD Ref.
material range/ linear
employed range
Carbon Cyclic 1.0t0 120.0 10.0 (Vidal et
nanoparticles/GCE | voltammetry pmol/L umol/L | al.,
(or2.3 | 2008)
mg/L)
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iPPD/GCE (MIP) Cyclic 2.0x107" to 8.0x10°® | (Liuet
voltammetry | 3.0x107° mol/L mol/L al.,
(0.08 2009)
pumol/L)
Multiwall carbon DPV 50.0 pg/L t0 1.75 | 16.5 pg/L | (Yang et
nanotube mg/L al.,
(MWCNT) 2009)
film/GCE
B-CD/GNP DPV 2.0t0 100.0 0.6 (Li et
pmol/L pmol/L | al.,
2014)
C-PS and C-PC DPV 1.0to 100.0 0.49 (Libansk
umol/L HMol/L |y ot 1.,
and 0.25
pmol/L 2014)
CHMTS/GCE DPV 140.0t0200.0 | 9.49 pg/L | This
ug/L (0.03 work
mol/L
(0.481t0 0.69 H )
pumol/L)
*IPPD-  Imprinted  poly-o-phenylenediamine  (PPD),  B-CD/GNP-

cyclodextrin/graphene nano platelets, GQD- graphene quantum dots, C-PS- graphitic

carbon particles with polystyrene and C-PC- is with polycarbonate

3.6.7. Interfering ion study

The reliability of the CHMTS/GCE electrochemical sensor was evaluated in
the presence of several cations and anions along with some phenolic compounds. The
interfering co-ions chosen were CI, NOs, Na*, Mg?*, EDTA (ethylene diamine tetra

acetic acid), OA (oxalic acid), HQ (hydroquinone), PH (phenol), and GLY (glycine).
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The concentration of these species was taken 10-fold (2000.0 pg/L or 2.0 mg/L) to the
analyte (TCS) concentration, i.e., 200.0 pg/L (Blank). Figure 3.33, shows the
interfering ions results in the detection of TCS. It is interesting to observe that these
species show no effect in the detection of TCS. Therefore, the CHTMS/GCE showed
fairly good selectivity for the low-level determination of TCS. Therefore, the results
indicated that the selectivity of the material is good, at least for the detection of
triclosan in aqueous media. Similarly, glassy carbon electrodes modified with carbon
nanodots and chitosan (CNDs-CS/GCE) show selective and sensitive determination of

TCS in presence of several interfering ions (Dai et al., 2012).

il

Blank CI” NOs Na* Mg? EDTA GLY OA HQ PH

20
18 |
16 |
14 |
12 |
10 |
08 |
06 |
04 |
02 |
00 L

Current/pA

Interfering lons

Figure 3.33: The detection of TCS in presence of several interfering ions using the
CHMTS/GCE ([TCS: 200.0 ug/L; [Interfering ion]: 2000.0 pg/L; phosphate buffer
(0.1 M; pH 8.0); Pulse amplitude = 0.05 V; Step potential= 0.0001 V; Modulation
time= 0.05 sec; and time interval= 0.5 sec.).
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3.6.8. Reproducibility and stability of fabricated electrode

A reproducibility study was conducted for the CHMTS/GCE to determine TCS
200.0 pg/L under optimized experimental conditions. The detection study was
conducted 10 consecutive times. As shown in Figure 3.34 (a), the CHMTS/GCE
showed a similar response. The obtained current values were considered for relative
standard deviation (RSD) calculation, and found out to be 0.044%. The low value of
RSD obtained in the TCS determination inferred that the employed CHMTS/GCE
possessed relatively high reproducibility and repeatability in determining the TCS in
aqueous media.

Similarly, the stability of the employed CHMTS/GCE was studied for long-
term detection of TCS (200.0 pg/L), and the study was conducted for a prolonged
duration, i.e., the time was varied from 0 hours to 48 hours, keeping the electrode at
room temperature under ambient conditions. The current response toward TCS is
shown in Figure 3.34 (b), and the finding suggests that a variation of time duration
peak current maintains the constant value. This inferred that CHMTS/GCE possessed

long-term stability for analyte detection.
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Figure 3.34: (a) Reproducibility studies using the CHMTS/GCE at 200.0 pg/L TCS,
for repeated detection of TCS; and (b) Stability of fabricated CHMTS/GCE at varied

duration of time i.e., from 0 to 48 hrs.

3.6.9. Real implication and recovery rate study

For practical application of the CHMTS working electrode which was
implemented in detecting TCS real ground water sample which was collected from the
Mizoram University Campus, Aizawl, Mizoram, India, While the river water collected
from Chite river at Falkland Veng, Mizoram, Aizawl, India. Before water analysis,
water samples were filtered utilising whatman filter paper to get rid of any suspended
particles or organisms. Real water sample was analyzed using different analytical
methods, then returned in Table 3.14 (Chite River water) and Table 3.8 (Ground
water). For the practical implications, varying concentrations of TCS were spiked in
both the water samples ranging from 160.0-200.0 pg/L, while the electrolyte solution
0.1 M phosphate buffer (pH 8.0) was prepared using the collected water sample.
DPASV was employed for TCS detection of spiked concentration in both the water
sample and the experiment was carried out under optimised experimental conditions.
Other parameters [Pulse amplitude = 0.05 V; Step potential= 0.0001 V; Modulation
time= 0.05 sec.; and time interval= 0.5 sec] remain constant and the results are shown
in Figure 3.35. The results implies that while increasing the concentration of spiked
TCS the peak current increases linearly in both the water sample (groundwater and

Chite river water). Further, the calibration line was drawn between the concentration
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of TCS against the oxidative peak currents and shown in Figure 3.35 (¢ &d). The
obtained linear equation and correlation coefficient are represented as: y (LA) =0.001
(Mg/L) x + 1.4019 (MA) (R?=0.9932) for Chite river water and y (MA) =0.0004 (ug/L)
X + 1.3929 (HA) (R?=0.9921) for groundwater samples. These results indicated that
the response of TCS toward CHMTS/GCE was reasonably good even though other
impurities were in high concentration in both the water samples. Therefore, the

material has shown potential determination of TCS at trace level in real water samples.
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Figure 3.35: Real water sample spiked with TCS having concentrations from 160.0 to
200.0 pg/L (Phosphate buffer 0.1 M; pH 8.0), (a) DPASV of TCS using the Chite river
water; and (b) DPASV of TCS using ground; calibration lines obtained for (c) Chite
river water; and (d) Ground water samples. [Deposition potential = 0.2 V;
Accumulation time = 180.0 sec.; Pulse amplitude = 0.05 V; Step potential= 0.0001 V;
Modulation time= 0.05 sec.; and time interval= 0.5 sec.].

