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CHAPTER 1 

INTRODUCTION 

 

  



 
 

1 
 

1. INTRODUCTION  

1.1. BACKGROUND 

Water is one of the most important resources, and its continuous exploitation 

to meet human needs for economic and social developments, as well as its crisis caused 

by climate change, has resulted in ever-increasing environmental impacts. The 

majority of human activities that utilize water generate wastewater. Therefore, as the 

global demand for water rises, so does the amount of wastewater produced and the 

pollution load simultaneously increased. Globally, the amount of wastewater produced 

and its overall pollution stockpile are rising primarily because of population growth, 

accelerated urban growth, and economic development. It is estimated that water 

consumption in industries alone accounts for 19% of total global water consumption 

(Ritchie and Roster, 2017). Water usage by industries in Europe and North America 

was 50% in 2009, compared to 4-12% in developing countries. This fraction is 

projected to increase by a factor of five in rapidly developing countries over the next 

10-20 years (UNESCO, 2017). Water bodies like rivers, seas, lakes, ponds etc. faced 

serious environmental problems due to its multiple uses, including drinking, food, 

hydropower, navigation, irrigation, industries and recreation. Additionally, the 

municipal/industrial wastewater discharge with varying degrees of treatment poses 

additional pollutant load to the aquatic environment. Pollutants released into water 

bodies seemingly harm the marine life and make natural water supplies unsafe for 

drinking as well (Bhatnagar and Sillanpää, 2010). Untreated or partially treated 

wastewaters as originated from various sources flows back into natural water bodies. 

This led to approximately 1.8 billion people likely to drink feces-contaminated water, 

putting them at risk of contracting water-borne diseases like cholera, dysentery, 

typhoid, etc. (UN, 2011). More than 80% of the World's wastewater and more than 

95% in some least developed countries wastewater is released into the environment as 

untreated (UNESCO, 2017). 

 Many manufacturing industries are responsible for contamination of various 

heavy metal toxic ions in water bodies. Although many heavy metals are reported to 

be essential at trace concentrations, however, an elevated amount of intake resulted a 
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negative effect on living organisms. Heavy metals such as cadmium, chromium, 

copper, lead, or metalloid arsenic, among others, are frequently found in industrial 

waste/effluent waters, posing a serious threat to the aquatic ecosystem and health risks 

to humans (Cui et al., 2015). Wastes from metal plating, mining operations, tanneries, 

and other industrial effluents are particularly responsible for heavy metal pollution to 

water bodies (Ali et al., 2019). The agricultural sector is also a big contributor to water 

pollution. An excessive uses of fertilizers in farmlands can also lead to the 

accumulation of various toxic chemicals, which eventually contaminating the soil and 

aquatic environment (Kokoszka et al., 2021). Moreover, in recent years, there is a 

tremendous increase in the use of synthetic chemicals such as hormones, 

pharmaceuticals, and personal care products, which are known to be emerging water 

pollutants since these chemicals are very persistent and the municipal waste contains 

high levels of these pollutants. Many of the pharmaceuticals are used in animal 

husbandry, and the overexploitation of these chemicals, particularly the antibiotics 

lead to serious environmental impacts (Haller et al., 2002).  

 The deleterious water quality around the globe is forcing the researchers to 

adopt the newer and advanced treatment technologies for reclamation of wastewater. 

The management of wastewater is inextricably linked to the availability of safe and 

sufficient water supplies. In most cities, wastewater is collected and treated, however, 

the treatment efficiency varies depending on the system used. It is known that most of 

the potential water pollutants are quite persistent and tend to escape from the 

conventional treatment plants and enter into the natural aquatic systems which may 

further enter back to the food chain (Liu et al., 2018). Therefore, new challenges arise 

for proper waste treatments and proper monitoring of the water qualities. Initiatives to 

achieve this goal are emerging up around the globe, and a major challenge arises when 

it comes to partially or inadequately treated water for release or reuse (Ragab et al., 

2021). As a result, wastewater management systems that can enable reuse and 

reclamation of contaminated water is very crucial (Bouwer, 2000). Likewise, the 

detection and measurement of various water pollutants at lower levels in water bodies 

is indispensable, hence researchers have given great heed to the development of 
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simple, accurate, and ultra-sensitive techniques for analyzing water quality at various 

sources.  

Various advanced and sophisticated techniques viz., inductively coupled 

plasma mass spectrometry or optical emission spectrometry (ICP-MS/ OES) (Dai et 

al., 2012; Luis et al., 2015) high performance liquid chromatography (HPLC) 

(Teshima et al., 2003), hydride generation atomic absorption spectrometry and 

emission spectrometry (HG-AAS/AES) (Zhu et al., 2006; Pohl, 2009), neutron 

activation analysis (NAA) (Hung et al., 2004), atomic fluorescence spectrometry 

(AFS) (Marschner et al., 2016) etc. are found to be accurate and sensitive techniques 

for determination of heavy metals and various organic compounds at trace levels. 

However, these laboratory-based techniques are sophisticated in their instrumentation, 

expensive in operation, time-consuming, non-portable and required skilled personnel 

for proper operation. This restricts its wider implications in real and possible on-site 

applications (Bhanjana et al., 2018; Xu et al., 2020). Therefore, the attention is towards 

the development of handy, robust, accurate, easy to operate and most importantly 

miniaturized portable devices which could be utilized even at remote places. Many 

handy and user-friendly heavy metal testing kits are available, but the low permissible 

limit of the toxic heavy metals makes it difficult to utilize for reliable on-site low-level 

analysis (Melamed, 2005). Therefore, challenges are lying in the device development 

for efficient on-site detection. However, electrochemical techniques have drawn much 

attention for on-site detection due to its portability, sensitivity, cost effectiveness and 

easier handling (Ghoreishi et al., 2012). Moreover, many recent reviews suggested that 

electrochemical methods are known to be the most promising methods for field 

applications/implications (Cavicchioli et al., 2004; Liu and Huang, 2014; Mays and 

Hussam, 2009). The development of electrochemical sensing devices deals with the 

modification of electrodes with newer and advanced materials that are designed to 

acquire the desired selectivity and sensitivity for the target analyte. Hence, this area of 

research has received momentum during last couple of decades and introduced variety 

of novel materials which have shown enhanced sensitivity towards the target ions/or 

compounds, ranging from metal nanoparticles, nanocomposites, polymers to 

biological composites obtained from DNA, enzymes, proteins, chitosan etc. The 
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choice of materials in the fabrication of electrodes, optimization of the electrochemical 

methods and pre-treatment of water samples are major concerns that need to be studied 

adequately for ultimate device development. In this context, various reports have 

shown that incorporation of engineered materials to the electrode as a film and adopted 

the electrochemical stripping voltammetry as one of the most simple and effective 

procedures for low level detection of arsenic (Luong et al., 2014). Moreover, the rapid 

advancement in nanotechnology with nanomaterials/nanocomposites helped to further 

progress the performance of sensors concerning the detection limit, reproducibility and 

selectivity of miniaturized device development. 