Furthermore, a recovery percentage study was obtained, and the results are
returned in Table 3.17. The spiked concentrations and the recovered concentrations of

TCS were calculated. Hence, the recovery percentage was calculated. The experiments

126



were conducted within the concentration ranging from 160.0-180.0 pg/L of TCS,
which is shown in Table 3.17 for both the water samples. Interestingly, the river water
percentage recovery is much higher i.e., 101.1% t0102.8%, whereas the groundwater
sample showed a recovery percentage of 99.4% to 100.8%. The high recovery
percentage of TCS using the CHMTS/GCE inferred the promising detection of TCS
even in real matrix analysis; hence, the electrode has potential for device development.
A similar response was also reported in real water recovery rate study using novel
nanocomposite material coated with silver and gold nanoparticle (Lalmalsawmi et al.,
2022)

Table 3.17: The recovery of TCS in the spiked Chite river water and ground water

using CHMTS/GCE.

Water sample Spiked Found % Recovery
(Ho/L) (Mg/L)
Chite river water 160.0 164.5 102.8
170.0 171.8 101.1
180.0 182.2 101.2
Ground water 160.0 161.4 100.8
170.0 169.1 99.4
180.0 181.6 100.8
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3.6.10. Conclusion

Electrochemical low-level determination of TCS was conducted using
CHMTS/GCE. Under CV study for electrooxidation of TCS was irreversible and
electrochemical behaviour of TCS toward bare GCE, CH/GCE and CHMTS/GCE
show that CHMTS/GCE show enhanced oxidative peak current as it has siloxane and
hydrophobic character of CHMTS material. Optimisation experiments show that pH
8.0, deposition potential 0.2 V and deposition time 180.0 sec. was the suited parameter
for efficient determination of analyte. Concentration study from 140.0 pg/L to 200.0
pg/L of TCS show increase in peak current with increase in concentration and obtain
agood linearity of y (LA) =0.0016 x (ug/L) + 1.6724 (LA), and the LOD of 9.49 pg/L.
In presence of high concentration of interfering ions such as CI-, NOs, Na*, Mg?*,
EDTA, GLY, OA, HQ and PH, CHMTS/GCE show sensitivity and selectivity toward
TCS. Reproducibility and stability study show CHMTS/GCE long term stability and
repeatability till 48 hrs. The fabricated GCE with CHMTS showed practical
implacability in the real water samples (groundwater and Chite river water samples)
TCS analysis. Therefore, CHMTS fabricated GCE shows potential and promising
electrodes in the trace and efficient detection of TCS in aqueous media and possibly a

more extensive application in miniature device development.

128



CHAPTER 4
CONCLUSIONS



4. CONCLUSION

The novel nanocomposite materials were synthesized and introduced in
fabricating the glassy carbon electrode (GCE) for development of electrochemical
sensor in the detection of Pb (Il) and micropollutants viz., bisphenol A (BPA) and
triclosan (TCS). A facile and robust synthetic route was adopted synthesising the
materials precursor to the chitosan and different silanes. Moreover, the silver
nanoparticles were obtained using the natural phytochemicals and in situ decorated
with the composite materials.

The chitosan (Degree of deacetylation > 75%) chitosan (CH) was grafted with
trimethoxyoctylsilane (TMS) and 3-mercaptopropyl trimethoxysilane (MTS) in simple
one step facile process to obtain the CHTMS and CHMTS composite materials. The
composite materials (CHTMS and CHMTS) were used in fabricating the GCEs and
employed in the detection of Pb (Il), BPA and TCS. Moreover, the CHTMS was
decorated with silver nanoparticles (Ag(NPs)) to obtain the nanostructured material
viz., CHTMS+Ag(NPs). The silver nanoparticles (Ag®) were obtained in situ using the
Psidium guajava leaf extract which act as reducing agent and stabilizing the
nanoparticles as capping agent as well. The synthesized composite and nanocomposite
materials were characterised by several analytical tools viz., BET, FT-IR, UV- visible,
SEM-EDX, TEM and XRD. The N adsorption/desorption isotherms indicated that all
the materials follow type IV isotherm with an H3-type loop, which consists of
mesopores with slit-shaped pores. Further, the BET specific surface area of composite
materials was increased significantly compared to the bare chitosan. On the other hand,
the pore size and pore volume was 35.12 nm and 0.0057 cm®/g (for CHTMS), 35.21
nm and 0.0097 cm®/g (for CHMTS). The FT-IR analysis of CH, CHMTS, CHTMS
and CHTMS+Ag(NPs) shows that stretching vibrations of alkyl appeared around the
wavenumbers of 2870 cm™ and 2924 cm™. Similarly, the amide bond vibrational peaks
occurred at 1651 cm™ and 1566/1558 cm™. Moreover, the -C-O-C- glycosidic linkage
was obtained around the wavenumbers of 1100 cm™* to 1000 cm™. It is further observed
that the FT-IR peaks were slightly shifted with composite and nanocomposite
materials i.e., the amide peak was shifted form 1558 cm™to 1544 cm™ in CHMTS,
1558 cm™to 1543 cm™ for CHTMS and 1543 cm™ to 1566 cm™ in CHTMS+Ag(NPs).
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The stretching vibration of N-H and O-H was observed around 3000 cm™ to 3500 cm
! for chitosan (CH). However, the peaks were almost diminished with composite and
nanocomposite materials, which was due to grafting of silane with chitosan matrix.
Furthermore, the additional FT-IR bands were observed in composite and
nanocomposite materials around 1000-1100 cm™, 900-950 cm™ and 700-800 cm™,
which were ascribed to the Si-O-Si, Si-OH and Si-O-Si stretching vibrations. The UV-
visible spectrum of nanocomposite material (CHTMS+Ag(NPs) shows a surface
plasmon resonance (SPR) peak at 440 nm, which infers the formation of Ag(NPs)
within the composite material (CHTMS). The SPR peak appears due to formation of
Ag° by the phytochemicals. The SEM micrograph of CH show a heterogeneous surface
contained with randomly distributed pores on the surface. The surface of CHTMS is
relatively compact and dense and silane is visible on the surface. The pores are
occupied with the grafted silanes. Similarly, the CHMTS solid shows heterogeneous
and dense surface morphology. On the other hand, the nanocomposite material
(CHTMS+Ag(NPs) show heterogeneous surface morphology and the Ag(NPs) are
randomly distributed on the surface of solid. The EDX spectra shows that prominent
peaks of C, N, O, S elements appeared in all these materials. Whereas, an additional
Si peak appeared with the CHTMS, CHMTS and CHTMS+Ag(NPs) solids, which
confirmed the grafting of silanes with the chitosan in these materials. Further, the
CHTMS+Ag(NPs) solid shows EDX peak of silver indicating the presence of silver in
the solid. The formation of Ag(NPs) in the silane grafted chitosan matrix was
supported by the TEM images, and the Ag(NPs) are dispersed on the substrate surface
with slight variation in nanoparticle sizes. Moreover, the nanoparticles were not
agglomerated on the surface. The calculated mean diameter of Ag(NP) was found to
be 22.32 nm and the d-spacing was 0.37 nm. The X-ray diffraction pattern of CHTMS
and CHTMS+Ag(NPs) were obtained and the CHTMS+Ag(NPs) material showed
additional diffraction peaks at 20 values of 38.38, 46.59, 64.79 and 77.43 around,
which corresponds to the diffraction planes of (111), (200), (220) and (311),
respectively of Ag(NPs) (JCPDS card no. 04-0783). Further, the crystallite size was
found to be 28.17 nm.

The working electrodes were fabricated using the composite or nanocomposite

materials. The electrochemical characterisation of the fabricated electrodes was
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conducted by the cyclic voltammetry and electro impedance spectroscopy employing
the standard [Fe(CN)s]*’* (0.002 M; prepared in 0.1 M acetate buffer) redox couple.
The fabricated GCEs showed characteristic redox peaks of [Fe(CN)e]*"*. Moreover,
increase in scan rate caused an increase in redox peak currents and the redox process
was diffusion controlled. The electroactive surface area obtained using the Randles-
Sevcik equation was found to be 0.000895 mm?, 0.00237 mm?, 0.003899 mm?,
0.00493 mm? and 0.005827 mm? for the bare GCE, CH/GCE, CHTMS/GCE,
CHMTS/GCE and CHTMS+Ag(NPs)/GCE. Furthermore, the AE value was lowered
for composite and nanocomposite materials compared to the bare GCE or CH/GCE.
On the other hand, the EIS data is fitted well to the Nyquist plots. In Nyquist plots the
estimated Rc (Charge transfer resistance) value was decreased significantly using the
composite or nanocomposite materials i.e., 6.46 Q, 633.7 Q and 431.6 Q for CHTMS,
CHMTS and CHTMS+Ag(NPs).

Electrochemical behaviour of Pb (II) was studied using bare GCE and
CHTMS/GCE under the DPASV technique. The oxidation peak current was
significantly increased using the CHTMS/GCE compared to the bare GCE. The
detection of Pb (Il) was optimized for several parameters under the DPASV
measurements. The pH 4.5, deposition potential: -0.9 V, deposition time: 180.0 sec
was optimized for the efficient detection of Pb (I1I). The CHTMS/GCE enabled to
obtain a low detection limit (2.83 pg/L) studied for a concentration range from 5.0
Mg/L to 80.0 pg/L. A good linear calibration line was obtained as y (LA) = 0.0049 x
(Ug/L) + 1.7964 (LA) (R? = 0.992). Interfering ion study shows that the EDTA slightly
interfere in the detection of Pb (II), which is due to complex formation with Pb (I1)
and feeble attraction of the complexed species toward the electrode surface resulting
in reducing the oxidative peak current of Pb (I1). However, the other ions (viz., Cd (11),
Cr (111), Cu (1), Ni (1), Zn (11), GLY and OA) do not interfere with the determination
of Pb (I1). Reproducibility and stability studies show that the fabricated electrode
shows repeatability of results with reasonably low %RSD value (0.18%). The long
term stability i.e., till 48 hours of use shows that the electrode is quite stable with
0.18% of %RSD value. Additionally, the fabricated electrode is seemingly employed

in the real matrix detection of Pb (11). The spring water and ground water samples were
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spiked with the Pb (I1) and the recovery percentage ranged from 96.63 to 102.99 % in
spring water, and it ranged from 96.98 to 104.6% for ground water samples.

Similarly under optimised experimental conditions CHTMS+Ag(NPs) was
employed in Pb (I1) detection. The DPASV study shows that electro oxidation occurs
faster in CHTMS+Ag(NPs) compared to CHTMS composite material with 3 fold
increase in oxidative peak current. A linear increase in oxidative peak current is
obtained by increasing the concentration of Pb (11) from 5.0 pg/L to 80.0 pg/L under
the DPASV measurement. The straight line equation is obtained as: y (LA) =0.0368 x
(Ug/L) + 3.5742 (UA) with a correlation coefficient (R?) of 0.9811 and the calculated
LOD was 1.97 pg/L. Interfering study shows that glycine and oxalic acid interferes the
detection of Pb (I1) whereas the presence of other such as Cr (I11), Cu (11), Ni(ll), Zn
(1) and EDTA are not affecting the Pb (I1) detection. The detection of Pb (1) in spiked
real waters showed a high percentage recovery with a value of 95.52-96.06 % for
spring water and 92.95-102.57 % for ground water. Similarly, the fabricated electrodes
are reasonably stable in repeated and prolonged operations at least in the efficient
detection of Pb (II).

The novel fabricated electrodes were also employed in the detection of some
of the emerging micropollutants viz., bisphenol A triclosan. An irreversible
electrooxidation of BPA was obtained at the CHMTS/GCE under the cyclic
voltammetric studies. Moreover, the different modified GCEs were employed viz.,
bare GCE, CH/GCE and CHMTS/GCE to analyse their electrochemical performance
towards the BPA and around an applied potential of 0.42 V a characteristic oxidative
peak current of BPA was observed. The oxidative peak current follows the order:
CHMTS/GCE>CH/GCE>GCE. The DPASV study is optimized for the efficient
detection of BPA (200 ug/L), and the optimised conditions are as: pH 10.0, deposition
potential 0.2 V, deposition time 180.0 sec. Furthermore, the CHMTS/GCE was
employed in the determination of BPA at a wide concentration range of 140.0 pg/L to
200.0 pg/L. A good linear equation of oxidative peak current as a function of BPA
concentration is obtained with linear equation: y (LA) = 0.0007 x (ug/L) +1.1673 (LA)
(R?=0.9947) with LOD of 5.61 pg/L. The presence of several co-exiting ions viz., PH,
HQ, CI, NOz’, Na*, Mg*2, OA, EDTA, GLY could not influence the detection of BPA