 

 

1.2. FATE AND TOXICITY OF POLLUTANTS 

Heavy metal contamination of aquatic environment is steadily increasing as a 

result of fast-growing industrialization and urbanization. It is known that heavy metals 

are non-biodegradable and their gradual build-up in the water bodies cause many toxic 

effects to the living organisms. Not only the adverse and detrimental impacts on 

aquatic life, these contaminants are long persistence in biological systems, 

accumulation in the environment through the food chain and occupational dangers are 

known impacts to the environment. In addition to the heavy metal pollution, 

contamination of aquatic environments by micro-pollutants, particularly hormones, 

pharmaceuticals, and personal care products, has recently been identified as newer but 

serious environmental concerns and are referred as ‘emerging’ water pollutants. These 

are associated with high persistency, low biodegradability and toxicity to aquatic life.  

Further, these micro-pollutants are increased significantly in the wastewater treatment 

plant (WWTP) effluents, surface water, sewage water, ground water or in the drinking 

water system. Hence, these micro-pollutants are found problematic in aquatic 

ecosystem and potential threat to the human health. The sources, toxic effects and 

health risks of several heavy metal toxic ions and the micro-pollutants are briefly 

described in the following sections.  
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1.2.1. Arsenic 

 . Arsenic is a ubiquitous metalloid widely distributed in air, soil, and water. 

Among the prominent heavy metal toxic ions, arsenic is one of the most toxic element, 

posing serious threats to the lives of millions of people worldwide (Tang et al., 2014). 

Although natural sources like arsenopyrites, realgar, lollingites, etc. are mainly 

responsible for the contamination of the aquatic environment; however, the vital 

source in most places is due to the anthropogenic activities. Agriculture, mining, and 

some industrial activities are leading to the enhanced arsenic contamination (Sullivan 

et al., 2021). Arsenic is widely used in several insecticides, pesticides, wood 

preservatives, paints, alloys, etc. (Luong et al., 2014). The toxicological, 

physiological, and geochemical behavior of arsenic largely depends on the oxidation 

states and chemical nature of arsenic. Humans are exposed to arsenic by several means 

but mainly through inhalation, skin contact (penetration), and intake of arsenic 

contaminated waters (Liu and Wei, 2008). Drinking arsenic-contaminated 

groundwater has caused widespread health problems in several countries. Bangladesh, 

China, Taiwan, Chile, Argentina, India (mainly West Bengal), Mexico, and the United 

States of America are the countries that are greatly affected by arsenic contamination 

(Luong et al., 2014). A rough estimate indicated that more than 100 million people are 

affected by arsenic poisoning (Cornejo et al., 2008). The United States Environmental 

Protection Agency (US-EPA) and World Health Organization (WHO) recommend 10 

µg/L as the maximum permissible level of arsenic in drinking water (Karim, 2000). 

However, the levels of arsenic in groundwaters of many places in Thailand, Taiwan, 

India (West Bengal), and Bangladesh is significantly high and observed to be higher 

than 50 µg/L in some places (Kumar et al., 2016). In natural water, arsenic exists both 

as inorganic arsenic (arsenite (H3AsO3) i.e., As(III) and (H3AsO4) arsenate i.e., As(V)) 

and organic forms of arsenic (dimethylarsinic acid and monomethylarsonic acid). The 

adverse effects of arsenic on human health varies with its oxidation state or its species. 

As(III) is found to be more toxic having higher mobility than the As(V). Further, 

studies showed that As(III) is 20-30 fold more harmful than As(V) (Sigdel et al., 2016) 

hence, poses serious health concerns.  
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 As(III) showed a high affinity to bind to sulfhydryl (-SH) group of some 

enzymes, thus interrupting the biological functions leading to oxidative stress whereas 

As(V) mimics the phosphate and disturb the ATP (adenosine triphosphate) production 

(Aposhian and Aposhian, 2006). The toxicity of arsenic also depends on the dose, rate, 

and duration of exposure. Chronic exposure through drinking arsenic-contaminated 

water leads to hyperkeratosis, skin cancer, and a high risk of bladder, lung, liver, 

prostate cancer, and kidney failure (Haider et al., 2014). Moreover, the acute 

symptomatic ailments viz., diarrhea, nausea, vomiting, abdominal and muscular pain, 

etc., are also reported with high-level ingestion of arsenic even with  limited time of 

exposure (Mohan and Pittman, 2007; Tiwari and Lee, 2012). According to an 

assessment by the United States National Academy of Science and the United States 

National Research Council indicated that even at 3 µg/L of arsenic, the risk of bladder 

and lung cancer is between four and seven deaths per 10,000 persons, while at 10 µg/L, 

it is 12-23 deaths per 10,000 persons (NRC, 2001). Hence, Inorganic arsenic species 

are classified as Group 1 carcinogen (carcinogenic to humans), classified by the IARC 

(International Agency for Research on Cancer)  (IARC, 2018). 

 

1.2.2. Lead 

Lead is a ubiquitous, highly toxic element on the earth’s crust and it is widely 

distributed in various segment of environment (Mahaffey, 1990). Various industrial 

applications have further contributed for elevated level of lead contamination in the 

environment including the water bodies. It possesses significant qualities, including 

softness, ductility, weak conductivity, malleability, and corrosion resistance, which 

makes it difficult to completely abandon the various industrial applications (Duzgoren-

Aydin, 2007; Wani et al.,2015). Humans get exposed to lead primarily through 

occupations related to lead, such as lead smelting and combustion, pottery, boat 

building, lead-based painting, lead-containing pipes, battery recycling, grids, the arms 

industry, pigments, book printing etc. (Duzgoren-Aydin, 2007; Wani et al., 2015).  

Although, the revised guidelines restricted broadly the use of lead in many countries, 

nevertheless it is used in a variety of industries such as vehicle maintenance, battery 
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manufacture, and smelting, recycling, refining, etc. Hence, these sources are 

contributing significantly to pollute the natural environment. To a certain extent, the 

accumulation of harmful heavy metals in soil will not only cause soil degradation and 

a decline in crop yield and quality, but it will also pollute the surface and groundwater 

through rainwater, potentially poisoning plants or endangering human lives through 

the food chain (Shao et al., 2020). Furthermore, due to atmospheric deposition from 

industries and automotive emissions, it is one of the most prevalent trace metal 

pollutants in urban soils (Guirado et al., 2021). The metals that build up in the soil can 

have a deleterious impact on its fertility. They can also be exceedingly persistent, both 

in the soil and in plants and thus enter the food chain through consumption of crops 

grown in polluted areas (Biswas et al.,2020).  Waste streams from battery manufacture, 

acid metal plating, and finishing, ammunition, tetraethyl lead manufacture, ceramic 

and glass industries printing, painting, dying, etc. are all additional sources of lead 

contaminating the environment (An et al., 2001; Li et al., 2002). Hence, high levels of 

lead contamination in soil, ground water, plants, and aquatic life become a major 

global environmental problem (Lee et al., 2015; Lormphongs et al., 2003).   

 Lead poisoning showed a serious health concern for both humans and animals. 

Its toxicity afflicts the nervous system both in children and adults. Children are more 

vulnerable towards lead toxicity than adults due to their softer tissues (both internal 

and exterior) compared to the adults, and affects their brain and nervous system 

development (Edokpayi et al., 2015). Even low levels of lead causes behavioral 

symptoms viz., learning deficiencies, and decreased IQ (intelligence quotient) in 

infants and young children and even causes mental retardation if it exists in the body 

fluid at high levels (Rubin et al., 2008; Zhang et al., 2006). Long-term lead exposure 

is linked to anemia and an increase in blood pressure, particularly in the elderly and 

middle-aged people. Memory loss, neurological abnormalities, muscle paralysis, and 

irritability are all the symptoms of lead poisoning (Yang et al., 2010). Furthermore, 

lead is seemingly accumulated to the bones and kidneys, causing adverse impact to the 

neurological system and renal function even at low level exposure (Lin et al., 2003). 