using the fabricated thin film electrode. Real water analysis show that spiked and found
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concentration is almost close to each other with the recovery percentage in spring
water is ranged from 99.7-102.7% and for Chite river water is from 102.4 to 102.7%.
Similarly, the TCS determination was carried out using the CHMTS/GCE at pH 8.0
using the phosphate buffer (0.1 M). A good linear relationship of TCS concentration
and oxidative peak current is obtained with the straight line equation: y (LA) = 0.0017
X (Mg/L)+ 1.648 (LA), with the correlation coefficient R?=0.9968. The calculated LOD
was found to be 9.49 ug/L. No apparent inference was observed in presence of several
cations and anions in the detection of TCS using the fabricated micro-electrode. The
real water sample analysis using TCS spiked Chite river water and ground water show
high recovery of TCS. The stability of fabricated electrode for repeated and prolonged
operations ascertain the practical applicability of electrodes in real implications.
Overall the limit of detection (LOD) for Pb (Il), BPA and TCS using the
composite (CHTMS, CHMTS) and nanocomposite (CHTMS+Ag(NPs)) materials
modified glassy carbon electrode are compiled and returned in Table 4.1 The LOD
values are compared to the permissible maximum contamination level (MCL) put
down by the World Health Organisation or United States Environmental Protection
Agency (US EPA) in drinking water (Cf Table 4.1). Table 4.1 clearly inferred that the
obtained LOD values are significantly lower than the standard values which further
indicated the potential of these electrodes in the device development. The laboratory
findings are useful input data for the development of miniaturized devices to efficiently

detect these potential water contaminants.
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Table 4.1: LOD values of several contaminants obtained with modified electrodes
compared to MCL levels established by WHO and the US-EPA.

SI. No. Working Electrode Pollutant LOD MCL (ug/L)
(g/L)
1 CHTMS/GCE Pb (11) 2.83 10 (WHO)
15 (USEPA)
2 CHTMS+Ag(NPs)/GCE Pb (1) 1.97 10 (WHO)
15 (USEPA)
3 CHMTS/GCE BPA 5.61 No fixed
MCL
4 CHMTS/GCE TCS 9.49 No fixed
MCL
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Trace detection of bisphenol A

In a facile synthesis process, a novel functionalized composite material was synthesized as precursors to the
chitosan and 3-mercaptopropyl trimethoxysilane (CHMTS). The materials, chitosan (CH) and CHMTS were
characterized using Fourier-transform infra-red, scanning electron microscope/energy dispersive X-rays, trans-
mission electron microscopy, and Brunauer-Emmett-Teller surface area analyser techniques. The eyclic vol-
tammetry (CV) studies showed that a 6-fold increase in oxidative peak current was recorded in CHTMS/GCE
compared to bare GCE and 3-fold increase in peak current compared to CH/GCE. Similarly, EIS Nyquist plots
showed a significant decrease in a semicircle for the CHMTS/GCE compared to the bare GCE and CH/GCE with
the Rt value of 10814.0 Q, 2639.0 Q, and 663.7 Q, respectively for the CHMTS/GCE, CH/GCE, and GCE. Further,
the electrochemical behaviour of bisphenol A (BPA) showed an irreversible 2-electron process. Moreover, the
differential anodic stripping voltammetry is found sensitive and selective for the trace detection of BPA under
optimized experimental parameters such as pH 10.0, deposition potential 0.2 V (vs. Ag/AgCl), and deposition
time 180 sec. The determination of BPA showed good linearity with BPA concentration against the oxidation
peak current, within the studied concentration range of 140.0 pg/L to 200.0 pg/L, and the calculated limit of
detection is 5.61 pg/L. The 10-fold increase in several co-existing ions not affect the detection of BPA, indicating
the selectivity and sensitivity of the CHTMS/GCE toward BPA. The fabricated electrode showed reasonably good
reproducibility with an RSD value of 0.35%. Furthermore, CHTMS/GCE showed long-term stability since the
peak current was retained at 99.42% even after 48 hrs of repeated use. Real water samples using spring water
and river water revealed the recovery percentage of Ca. 100% in the detection of BPA, which showed the
practical applicability of the fabricated electrode.

1. Introduction

Bisphenol A is a potential endocrine disturbing chemical (EDCs) and
is regarded as an emerging contaminant in the natural water bodies. BPA
is often detected in surface water, groundwater, and landfill leachates.
Several methods such as nanofiltration [1], UV/H,0, and reverse
osmosis [2], and advanced oxidation process [3] membrane bioreactor
[4] are demonstrated for efficient removal of bisphenol A from waste-
water. These methods showed good removal efficiency for BPA at higher
concentrations. However, it is not removed efficiently at low-level
concentrations.

Moreover, the existing conventional treatment plants are also not

* Corresponding author.
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efficient enough to remove the BPA altogether; hence, it is detected at
low concentrations in the water bodies. Hence, detecting the BPA at
trace levels in an aqueous medium is a prerequisite. A review well
demonstrated the electrochemical biosensors and sensors for the
detection of various environmental contaminants using various mate-
rials [5]. Advance instruments, including spectroscopic and chromato-
graphic techniques, are known. However, they mostly lacked the costly
and complicated instrumentations, the need for highly trained opera-
tors, and mostly off-site detection is feasible [6]. On the other hand, the
electrochemical technique gives advantages over those sophisticated
instruments. However, it showed drawbacks like selectivity, limited
linear range, stability issues, and required limit of detection (LOD) [7].
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Fabri

tion of a working electrode with silane grafted chitosan (CHTMS) employed in the sensitive detection of Pb(Il) in aqueous

media is presented. Several advanced analytical methods have extensively characterized the nanocomposite material. The prepared
material was subsequently employed for modification of a glassy carbon electrode (GCE) and characterized using cyclic
voltammetry (CV) and electrochemical impedance spectroscopy (EIS), which show a 3-fold enhancement in surface area compared
with the bare GCE. and a charge transfer resistance of 678.7 . The modified electrode was employed in the sensitive
determination of Pb(Il) in aqueous media using differential pulse anodic stripping voltammetry (DPASV), where optimization of

experimental parameters such as pH, deposition time and depos

tion potential was carried out. Under optimized conditions, the

linear regression and correlation coefficient were obtained, which show that Pb(II) can be detected over a wide concentration range
with a calculated limit of detection (LOD) of 2.83 pg 1!, which is lower than the permissible limit set by the WHO. For practical

applicability, reproducibility and stability tests
recovery rates showing promising results.

as well as real water sample analyses were further performed, with the obtained

© 2022 The Electrochemical Society (“ECS”). Published on behalf of ECS by IOP Publishing Limited. [DOI: 10.1149/1945-7111/

ac77c4]
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Heavy metal toxic ions pose serious environmental threats due to
their toxicity, bioaccumulation, non-biodegradability and persistence
in the environment."* The accumulation of these toxic ions leads to
serious issues concerning human health and imbalances in natural
ecosystems.” Natural a s contribute significantly to the occur-
rence of toxic ions in the environment in addition to several
anthropogenic activities. The rapid industrialization and disposal
of partly treated wastes into the aquatic environment has led to the
entry of contaminants into the food chain.