Chronic lead exposure results in miscarriage in pregnant women and reduced male 

fertility (Sokol and Berman,1991).  
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Therefore, because of its acute toxicity, the World Health Organization (WHO) 

and United States Environmental Protection Agency (US EPA) mandated a maximum 

acceptable concentration in drinking water as low as 10 µg/L and 15 µg/L, respectively 

(Hakonen and Strömberg, 2018) . The Bureau of Indian Standards have also set 

permissible limits for Pb(II) in drinking water and wastewater at 0.015 mg/L and 0.1 

mg/L, respectively (Pandey et al., 2015). Based on the Centers for Disease Control 

and Prevention (CDCP), the maximum acceptable concentration for lead in blood is 

10 µg/dL (CDCP, 1991; Gilbert and Weiss, 2006). 

 

 

1.2.3. Cadmium  

Cadmium (Cd) is a non-essential transition metal and similar to arsenic, lead, 

mercury, and chromium, it has no physiological function and is frequently regarded as 

a potential toxin (Friberg et al., 2019; Sinicropi et al., 2010). The increase in cadmium 

concentrations in various segment of environment (atmosphere, soil, and water) is due 

to the natural processes such as volcanic activity, the gradual erosion and abrasion of 

rocks and soils, forest fires etc. In addition, the industrial activities are having greater 

role in the increase of cadmium levels in the environment (Rahimzadeh et al., 2017). 

Copper and nickel smelting and refining, fossil fuel burning, and use of phosphate 

fertilizers are all anthropogenic sources of cadmium, contaminating the environment. 

It is also used in nickel-cadmium batteries, paint pigments, electroplating, and the 

manufacture of polyvinyl chloride plastics (Genchi et al., 2020). Cadmium occurred 

as a contaminant in nonferrous metal smelters and electronic waste recycling. The 

mine processing units for the extraction of zinc, lead, and copper contributes the 

emission of cadmium into the atmosphere, contaminating soil as well (Casado et al., 

2008). Cadmium is linked to zinc, and is usually recovered as zinc byproducts during 

smelting and refining processes, thus, the majority of cadmium produced today comes 

from zinc ores where the levels are typically around 0.03 to 9.0 wt% of zinc 

concentrations (Indian Bureau of Mines, 2016).  

 



 
 

9 
 

Exposure to cadmium or cadmium compounds is hazardous to human health. 

Cadmium can be absorbed in large amounts from contaminated water, food, and air. 

Absorption by inhalation is through the respiratory tract that occurs at lesser extent 

except for heavy smokers and exposed occupational workers. Much of the health risks 

are associated with intake of food items contaminated with cadmium which affects the 

gastro-intestinal system. However, the exposure of cadmium through skin absorption 

is quite uncommon (Bernard, 2008). The majority of cadmium that enters into the body 

through food comes from terrestrial sources. This means plants grown on contaminated 

soil or meat from animals that ate the contaminated soil-grown plants. Therefore, the 

reference dose for cadmium in drinking water is 0.0005 µg/L per day and according to 

Food and agriculture Organization (FAO) or WHO guidelines, the maximum amount 

of cadmium allowed in rice is 0.2 mg/kg (Zazouli et al., 2008). Further, the ingested 

cadmium is transported to the bloodstream through erythrocytes and albumin, where 

it accumulates in the kidneys, liver, and gut (Satarug, 2018; Tinkov et al., 2018). The 

acute (short-term) effects of cadmium are through inhalation only. This causes the  

lung-related problems, such as pulmonary inflammation (Goel et al., 2006). Lung, 

breast, prostate, pancreas, urinary bladder, and nasopharynx cancers are due to the 

occupational or environmental cadmium exposure (Mezynska and Brzóska, 2018). 

Cadmium is a developmental toxin, causing prenatal deformities and risks in kidney 

development (Liu et al., 2019). Human studies have revealed a link between cadmium 

exposure and an increased risk of lung cancer; however, these studies are inconclusive 

due to influencing variables but animals-based studies reveal that long-term inhalation 

exposure to cadmium causes lung cancer in animals (IARC, 1993). 

 Levels of cadmium in some natural freshwaters of Australia are ranged from 

0.01 µg/L to 0.4 µg/L (Hart, 2017). Indian Standard Institutions suggest a maximum 

concentration of cadmium 2.0 mg/L for the discharge of cadmium-containing effluents 

on inland surface waters (ISI, 1981). Moreover, cadmium is classified as a Group B1 

carcinogen by EPA and WHO and EPA suggested a maximum permissible level of 

cadmium in drinking water as 5 µg/L and 3 µg/L, respectively. According to national 

and international regulatory bodies, total cadmium concentrations in raw water 

supplies is recommended to be not  more than 0.01 ppm (EPA, 1980; WHO, 1971).   
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1.2.4. Sulfamethoxazole (SMX) 

 

 

Figure 1.1: Structure of Sulfamethoxazole 

 

Pharmaceuticals such as antibiotics, antimicrobials, etc. are often used 

medications for treating infectious diseases in humans, as well as in livestock or even 

as growth promoters in agricultural sectors (Petrie et al., 2015). According to a recent 

report, the annual usage of non-prescribed drugs in the United Kingdom and Poland 

alone are 152 and 83 tons, respectively (Kwarciak-Kozłowska, 2019). It is known fact 

that a substantial portion of drugs, i.e., Ca 95% of the administered drugs in human 

and veterinary is not metabolized completely and therefore excreted out as 

unmetabolized or even in active forms (Negreanu et al., 2012). The discharged 

residues of wastewater effluents from hospitals, agricultural sites, and veterinary farms 

enter into the surface waters, causing deterioration of the water qualities. Moreover, 

most of the pharmaceuticals including antibiotic compounds are having the persistence 

nature and are not entirely removed in the wastewater treatment plants hence, enter 

into the water bodies and contaminating the surface and groundwater followed by soil 

(Anekwe et al., 2017; Levy and Marshall, 2005; Rizzo et al., 2013). This persistent 

nature of pharmaceuticals imposed with high risks of bioaccumulation and even 

contribute to microbial antibiotic resistance in human (Quesada et al., 2019).  

Sulfamethoxazole (SMX) is a persistent antibiotic drug compound and often 

detected in the groundwater, surface water, wastewater sludge, streams etc. (Johnson 

et al., 2015; Petrie et al., 2015; Radović et al., 2015). The drug is employed as 

antibiotics/antimicrobials to treat various infections in the urinary tract and respiratory 
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systems (Gong and Chu, 2016). It tops the US Geological Survey list of 30 most 

frequently perceived pharmaceuticals in wastewater (Zhu et al., 2017). 

Sulfamethoxazole detected in various water bodies which is well documented and 

according to UNESCO and Helsinki Commission (HELCOM) report, concentrations 

reaching 10 mg/L as detected in river water samples in Germany (Vieno et al., 2017). 

Sulfamethoxazole is detected in sludge and fish samples as well (Nielsen and  

Bandosz, 2016). The toxic effects of sulfamethoxazole are more chronic than being 

fatal. It is reported that antibiotic resistance among microbial populations is stimulated 

within the time frame of sulfamethoxazole degradation in the natural environment 

(Ferrari et al., 2004; Patrolecco et al., 2018). Furthermore, the excessive application 

of antibiotics in agriculture disturbs the mediation of nitrogen among microbes in soil 

and some antibiotics including sulphonamides inhibits the denitrification process in 

wastewater treatment plants (Laverman et al., 2015). Sulfamethoxazole is one of the 

most commonly prescribed and used sulfonamide antibiotics in both human and 

veterinary medicine, with 15-25 percent of it excreted as such, resulting in its 

ubiquitous existence in aquatic ecosystems (Carvalho and Santos, 2016; Radke et al., 

2009). Hence, the use of these drugs in animals and human therapies is linked to the 

emergence of antibiotic-resistant bacteria, causing widespread public concern 

(Almeida et al., 2011). Infection of humans by bacteria that are resistant to the drug 

would pose a serious health risk (Almeida et al., 2013). Drug residues in foods like 

milk and meat are linked to allergic reactions, antibiotic resistance, and even enhanced 

risk of cancer (He and Chen, 2016). As a result, the European Union prescribed a 

maximum residue limits for total sulfonamides in milk, and other consumable products 

to 100 µg/kg (Centi et al., 2010; Conzuelo et al., 2013).  
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1.2.5. Sulfamethazine  

    

   Figure 1.2: Structure of Sulfamethazine 

 

Sulfamethazine (SMZ) is another antibiotic drug of the sulfonamide family or 

commonly known as sulfa-drug. It is an antibacterial drug mostly prescribed for the 

treatment of veterinary of livestock ailments such as respiratory tract and 

gastrointestinal diseases and also as growth promoters (de Zayas-Blanco et al., 2004; 

Holland Deborah and Katz, 1991). Sulfamethazine inhibits the production of 

dihydrofolic acid which works against a variety of Gram-positive and Gram-negative 

bacteria (Richards et al., 2011). It is noted that approximately 90% of ingested 

sulfamethazine is excreted by humans and livestock and through the wastewater it 

reaches to the wastewater treatment plants. Further, since the sulfamethazine is a 

hydrophilic chemical that is poorly degraded by microorganisms in the wastewater 

treatment plants hence, it discharged through the effluent of the treated wastewater 

treatment plants and entering into the water bodies. This resulted an elevated level of 

sulfamethazine in the water bodies ranging from ng/L to µg/L (Tang and Wang, 2019; 

Wen et al., 2018). If livestock receive abusive antibiotic-based treatments without the 

safety guidelines, unwanted residues may persist in the animals. These residues also 

have an impact on milk-production and egg-laying animals and the presence of 

antibiotic residues in milk, eggs, and meat is a public health concern due to the 

development of drug resistance in gut bacteria populations (Premarathne et al., 2017). 

It was reported earlier that milk has elevated concentrations of these sulfa drugs 

(Agarwal, 1992). Furthermore, long-term agricultural activities, including livestock 
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effluent, manure, and manure-fertilized crops contributed to the widespread 

occurrence of sulfamethazine in farmlands (Conde-Cid et al., 2019). Through surface 

runoff/leaching, the sulfamethazine is readily reintroduced into ground and drinking 

waters, surface water, and eventually entire aquatic ecosystems (Davis et al., 2006). 

For example, groundwater samples obtained from six different locations near Confined 

Animal Feeding Operation (CAFO) in Weiser, Idaho, USA is contained with elevated 

level of sulfamethazine (0.076 – 0.22 µg/L) (Batt et al., 2006). Antibiotics, as well as 

antibiotic resistance genes, are widespread on fields and pastures when manure slurry 

is utilized as fertilizer. Due to its high mobility and water solubility, it has been 

identified in a wide range of environmental matrices, with concentrations as high as 

20 mg/kg in animal feces, 323 ng/L in water, and 15 g/kg in agricultural soils (Xu et 

al., 2007; Gaw et al., 2014; Larsbo et al., 2008). However, the concentrations of 

antibiotics and fate in manure and soil are less known (D’Alessio et al., 2019). 

Assessing the role of contaminated manure in the transmission of antibiotic drugs and 

their accompanying resistance genes into the environment, as well as the risk of water 

and food contamination through this pathway, is critical area to be explored for greater 

understanding. Since sulfamethazine is one of the most extensively used sulfonamide 

medicine, hence, there are concerns for microbes developing resistance to 

sulfamethazine, rendering these medications ineffective in treating humans, which can 

cause resistance and allergic reactions (mostly skin rashes) (Han et al., 2013). Studies 

in mice and rats are reported in the early ’90s by National Centre for Toxicology 

Research, and it is demonstrated that high doses of sulfamethazine in the diet caused 

antithyroid activity that led to TSH (thyroid stimulating hormone) overproduction and 

tumor formation. Thyroid hypertrophy and follicular cell hyperplasia are observed in 

the thyroid glands of rats and mice given high doses of sulfamethazine (Poirier et al., 

1999).  
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1.3. REVIEW OF LITERATURE 

 Accurate, sensitive/efficient, and cost-effective analytical detection systems 

received greater attention in the recent past for the sensing of emerging water 

pollutants in the aquatic environment. In a line, the ‘electrochemical sensors’ play a 

crucial role since they provide versatile and promising miniature devices which are 

useful in several trace level detection of water pollutants. A "chemical sensor is a small 

device that, as the result of a chemical interaction or process between the analyte and 

the sensor device, transforms chemical, or biochemical information of a quantitative 

or qualitative type into an analytically useful signal" (Stetter et al., 2003). 

Electrochemical sensors are also said to be appealing because of their high sensitivity, 

ease of experimentation, and low input cost (Mousty, 2004). Moreover, recent reviews 

suggested that electrochemical methods are known to be the most promising tools for 

field applications/implications (Liu et al., 2013; Zaib et al., 2015; Xu et al., 2010). 

Electrochemical sensor development involves substituting electrodes with newer and 

more advanced materials to achieve the appropriate selectivity and sensitivity for the 

target analyte (Carrera et al., 2017). As a result, this field of research has proliferated 

in recent decades, introducing a variety of innovative and advanced materials with 

increased sensitivity to pollutants including the arsenic. The selection of materials for 

electrode fabrication, the optimization of electrochemical procedures, and the pre-

treatment of water samples are all key considerations that must be thoroughly 

investigated before the ultimate device developments. The role of clay materials is 

unique due to its wide variety of intriguing features (physical and chemical stability, 

high ion exchange capacity in a micro-structured environment, hydrophilic character, 

etc.), possibly be useful electrochemical interface materials to be explored for efficient 

and selective detection of several trace analytes in aqueous wastes (Mhammedi et al., 

2009; Gomez et al., 2011; Lalmalsawmi et al., 2020b; de-Almeida et al., 2020).  

Clay materials are hydrous layered aluminosilicates with very fine particle 

sizes (Park et al., 2011) usually composed of mixtures of fine-grained clay minerals 

and clay-sized crystals of other minerals such as quartz, carbonate, and metal oxides. 