Pb(1l) is one of the most toxic and persistent non-essential heavy
metals that causes numerous health effects, mainly affecting the
central nervou stem.>® Pb(Il) accumulates readily in the bones,
muscles and ki nc_\/.7 It reaches water bodies through pipes with Pb
(II) layering, leading to the contamination of drinking water. The
World Health Organization (WHO) has set the permissible limit of
Pb(ID) in drinking water to as low as 10 ug 17'° Therefore, to
safeguard human health, there is an urgent need to develop robust
and miniaturized devices for Pb(Il) detection at trace levels. Many
sophisticated techniques are known for the low-level detection of Pb
(II). including atomic absorption spectroscopy (AAS).® inductively
coupled plasma—mass spectrometry/optical emission spectroscopy
(ICP-MS/OES).® atomic fluorescence spectroscopy (AFS),'® sur-
face-enhanced Raman scattering (SERS).'" and X-ray fluorescence
spectrometry (XRF).'? Although these sophisticated techniques are
advantageous in the low-level detection of Pb(ll), these techniques
lack on-site detection and require trained personnel to operate the
instruments. On the other hand, electrochemical techniques, viz.,
stripping  voltammetry, provide numerous advantages, such as
1 itivi selectivity, stability, easy operation, and
cost effectiveness, and, most importantly, devices can be employed
for on-site analyte detection ® Among various electrochemical
techniques, DPASV (differential pulse anodic stripping voltam-
metry) has drawn greater interest because of its high sensitivity
and selectivity toward several heavy metal toxic ions."*

Furthermore. the sensitivity and selectivity of analytes by
electrochemical methods greatly depend on the electrode surface
and can be significantly improved by suitable modification using
advanced materials. Nanoparticles, nanocomposites, carbon nano-
tubes, graphene-based composites, polymers, biological compounds,

*E-mail: leesm @cku.ac.kr; diw_tiwari@yahoo.com

ete., are often employed as electrode modifiers for the low-level
determination of various metal ions."*2° Recently. electrodes
modified with polymers such as polyaniline and PEDOT (poly
34-ethylenedioxythiophene) have shown promise due to their
physiological robustness, chemical stability, adsorptive ability.
versatility for introducing various functional groups, and relatively
inexpensive and robust synthesis.”'?> However, recent research
efforts have focused on developing biocompatible, non-toxic, easy.
and environmentally friendly processes for material production.
Hence, biopolymers are promising precursor materials for synthe-
sizing suitable advanced materials.”” The combination of film
forming capabilities, high stability, bioactivity, high water perme-
ability. low toxicity. good mechanical strength, and susceptibility to
i changes makes biopolymers ideal for electrochemical
ons.* It has been reported that chitosan is a useful
biopolymer for the extraction of chemicals and for metal
determination.”

Chitosan is a natural polymer with a variety of interesting and
impressive properties, viz., good adsorption ability, low-cost, abun-
dance and ready chelation of heavy metal ions.”®*” Moreover,
chitosan is biocompatible, non-toxic. biodegradable, and cost
effective, with film forming, swelling, adhesion properties, etc. For
these reasons, chitosan has found applications in many research
areas.”® It is derived from the deacetylation of chitin and obtained
from the exoskeleton of insect cuticles, shrimp and crabs.> The
3-glycosidic linkages of chitosan show similarities with cellulose,
where two units of chitosan are linked together through glycosidic
linkages, 1e., 2-acetamido-d-glucose and 2-amino-d-glucose, as
shown in Fig. 1.2

Despite several unique and useful properties of chitosan, the use of
bare chitosan has several limitations, including weak mechanical
strength, settling problems and pH sensitivity, since, at lower pH, it is
readily soluble and dissociates from its structural indignity.**!
However, the functional groups present in chitosan enable the modifica-
tion of chitosan with suitability and selectivity as a natural engineered
material. The chemical modification of chitosan has been primarily
conducted via crosslinking with glutaraldehyde. Furthermore, the
modified material shows good selectivity toward the detection of Cr
(VI). glucose and hydrogen peroxide.*** Furthermore. the diepoxy
compound [1,2:7.8-diepoxyoctane (DEO)] was crosslinked with chit-
osan and found suitable for the adsorption of Cr(VI) under acidic
conditions:™ sodium tripolyphosphate (TPP) and gloxal are also
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Keywords: Novel and highly efficient nanomaterials were synthesized using relatively greener routes, and these materials

were utilized in the trace and simultaneous detection of Cd** and Pb** in aqueous solutions. Silver nanopar-
ticles (AgNP) were synthesized by using the Persea Americana leaf extract, and the AgNP were in situ decorated

Green synthesis
Simultaneous trace detection

Nea;lomate‘rial alvsi with the silane grafted bentonite (AgNP@Bt/TC). The structure/morphology of the synthesized materials was
Edz‘ma:l:;\:‘ ysis characterized by scanning electron microscopy/energy-dispersive X-ray (SEM/EDX), transmission electron
an

microscopy (TEM), and X-ray photoelectron spectroscopy (XPS). Nanomaterial was utilized to modify the
glassy carbon electrode surface. For the first time, the fabricated electrode was employed for the single and
simultaneous trace detection of lead and cadmium in aqueous solutions using the differential pulse anodic
stripping voltammetry (DPASV). Extensive parametric studies viz., pH, depositional potential, time, and poten-
tially interfering ions were studied. Fairly good calibration lines were obtained to detect these two ions with a
detection limit (LOD) of 0.79 pg/L for Cd** and 0.88 pg/L for Pb2*. The detection method was utilized in the
simultaneous detection of the metal ions in real matrix samples, which gave the recovery of 93 to 108% for

cadmium and 99 to 113% for lead detection.

1. Introduction

The non-essential heavy metal ions (HMI’s) such as As, Pb, Cd, Hg,
etc. are highly toxic and non-biodegradable, causing significant envi-
ronmental hazards. These toxic ions are readily accumulated in the
body’s tissues and cause serious health problems affecting the nervous
system, skin, liver, kidneys, bones, etc. [1-3]. Humans are greatly
exposed to lead and cadmium through contaminated food items or
even drinking water. Given its toxicity, the United States Environmen-
tal Protection Agency (US-EPA) and World Health Organization
(WHO) have set 3.0-5.0 pg/L and 10.0 ug/L as maximum intake limits
for cadmium and lead, respectively, in drinking water [4]. Although
the US-EPA regulates the maximum contamination level of these two
ions, many countries imposed non-occurrence of these ions even at
trace levels. Many industrial activities, including mining, agriculture,
metal-plating, manufacturing of batteries, alloys, paints, dyes, etc.
are vast contributors of the heavy metals released to the aquatic and
terrestrial ecosystems, which eventually enter into the bio-environ-
ment [5,6]. Consequently, efforts are made to monitor and assess

* Corresponding authors.

E-mail addresses: diw tiwari@yahoo.com (D. Tiwari), dongjin@hallym.ac. kr (D.-J. Kim).
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heavy metal contamination in aquatic environments properly. The
analysis of heavy metals are mostly carried out by standard spectro-
scopic techniques such as atomic absorption spectroscopy [7,8], induc-
tively coupled plasma-mass spectroscopy [9] and inductively coupled
plasma-optical emission spectroscopy [10]. Nonetheless, the require-
ment of expensive and sophisticated instruments with cumbersome
operational procedures are the known disadvantages of utilizing these
methods. Moreover, the methods are limited to off-site measurements
only. Thus, the alternative techniques that offer a simple, cost-effective
setup with user-friendly operation and apply to on-site detection of
toxic heavy metal ions have been considerably encouraged in the
recent past [11,12]. Many detection strategies based on miniaturized
devices have recently emerged as viable alternatives in the efforts of
robust, portable, and low-cost detection methods. These devices even-
tually overcome the shortcomings of conventional methods, viz., fluo-
rescence [13], colorimetry [14], surface-enhanced Raman scattering
[15], electrochemistry [16], and surface plasmon resonance [17]. Elec-
trochemical methods are recognized as promising tools to fulfil the
demands. They are inexpensive, portable, and rapid, hence providing
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ABSTRACT

The present study aims to investigate the insights of Alizarin Yellow removal by hybrid materials precursor to natural bentonite. The hybrid
materials employed are bentonite modified with hexadecyltrimethylammonium bromide (HDTMA) (BnH) and aluminium pillared HDTMA bentonite
(BnAH). Surface morphology of materials are obtained with scanning electron microscopy-Energy dispersive X-ray analysis (SEM-EDX). The batch
reactor operations conducted in the removal of Alizarin Yellow by these solids for various parametric studies which enabled to deduce the mechanism
involved at solid/solution interface. Sorption capacity and selectivity was increased significantly using hybrid materials in the removal of AY.
Hybrid materials showed very high removal capacity of AY and apparently unaffected at varied pH (4.0-10.0) and sorptive concentrations 1.0
to 25.0 mgL™". Kinetic studies indicated that an apparent equilibrium occurred within 5-10 min of contact and the kinetic data was better fitted
to the pseudo-second-order kinetic model. The percent removal of AY was not affected by increasing the background electrolyte (NaCl) concentration
to 0.1 molL” and in presence of several co-existing ions. It is revealed that the hybrid materials are found more organophilic and AY molecule

bound with strong forces at the surface of hybrid materials.

Keywords: Alizarin Yellow, Hybrid materials, Organophilic materials, Pillared materials, Sorption mechanism, Strong bonding

1. Introduction

Rapid growth of modern textile industries has led to an excessive
discharge of wastes containing dyes and pigments. A report stated
that around 10-15% of the dye produced is lost annually during
the textile dyeing process and final processes [1]. Dyve compounds
are non-biodegradable, persistent in nature, stable to light thereby
disturbing the process of photosynthesis in the aquatic environment
and are difficult to eliminate because of aromatic structure from
water bodies [2-8]. More than 5,000 years, natural dyes, for instance,
indigo have been employed for coloring but due to the low cost
and availability of new colors, natural dyes are being replaced
by the synthetic dyes [9]. Alizarin Yellow, an azo dye,
5-(3-Nitrophenylazo) salicylic acid sodium salt is produced by the
diazo coupling reaction and readily soluble in water. It is used
in wool, leather, paper, fibers, leather, plastics, food, pharmaceut-
icals, paints and lacquers industries [9-11]. Several biological and
physicochemical treatments such as oxidation, coagulation, acti-

vated sludge processes, filtration, photocatalysis, membrane filtra-
tion and adsorption are employed in the removal of dye compounds
from wastewaters. However, some of these methods are expensive,
generate even more toxic by-products and sometimes show limited
efficiency [12-14]. Therefore, adsorption is a common and viable
method to be emploved for the removal of dyes from wastewaters
due to its low-cost, easy process and effective since no hazardous
by-products are formed in the overall process [15-20].

Clay minerals are natural adsorbent and are found useful in
the remediation of aquatic environments contaminated with a varie-
ty of water pollutants. The presence of exchangeable cations, elec-
trical charge, micro-porosity and surface functional groups makes
clay mineral a good natural adsorbent. However, clay minerals
show less efficiency towards several anionic and organic
contaminants. Therefore, to increase its sorption capacity towards
such pollutants, modification of clay minerals with suitable organic
molecules, grafting, treating with acid and alkali, pillaring with
poly(hydroxo-metal) cations and cross-linking are interesting alter-
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Abstract

The role of nano bio-composites precursor to chitosan are innumerable and are known for having different applications in
various branches of physical sciences. The application to the sensor development is relatively new, where only few literature
works are available to address the specific and critical analysis of nanocomposites in the subject area. The bio-composites
are potential and having greater affinity towards the heavy metals and several micro-pollutants hence. perhaps are having wid-
er implications in the low or even trace level detection of the pollutants. The nano-composites could show good selectivity
and suitability for the detection of the pollutants as they are found in the complex matrix. However, the greater challenges
are associated using the bio-composites, since the biomaterials are prone to be oxidized or reduced at an applied potential
and found to be a hinderance for the detection of target pollutants. In addition, the materials could proceed with a series
of electrochemical reactions, which could produce different by-products in analytical applications, resulting in several complex
phenomena in electrochemical processes. Therefore, this review addresses critically various aspects of an evaluation of nano
bio-composite materials in the electrochemical detection of heavy metals and micro-pollutants from aqueous solutions.