With a few exceptions, the crystal structure is made up of sheets (hence the term sheet 

clay minerals or phyllosilicates) firmly aligned in structural layers and each layer may 
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contain 2-4 sheets. Tetrahedral [SiO4]
4- and octahedral [AlO3(OH)3]

6- are the main 

structural frameworks of the sheets and based on the ratio of these constituents, the 

clays are classified into several groups. Clays invariably contain exchangeable cations 

and anions lying within the interspace of phyllosilicate sheets. The prominent cations 

and anions are Ca2+, Mg2+, H+, K+, NH4
+, Na+ and SO4

2−, Cl−, PO4
3−, NO3

−, 

respectively. These ions are exchanged with other cations or anions energetically 

without changing the basic structure of clay minerals (Bhattacharyya and Gupta, 

2008). The introduction of cationic surfactant molecules within the interspace by 

exchange process enables a significant increase in basal spacing of clay sheets 

(Tangaraj et al., 2017). The properties of clay minerals could also be changed from 

highly hydrophilic/lyophobic to increasingly hydrophobic/lipophilic/organophilic. 

These modified hybrid materials are found to be effective in the attenuation of organic 

pollutants having low or no-polarity (Lee and Tiwari, 2012; Park et al., 2011). Clays 

might thus be utilized in constructing electrochemically active nanostructured 

materials with greater sensitivity to the target pollutant species due to its ease of 

modification and accurate functionalization with desirable components. 

Literature survey reveals that the clay modified electrodes is an attractive 

research area since these are introduced in electrochemistry during 1983 by Ghosh and 

Bard (Ghosh and Bard, 1984). Clay minerals are reported to be promising in the 

extension of electrochemical sensors and biosensors, because of its high specific area, 

swelling and porosity properties, good catalytic support, thermal and mechanical 

stabilities as well as low input cost (Mousty, 2004; Navrátilová and Kula, 2003; Zen 

and Kumar, 2004). Despite of these attractive properties, pristine clay minerals 

suffered extensively from poor selectivity which restricted the adsorption capacities 

for many water pollutants. These limitations could be overcome by the 

functionalization of clay with specific organic groups, leading to organo-inorgano 

hybrid materials. These materials show enhanced selectivity, or sensitivity as 

employed in the form of thin films onto an electrode surface (in a similar way as sol-

gel-derived organic-inorganic hybrids introduced) (Collinson, 2002; Thanhmingliana 

et al., 2015a; Thanhmingliana and Tiwari, 2015b). In a line, Cameroonian smectite 

clay was grafted with trimethylpropylammonium groups and the resulting organoclay 

deposited as a thin film onto a glassy carbon electrode (GCE) surface and employed 



 
 

16 
 

in the trace and simultaneous detection of ascorbic and uric acids from aqueous 

solutions (Mbouguen et al., 2011). Similarly, a natural Cameroonian smectite-type 

clay was exchanged with cationic surfactants viz., cetyltrimethylammonium (CTA) 

and di-dodecyl dimethyl ammonium (DDA). The organo-modified clays were then 

employed to obtain thin film formation onto the glassy carbon electrode and hence, 

intended to introduce in the trace detection of herbicide mesotrione using the square 

wave voltammetry (Wagheu et al., 2013). The detection limit of the method was 

obtained to be 0.26 μM for the mesotrione. Smectite was partially exchanged with 

tetrabutylammonium ions (TBA) and subsequently impregnated onto the glassy 

carbon electrode. The modified electrode was applied for the pre-concentration 

electroanalysis of various heavy metal toxic ions viz., cadmium, lead, and copper 

(Maghear et al., 2014). Fe(dmbpy)3
2+ (where dmbpy is 4,4′-dimethyl-2,2′-bipyridine) 

was immobilized with the bentonite clay, forming a thin film onto a glassy carbon 

electrode. The modified electrode was introduced in the cyclic voltammetric studies 

and showed a characteristic redox behavior of immobilized Fe(dmbpy)3
2+/3+. Further, 

this caused to enhance significantly the anodic current in the oxidation of isoniazid 

(antibiotic drug) and enabled in trace detection of isoniazid from aqueous solutions 

(Azad et al., 2014). The recent advances in the modified-clay and its electrochemical 

implications in the sensor or biosensor development is well demonstrated elsewhere 

(Mousty, 2004; Lalmalsawmi et al., 2020b). Tiwari and co-workers intensively studied 

the modifications of variety of clay materials (Bentonite and locally collected clay) 

with hexadecyltrimethylammonium bromide (HDTMA) or Al-HDTMA i.e., organic– 

or inorganic-organic modifications. Further, these materials were utilized in the 

modifications of carbon paste electrodes and the modified electrodes were employed 

in the efficient low-level detection of As(III), As(V), Pb(II) and Cd(II) from aqueous 

solutions. The selectivity of the method was enabled with the real water matrix 

treatment as spiked with the respective pollutants (Tiwari et al., 2017;Tiwari et al., 

2016; Lalmalsawmi et al., 2020a; Lee et al., 2016). Two types of granular electrodes 

modified with the (cetyltrimethyl ammonium bromide modified bentonite (CTAB-

bent) and hydroxy-aluminum pillared organic bentonite (OH-Al-CTAB-bent)) were 

fabricated to form a three-dimensional (3-D) electrode system. The prepared 

electrodes were utilized to dispose/treat the pulp and paper in secondary wastewater 
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of paper mills (Chu et al., 2016). Abdulla et al., have fabricated clay-modified 

platinum electrodes (CMEs) using naturally occurring Jordanian silicates, kaolinite, 

and montmorillonite. The modified electrodes are then used for the selective and 

sensitive determination of Cu(II) and Hg(II) at ultra-trace levels. The modified 

electrodes showed a remarkable selectivity and sensitivity for heavy metal ions in 

natural water (Abdulla et al., 2009).  

 

 

Electrochemical detection of arsenic  

 Electrochemical methods are developed and suggested to be efficient at low-

level detection of arsenic (Guo et al., 2017). A stripping voltammetric analysis of 

As(III) was conducted using a vibrating, gold microwire electrode. The arsenic 

detection was performed by the adsorptive deposition of H3AsO3
0 at an applied 

cathodic potential to obtain the reduction current which occurred due to the reduction 

of As(III) to As(0) and studied at a wide pH range 7-12 (Gibbon-Walsh et al., 2010). 

Exfoliated graphite electrode was used to deposit the bismuth film at potential -600 

mV and further this working electrode was utilized in a square wave anodic stripping 

voltammetric determination of As(III) studied at pH 6.0. The method revealed a very 

low detection limit of As(III) i.e., 5 µg/L, and the detection was not hampered in 

presence of several cations excluding Cu(II) (Ndlovu et al., 2012).  Similarly, reduced 

graphene oxide-lead dioxide was obtained in situ using the EGO (exfoliated graphene 

oxide) coated electrode surface. The electrode was sensitive to detect the low-level 

arsenic at a wide range of pH 2-11 with the detection limit of 1 nM (Ramesha and 

Sampath, 2011). The carbon nanotubes and polymeric resins modified carbon paste 

electrode was utilized in the voltammetric (cathodic stripping) low-level determination 

of arsenic in sugarcane brandy samples (Teixeira et al., 2014). Similarly, the cobalt 

oxide nanoparticles deposited glassy carbon electrode was developed and this 

modified electrode was employed in the detection of As(III) in the cyclic voltammetric 

and hydrodynamic amperometry studies at a wide pH region 5-11. It was also 

demonstrated that the effect of several interfering reducing compounds could not affect 

the detection of arsenic from aqueous solutions (Salimi et al., 2008). In a line, GCE 
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modified with SWCNTs (single-walled carbon nanotubes) and -SH groups using 

mercaptoethylamine was developed and found that introduced –SH group was highly 

sensitive towards As(III) in an electrochemical determination (Liu and Wei, 2008). 