Keywords: Electrochemical sensor, Bio-composite materials, Chitosan, Detection limit, Glassy carbon electrode, Heavy

metals, Micro-pollutants

1. Introduction

The presence of micro-pollutants in the aquatic environment can lead
to serious environmental issues. These micro-pollutants are persistence
and relatively toxic in nature and are found to be emerging as water
contaminants. It includes a variety of anthropogenic and natural occur-
ring substances. Anthropogenic substances are those which include day
to day consumables viz., cosmetics. pharmaceutical products, pesticides
used by cultivators and variety of industrial wastes emanating from
chemical industries. These pollutants are detected i water bodies at
very low level in concentrations (ng/L to pg/L) hence. it makes diffi-
cult to detect and complicates the process further in regards to treating
these compounds in the wastewater treatment plants (WWTPs)[1].
Since these micro-pollutants are persistence hence, it is removed/de-
graded partly in the WWTPs and escaped through the WWTPs.
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Therefore, it resulted a continuous introduction of these pollutants into
the aquatic environment[2]. Micro-pollutants which escape through
WWTPs in an aquatic environment becomes a serious threat to human
and other living beings because of its long- or short-term toxicity. en-
docrine disrupting effects and antibiotic resistance. In this respect.
since there are no intended guidelines laid down by the regulatory bod-
ies for discharge of these micro-pollutants into the water bodies. there
will be problems going forward related to this issue[l]. However,
many of these contaminants are toxic to living beings as well and need
to be continually monitored and researched to preserve human health
outcomes in the future.

It is known that the pharmaceuticals/drugs which are administered to
the human body could metabolize only up to 30% hence. and therefore
the major pharmaceutical compounds are either unmetabolized or me-
tabolized as by-products. and are excreted through urine or faeces
which eventually enters into the receiving waste water treatment plants
(WWTPs)[3-5]. Micro-pollutants are included with the endocrine dis-
rupting chemicals (EDCs) which is known to be a serious health
hazard. It is therefore, responsible of disrupting the endocrine system
as well as nervous system of living organisms[1]. Apart from pharma-
ceuticals, the prolonged usage of pesticides in agricultural lands for
controlling crops damaging insects, fungus etc. also contributes a sig-
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Abstract

The rapid increase in population, urbanisation, and industrialisation have led
to consequences such as polluting the aquatic environment through municipal waste,
discharge from industries and mining areas, chemical runoff, and other non-
biodegradable pollutants that are released without proper treatment. Some heavy
metals are recognized for being important in human bodies in minute quantity, yet
exceeding the required quantity has negative consequences. Some non-essential heavy
metals ions such as As, Pb, Cd, Hg etc. are highly toxic toward living beings and are
non-biodegradable, causing serious threat to the human health and environment.
Among the heavy metal toxic ions, Pb (I) is a non-essential toxic metal but having
varied applications in diverse areas. The release of lead into the environment is
eminent and polluting the environment. Pb (1) readily bio-accumulated in bones and
kidney, and causes serious damage to central nervous system, renal function. The
World Health Organization (WHO) has set a maximum tolerable level of 10 pg/L in
drinking water. On the other hand, widespread use of synthetic chemicals,
pharmaceuticals, and personal care products caused elevated levels of these
compounds in the aquatic environment. These compounds are known to be emerging
water pollutants because they are very persistent, and escape through waste water
treatment plants. The tenacious nature of these contaminants causes a significant
danger of bioaccumulation and aid in the development of bacteria antibiotic resistance.
A variety of contaminants are detected in drinking water, surface water, ground water,
sludge and streams with pollutants, which includes bisphenol A (BPA) and triclosan
(TCS). These pollutants are emerging endocrine disturbing chemicals (EDC) as well.
These compounds are having wide applications in the manufacture of bottles,
containers, pipes, etc, which contain BPA, and TCS is employed in various personal
care products. BPA behaves as estrogen-17-f estradiol, which mimics the normal
estrogen-17-4 estradiol function and binds with estrogen receptors and disrupts the
entire estrogen function. TCS discharge into the environment results in greater
contamination and is detected in river lake and wastewater. TCS degradation under
UV irradiation produces more toxic dioxin-type compounds that lead to greater



contamination and is regarded as carcinogenic to humans in aqueous solutions as

demonstrated by the USEPA (United States Environmental Protection Agency).

Although advance analytical techniques such as atomic absorption
spectroscopy (AAS), inductively coupled plasma, mass spectroscopy (ICP-MS), X-
ray fluorescence spectrometry (XRF), gas chromatography-mass spectrometry (GC-
MS) and high-performance liquid chromatography (HPLC) etc. are highly efficient,
however; showed several limitations such as high instrument cost, complicated in
operation, sometimes time consuming and most importantly only off-site analysis is
possible. As a result, an efficient, robust and miniaturized device is a need of the hour,
which could be employed for on-site detection of these pollutants. This could enable a
proper monitoring of the pollutants in aquatic environments. The electrochemical
methods based on efficient sensing electrodes have attracted greater attention in the
recent past. The electrochemical methods, in general, user-friendly, robust, efficient,
rapid with high precision and cost effective, hence; are useful alternatives for detection

of analytes in aqueous medium.

The introduction of newer advanced materials in the fabrication of working
electrodes allows the efficient detection of a variety of pollutants in water bodies. The
sensitivity and selectivity of electrochemical detection methods are largely dependent
on the electrode materials and type of fabrication. The composite and nanocomposite
materials precursor to the natural chitosan showed enhanced applications in the diverse
area of research.

Furthermore, the greener route of material synthesis has attracted interest in
material synthesis since this provides an alternate and environmentally friendly route
in addition to being cost effective. The green synthetic approaches involve
phytochemicals from plant leaves extract, which efficiently reduces metal precursor
ions to zero valent metals and also acts as a capping agent for nanoparticles and
stabilizes the nanoparticle from aggregation. Therefore, these phytochemicals serve as
an alternative for toxic reducing agents, which minimised the use of toxic chemicals
in traditional nanoparticle synthesis. Chitosan is a natural biopolymer having

numerous applications due to their intriguing properties such as film forming ability,



adsorption capacity, swelling ability, and chelation toward metal ions. The availability
of amino groups in chitosan is suitable for chemical modification and functionalization

of polymeric chains using different organic compounds.