Based on the sequential injection/anodic stripping voltammetry using a long-lasting 

gold-modified screen-printed carbon electrode was prepared at 0.5 V vs Ag/AgCl. 

Further, the electrode was employed in the determination of As(III) in a wide 

concentration range of 1-100 μg/L (Punrat et al., 2013). Electro reduced graphene 

oxide (ERGO)-Au nanoparticles composite film was electrodeposited onto a glassy 

carbon electrode using cyclic voltammetry. The electrode was then utilized in the trace 

determination of As(III) in 0.20 mol/L HCl by the anodic stripping voltammetry. 

Reasonably a good linearity was achieved for the As(III) determination in the 

concentration range 0.01 to 5.0 µM (Liu et al., 2013). The nanocomposite (NC) 

modified electrodes developed by depositing of Au and Fe3O4 nanoparticles on the 

glassy carbon electrode by the simple drop-casting method was conducted by the 

voltammetric studies for arsenic detection and showed that synthesized NC’s 

deposited on the electrode showed a good affinity towards As(III) species (Toor et al., 

2015). Gold nanoparticles electrodeposited on glassy carbon electrode in 0.5 mol/L 

H2SO4 examined by different voltammetric studies showed a limit of detection (LOD) 

of 0.9 µg/L at the optimized parameters. Moreover, the developed sensor is found to 

show no interfering effects due to the ionic copper which was the most potential 

obstructing ionic species in ionic As(III) detection (Radhakrishnan et al., 2015). A 

glassy carbon electrode fabricated with nano Au-crystal violet (CRV) film and indium 

tin oxide (ITO) were employed for the detection of arsenic in various water samples 

that detected the arsenic with very low detection limits as 0.20 µmol/L for laboratory 

water samples (Muniyandi et al., 2011). Several other studies have focused on the use 

of gold nanoparticles or composite modified electrodes in the detection of As(III) at 

low levels which was demonstrated by the varying concentration ranges and detection 

limits (Domínguez-González et al., 2013; He et al., 2007; Huang and Chen, 2013; 

Song and Swain, 2007; Li et al., 2012).  

On the other hand, As(V) was shown non-electroactive species, hence its 

detection is mostly carried out indirectly as first reducing it to +3 state using the strong 

reducing agents followed by As(III) was detected; the total arsenic was accordingly 
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detected. Ruthenium oxide nanoparticles have shown greater affinity towards As(III) 

and As(V) due to surface complexation (Kim et al., 2013). Hence, the detection of 

arsenic was carried using the ruthenium bipyridine-graphene oxide ([Ru(bpy)3]
2+-GO) 

nanocomposite material. The nanocomposite material was synthesized by the wet 

complexation process and the screen-printed electrode (SPE) was modified with 

nanocomposite. The modified electrode depicted three oxidative peaks at the potential 

of 0.38, 0.67 and 0.97 V (vs Ag/AgCl) which corresponded to the outer and inner 

oxidation of As(0) to As(III) and then As(III) to As(V). The modified SPE was 

introduced in the differential pulse voltammetry in the simultaneous detection of 

As(III) and As(V) with the sensitivity and LOD of 33.07 A/M and 21 nM (for 

As(III)) and 21.21 A/M and 34 nM (for As(V)), respectively (Gumpu et al., 2018). 

Similarly, the europium doped magnetic graphene oxide-Au(NP)-multiwalled carbon 

nanotube nanohybrid (Eu-MGO/Au@MWCNT) modified pencil graphite electrode, 

was fabricated for the simultaneous trace detection of As(III) and As(V) using the 

square wave stripping voltammetry. The LOD was found to be 0.27 and 0.99 g/L for 

the As(III) and As(V), respectively (Roy et al., 2016). The CoOOH nanoflakes 

modified GCE was utilized in the detection of As(V) at pH 4.0 (acetate buffer) in the 

chronoamperometric method. The results showed that a fairly good linear relationship 

was obtained between the chronoamperometric intensity against the logarithm of 

As(V) concentration within the concentration range of 0.1-200 µg/L. The LOD was 

found to be 56.1 ng/L and the method has shown greater selectivity towards several 

cations and anions (Wen et al., 2019).  
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Electrochemical detection of lead and cadmium  

Similar to arsenic, a large variety of chemically modified electrodes are 

employed for sensitive detection of Pb(II) and Cd(II) in aqueous media. Several 

voltametric methods are proposed which include both organic and inorganic materials 

(Promphet et al., 2016; Wang et al., 2014). In recent years, due to advances in 

nanotechnology, various nanomaterials are utilized for sensing purposes (Li et al., 

2013). The carbon-based nanomaterials such as graphene, carbon nanotubes, graphitic 

nano-compounds, graphene oxide or reduced graphene oxide, etc. are commonly 

utilized in the fabrication of electrodes (Raril et al., 2020; Lu et al., 2021; Lv et al., 

2013; Yang et al., 2020). The nanostructured graphene and multiwalled carbon 

nanotube were used to modify the glassy carbon electrode, which was then used in the 

low-level detection of Cd(II) using differential pulse anodic stripping voltammetry 

(DPASV). According to a comparative study, the graphene-modified electrode showed 

a very low LOD value of 3.5 ng/L for Cd(II) detection (Wu et al., 2014). Multiwalled 

carbon nanotube (MWCNT) further modified with ß-cyclodextrin by physical/or 

chemical attachment was used for modifying screen-printed electrode (SPE) and used 

to detect lead in drinking water samples. The sensitivity and LOD was found to be 98 

nA/ppb and 0.9 ppb, respectively. Further, the repeated use of electrode was conducted 

with the physically modified electrode surface and 90% reproducibility was achieved 

(Alam et al., 2019). Recently, a new electrochemical approach for anodic stripping 

voltammetric detection of lead ion in cosmetics and blood serum was introduced, 

based on a high index facet (HIF) silver nanoflower modified glassy carbon electrode 

(AgNF@GCE). A low detection limit of 0.74 µg/L was achieved in a linear 

concentration range of 10-700 µg/L by making use of the unique surface feature of the 

HIF silver nanoparticles (Swetha et al., 2020). Cadmium and lead are detected 

simultaneously from a single pollutant source. MWCNT modified with bismuth 

oxychloride particle (BiOCl/MWCNT) cast glassy carbon electrode was used to detect 

Pb(II) and Cd(II) using square wave anodic stripping voltammetry and LOD of 4.0 

μg/L  for Cd(II) and 1.9 μg/L  for Pb(II) was achieved when accumulated for 120 s at 

pH 4.0 and at applied potential of -1.20 V (Cerovac et al., 2015). The carbon 

nanomaterials, graphene and/or  graphene oxide were used in combination with other 
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materials and coated/casted on the glassy carbon electrode for increased conductivity 

and electro catalyzed reactions (Baghayeri et al., 2018; Dahaghin et al., 2017). 

Poly(amidoamine) dendrimer functionalized magnetic graphene oxide (GO-Fe3O4-

PAMAM) and graphene oxide (GO@Fe3O4) modified with benzothiazole-2-

carboxaldehyde (2-CBT) were introduced to the electrode surface and employed to 

detect lead and cadmium in aqueous solution by SWASV technique. LOD of  0.13 

μg/L  and 0.07 μg/L was achieved at GO-Fe3O4-PAMAM/GCE for Pb(II) and Cd(II), 

respectively, whereas 0.02 μg/L   and 0.03 μg/L   were obtained at the GO@Fe3O4/2-

BT surface for Pb(II)  and Cd(II), respectively.  

 

 

Electrochemical detection of pharmaceuticals (sulfonamides)  

Several nanomaterials were employed for the detection of various antibiotic 

drugs in aqueous solutions (Yang et al., 2019; Wang et al., 2021). Sulfonamides are 

widely used antibiotics however, scanty of work is conducted for the low-level 

detection of these pharmaceutical compounds using the electrochemical methods. 

These micro-pollutants were electrochemically oxidized at the amino (-NH2
-) group or 

reduced at -SO2
2- group. The reduction depends on the R group, the oxidation is 

however, almost unchanged with change in the R group. As a result, the structure of 

the sulfonamide is important in reduction, but not in oxidation (Braga et al., 2010). In 

electrochemical method, the different sulfonamides were thus, detected by 

single/individual measurements. Nanoparticles and carbon nanotubes, mostly 

MWCNT were found to be valuable means of achieving efficient sensor platform for 

antibiotics (Yari and Shams, 2018; Chen et al., 2018; Arvand et al., 2011). Polymer 

modified electrodes such as poly-1,5-diaminonaphthalene (p-DAN) modified glassy 

carbon electrode (GCE) was used to demonstrate sulfamethazine detection in a linear 

response at the concentration range of 0.5–150 mM using square wave voltammetry 

(SWV). The results indicated that the detection limit of sulfamethazine was 0.05 nM 

with the sensitivity of 0.085 mA/moL (Chasta and Goyal, 2015). Similarly, screen 

printing electrode (SPE) modified with conducting polymer nanocomposite containing 

poly(3,4-ethylenedioxythiophene) (PEDOT) and MnO2 showed much enhanced 
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electrochemical activity over the bare electrode for sulfamethazine determination. The 

sensitivity and detection limits (S/N=3) were found to be 0.115 μA/mol and 0.16 μM, 

respectively at a wide linear response i.e., from 1.0 µM to 500 μM. 

Therefore, the current research specifically aims to obtain the novel composite 

materials precursor to the natural bentonite clay and trichloro(octadecyl) silane. The 

silane grafted bentonite possesses enhanced physico-chemical properties showed 

enhanced organophilic nature as well higher affinity towards the oxyanions including 

As(III). Moreover, the silane grafted bentonite possessed with enhanced mechanical 

strength as well high settling capacity. Further, the nanocomposite solid was decorated 

with the silver and gold nanoparticles as obtained by the greener route utilizing the 

Persea americana (Avocado) leaf extracts. The nanocomposite solids are extensively 

employed for the electrochemical trace detection of heavy metal toxic ions viz., 

As(III), Cd(II) and Pb(II) along with the emerging pharmaceuticals including the 

sulfamethoxazole and sulfamethazine from aqueous solutions. Further, the real matrix 

studies further enable the possible implications of the method for miniaturized device 

development. 
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1.4. SCOPE OF PRESENT INVESTIGATION 

The contamination of aquatic environment with variety of pollutants including 

the heavy metal toxic ions and micro-pollutants has received a greater attention in 

recent time. The level of contaminants is reaching to the alarming level hence, serious 

threat to the humans and aquatic life. Although, the sensitive and efficient detection 

systems are available for the detection of these pollutants water bodies however, the 

instruments are having high input cost, sophisticated in instrumentation, needs skilled 

operator and most importantly the off-site monitoring is only possible i.e., the 

laboratory-based analyses. This restricted the greater applications of these instruments. 

Therefore, there is a greater demand of miniaturized, robust and less expensive devices 

which could easily be introduced for trace detection of several water pollutants at on 

site only. The electrochemical technologies are now acknowledged as potential 

instruments for meeting the needs since these are inexpensive, portable, and quick in 

analyzing the analytes making it potential alternatives for sensitive and efficient 

detection of heavy metal toxic ions and other micropollutants as well. These 

electroanalytical approaches entailed applying varying potentials to analyte solutions 

and recording the current response of the redox process occurring at the working 

electrode and solution interface. Chemical alteration of the working electrode to 

improve the detection signal has gained more attention in recent time. Thus, the 

specific aim of this study is to develop a versatile, robust, and efficient electrochemical 

sensor for the trace to sub-trace level detection of As(III), Cd(II), Pb(II) and some of 

the emerging pollutants viz., sulfamethoxazole and sulfamethazine from an aquatic 

environment. The sensor is to be developed by employing carbon-based electrodes, 

possibly modified carbon paste electrodes, and the modified glassy carbon electrodes 

which are easily be fabricated and be reused in the electrochemical sensing of the 

pollutants. Bentonite is utilized as substrate material for the development of 

nanostructured materials. Trichloro(octadecyl) silane is grafted with bentonite and 

decorated with silver and gold nanoparticles. The nanoparticles of silver and gold are 

obtained by the greener synthetic route using the Persea americana (Avocado) leaf 

extracts. The nanocomposite materials showed enhanced electroactive affinity hence, 

possibly show fairly good sensing platform for variety of water pollutants viz., As(III), 
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Cd(II), Pb(II), or even micro-pollutants like sulfamethoxazole and sulfamethazine. 

The detection of these pollutants at trace to sub trace level enhances the applicability 

of method. Further, the practical applicability of the method is assessed in real-water 

samples as collected from different parts of Aizawl City, India.  
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2. METHODOLOGY 

2.1. CLAY SAMPLE AND REAL WATER SAMPLES 

  The raw bentonite clay, used as the substrate material for nanocomposite 

preparation was obtained from a mine located near Bhuj, Gujarat, India. Real water 

samples utilized for real matrix studies were collected from five different locations in 

Aizawl City, Mizoram, India. The detailed description of each location (including 

Global position system) is presented in Table 2.1. The sources of water samples are 

river, spring, and surface run-off waters. Prior to utilize these samples, it was filtered 

with Whatman filter paper (pore size 20 µm) and subjected for quality assessment. 

Various physico-chemical parametric studies were conducted for these water samples. 

The water quality using multi-parameters viz., pH, conductivity, resistivity, salinity, 

oxidation-reduction potential, and total dissolved solids were measured using 

multiparameter instruments. The samples were also analysed for various elements 

present as impurity using the AAS (Atomic Absorption Spectrometer) instrument. The 

NPOC (Non-purgeable Organic Carbon) and IC (inorganic carbon) are obtained using 

the TOC analyser. The 0.1 mol/L KCl or acetate buffer solutions were prepared using 

the collected water samples whose pH was then adjusted. Further, this solution was 

spiked with standard solutions of As(III), Cd(II), Pb(II), sulfamethoxazole, and 

sulfamethazine pollutants for electrochemical detection in the collected samples. 

However, the other studies were conducted using the purified water.   
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Table 2.1. GPS locations of various water samples collected.  