Chitosan (CH) was grafted with 3-mercaptopropyl trimethoxysilane (MTS)
and trimethoxyoctyl silane (TMS) for synthesizing composite material (CHMTS and
CHTMS) and CHTMS was later decorated with Ag(NPSs) in in situ process to obtain
the (CHTMS+Ag(NPs)) nanocomposite material. The synthesized material was
employed in efficient and trace detection of Pb (11) and micro-pollutants viz., BPA and
TCS from aqueous medium. Psidium guajava leaf extract was used to synthesize silver
nanoparticles in the nanocomposite materias. The UV-Vis spectra from the
synthesized nanocomposite show surface plasmon resonance (SPR) peak at 440 nm,
reaffirmed the formation of Ag nanoparticles within the composite material. The
synthesized composite and nanocomposite materials were characterised by the FT-IR,
SEM-EDX, TEM, XRD and BET analytical tools. Composite and nanocomposite
materials were utilised in surface modification of GCE and employed in the
determination of Pb (11), TCS and BPA. The fabricated electrodes were characterised
electrochemically using CV (Cyclic Voltammetry) and EIS (Electro Impedance
Spectroscopy) using the standard redox couple [Fe(CN)e]*’*. The electrochemical
determination of Pb (I1), BPA and TCS were conducted under DPASV (Differential
Pulse Anodic Stripping Voltammetry) methods. Various parametric studies were
conducted viz., pH, deposition potential, deposition time, influence of interference to
demonstrate the deduce the insights of detection methods. Further, the stability and
selectivity of fabricated electrodes were extensively conducted in the laboratory

experimentations.

The cyclic voltammetric studies were carried out at varied scan rates from 20
to 150 mV/s, and the redox peak currents of [Fe(CN)s]*’* were obtained using
different fabricated electrodes. A linear relationship was obtained between the square
root of scan rate vs the oxidative peak currents for these electrodes inferred that the
redox reactions at the electrode surface are diffusion controlled. Moreover, the linear
equations were used in calculating the electroactive surface area for all these electrodes

using the known Randles-Sevcik equation. The calculated electroactive surface area
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of the electrodes is: 0.000895, 0.00237, 0.00493, 0.003899, 0.005827 mm? for Bare
GCE, CH/GCE, CHMTS/GCE, CHTMS/GCE and CHTMS+Ag(NPs)/GCE,
respectively. The EIS study shows that Rt values decreases significantly for composite
and nanocomposite materials as compared to bare GCE, i.e., 7746 Q (bare GCE), 663.7
Q (CHMTS), 646.6 Q (CHTMS)and 431.6 Q (CHTMS+Ag(NPs)).

Electrochemical behaviour of the analyte towards different modified GCE was
studied under DPAVS technique and the increased oxidative current was obtained
using composite and nanocomposite materials modified GCE. The electrochemical
determination of Pb (II) was conducted using CHTMS/GCE under optimised
experimental condition (pH:4.5, deposition potential: -0.9 V and deposition time:
180.0 sec) at varied concentration of Pb (1) from 5.0 pg/L to 80.0 pg/L. The detection
limit of Pb () was found to be 2.83 pg/L. Similarly, using the
CHTMS+Ag(NPs)/GCE enabled to achieve the LOD of 1.97 ug/L. Furthermore, the
micropollutants viz., BPA and TCS was studied using composite material modified
GCE (CHMTS/GCE) at the optimised experimental conditions as: pH: 10.0 (BPA) and
pH: 8.0 (TCS), deposition potential: 0.2 V and deposition time: 180.0 sec for both the
pollutants. The detection of BPA and TCS were studied within the concentration range
of 140.0 to 200.0 pg/L. Further, the LOD of these two micropollutants was found to
be 5.61 pg/L for BPA and 9.49 ug/L for TCS.

Electrochemical determination of analytes were studied under high
concentrations (i.e., 500 pg/L interfering ions for Pb (1) study; 1800 ug/L interfering
ions for BPA study; and 2000 ug/L interfering ions for TCS study) of several
interfering ions (i.e., Cd (I1), Cr (I11), Cu (1), Zn (I1), Ni (I1), GLY, OA, EDTA, PH,
HQ, CI', NOs, Mg?*, Na*) as to demonstrate the selectivity of electrode materials for
low level detection of these pollutants in aqueous medium. The detection of Pb (1)
using CHTMS/GCE was affected in presence of EDTA. On the other hand, using the
CHTMS+Ag(NPs)/GCE, the determination of Pb (I1) was hampered in presence of
glycine and oxalic acid. Similarly, the detection of TCS and BPA in the presence of
these interfering ions was not affected significantly using the CHMTS/GCE.



The stability of these electrodes was ascertained with prolonged (0 to 48 hrs) and
repeated operations (10 cycles). Further, the real implications were conducted using
the real water samples (collected from Mizoram University’s campus groundwater and
spring water, and from Aizawl city river water). The collected water sample were
filtered before electrochemical measurement to remove impurities and sediments. The
water samples were analysed for physico-chemical parametric studies viz., pH,
conductivity, salinity, resistivity, oxidation reduction potential and total dissolved
solids, IC (inorganic carbon), TC (total carbon) and NPOC (Non-purgeable organic
carbon). Several metals were analyzed using the AAS (Atomic absorption
spectroscopy). The real water samples were spiked with known concentrations of these
pollutants (i.e., Pb (I1), TCS and BPA) and analyzed using the fabricated electrodes
under the optimized electrochemical conditions. The %recovery of these analytes were
then obtained. The recovery of Pb (Il) using the CHTMS/GCE was obtained from
99.14 to 102.99% in spring water and 96.98 to 98.33% in ground water. Similarly,
utilizing the CHTMS+Ag(NPs), the % recovery of Pb (I1) was within 95.52 to 96.06%
for spring water and 92.95 to 102.00% for ground water. On the other hand, the
micropollutant recovery rate was obtained in real water samples using CHMTS/GCE.
The spiked concentrations of TCS or BPA was increased from 160 to 180 pg/L. The
BPA percentage recovery was varied from 99.70 to 100.20% in spring water and
102.70 to 102.40% in river water samples. Similarly, the % recovery of TCS varied
from 101.1 to 102.8% in river water and from 99.4% to 100.8% in ground water. The
high recovery percentage of these pollutants viz., Pb (1), BPA and TCS in real water
samples showed greater applicability of fabricated electrodes in real implications.
Overall, the laboratory findings are useful input data for the development of

miniaturized devices to efficiently detect these potential water contaminants.
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