Locations Water Source GPS Location 

Tlawng (Reiek road) River N23.71202, E092.66412 

Chite (Armed Veng, 

Aizawl) 

River N23.72988, E092.73791 

Khurpui (Hlimen, Aizawl) Spring N23.68069, E092.7155 

Tuikhur (Hlimen, Aizawl) Spring N23.6747, E092.7151 

Tuikhur (Bawngkawn, 

Aizawl) 

Spring N23.75152, E092.72735 

Chawnpui Veng, Aizawl. Runoff N23.73081, E092.70778 

 

 

2.2. CHEMICALS AND APPARATUS 

All chemicals and reagents obtained are preferably analytical or equivalent 

grade and are used without further purifications. Details of all the chemicals are listed 

in Table 2.2. Titanium wire (0.81 mm) utilized for fabrication of carbon paste 

electrodes was obtained from Sigma-Aldrich, USA. Glassy carbon plate (1 mm thick, 

type 1: CAS no. 7440-44-0) used for investigation of surface morphology and 

roughness of the casted film of nanocomposite materials was purchased from Alfa 

Aesar (by Thermo Fischer Scientific).   
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Table 2.2. Details of various chemicals used for complete experimental works. 

Sl. 

No. 

Chemicals used IUPAC Name Formula Company CAS 

No./I

D 

1. Silver nitrate 

 

Silver nitrate 

 

AgNO3 

 

Sigma 

Aldrich, 

USA 

7761-

88-8 

 

2. Gold chloride 

hydrate 

 

Trichlorogold (1-); 

hydrate 

 

HAuCl3.xH2O 

 

Sigma 

Aldrich, 

USA 

16961

-25-4 

 

3. Trichloro(octadecy

l) silane 

Trichloro 

(octadecyl) silane 

 

CH3(CH2)17SiC

l3 

 

Sigma 

Aldrich, 

USA 

112-

04-9 

 

4. Sulfamethoxazole 

 

 

4-amino-N-(5-

methyl-1,2-oxazol-

3-yl)benzene-1-

sulfonamide 

C10H11N3O3S 

 

 

Sigma 

Aldrich, 

USA 

 

723-

46-6 

 

 

5. Sulfamethazine 

 

 

4-amino-N-(4,6-

dimethylpyrimidin-

2-yl)benzene-1-

sulfonamide 

C12H14N4O2S 

 

 

Sigma 

Aldrich, 

USA 

57-68-

1 

 

 

6. Glassy spherical 

powder (2-12 m) 

Carbon C Sigma 

Aldrich, 

USA 

7440-

44-0 

7. Glycine 

 

2-Aminoethanoic 

acid 

C₂H₅NO₂ 

 

Himedia, 

India 

56-40-

6 

8. Sodium meta 

arsenite 

Sodium meta 

arsenite 

NaAsO2 Himedia, 

India 

7784-

46-5 

9. Paraffin oil  CnH2n+2 

 

Himedia, 

India 

8012-

95-1 

10. Potassium 

ferricyanide 

 

Potassium 

hexacyanoferrate 

(III) 

K3[Fe(CN)6] 

 

Merck 13746

-66-2 
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11. Potassium 

ferrocyanide 

 

Potassium 

hexacyanoferrate 

(II) trihydrate 

K4[Fe(CN)6]·3

H2O 

 

Merck 14459

-95-1 

 

12. Potassium chloride Potassium chloride 

 

KCl Merck 7447-

40-7 

13. Acetic acid 

 

Acetic acid 

 

CH₃COOH 

 

Merck 64-19-

7 

14. Sodium acetate 

 

Sodium acetate 

 

CH₃COONa 

 

Merck 127-

09-3 

15. Cadmium nitrate 

tetrahydrate 

Cadmium nitrate 

tetrahydrate 

Cd(NO3)2.4H2O Merck 10022

-68-1 

16. Disodium 

hydrogen 

phosphate 

anhydrous 

Sodium hydrogen 

phosphate 

 

Na2HPO4 

 

 

Merck 7558-

79-4 

 

17. Ethylenediaamine 

- tetraacetic acid 

 

 

2,2',2'',2'''- (Ethane-

1,2-diyldinitrilo) 

tetraacetic acid 

 

C10H16N2O8 

 

 

Qualigens 

Fine 

Chemicals, 

India 

60-00-

4 

 

 

18. Manganese(II) 

chloride 

 

Manganese 

dichloride 

MnCl2 Qualigens 

Fine 

Chemicals, 

India 

7773-

01-5 

19. Toluene 

 

 

Methylbenzene 

 

 

C7H8 

 

Qualigens 

Fine 

Chemicals, 

India 

108-

88-3 

 

20. Ethanol 

 

 

Ethanol 

 

 

CH3CH2OH 

 

 

Qualigens 

Fine 

Chemicals, 

India 

64-17-

5 

 

21. Ferric chloride 

 

Iron trichloride 

hexahydrate 

 

FeCl3.6H2O 

 

Himedia, 

India 

10025

-77- 

1 
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22. Mercuric chloride Mercury dichloride 

 

HgCl2 

 

Himedia, 

India 

7487-

94-7 

23. Potassium iodide 

 

Potassium iodide 

 

KI Himedia, 

India 

7681-

11-0 

24. Chloroform Trichloromethane 

 

CHCl3 Himedia, 

India 

67-66-

3 

25. Conc. Sulphuric 

acid 

Sulphuric acid 

 

H2SO4 

 

Himedia, 

India 

7664-

93-9 

26. Conc. nitric acid Nitric acid HNO3 

 

Himedia, 

India 

7697-

37-2 

27. Sodium hydroxide Sodium hydroxide 

 

NaOH 

 

Himedia, 

India 

1310-

73-2 

28. 1-naphthol Naphthalen-1-ol C10H8O 

 

Himedia, 

India 

90-15-

3 

 

 

All solutions were prepared with purified water as obtained from Satorius 

(Arium Mini Plus UV Lab) water purification system. Stock solution for lead (II) was 

prepared from 1000 ppm of AAS reference solutions using the acetate buffer as 

electrolyte. Acetate buffer solutions of varying pH were prepared by dissolving 

appropriate amounts (calculated according to the Handerson-Hasselbach equation; Ka 

of acetic acid = 1.75x10-5) of acetic acid (weak acid) and its salt (sodium acetate) in 

distilled water (Vogels, 1979; G.D Christian, 2009). All standard solutions were 

diluted from the stock solution using acetate buffer or KCl supporting electrolyte and 

pH was adjusted using the 0.1 mol/L HCl or NaOH solutions. Copper (II), iron (II), 

mercury (II), zinc (II), and manganese (II) solutions for interference studies were also 

prepared by using 1000 ppm AAS standard solutions (Merck).  
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2.3. INSTRUMENTS  

Electronic balance (HPB220, Wensar, India) was employed for weighing of 

solids. pH measurements for all solutions were conducted using a pH meter (HI2002, 

Hanna Instruments, USA). Silver and gold nanoparticles (AgNP and AuNP) colloidal 

solution was analysed by the UV-Visible spectrophotometer (UV-1800; Shimadzu, 

Japan). Characterization of synthesized materials was conducted using the Fourier 

Transform Infra-Red Spectrometer (IR Affinity-1S, Shimadzu, Japan), SEM-EDX 

(Oxford xmax) and TEM (Oxford xtreme). SEM-EDX and TEM analysis of 

synthesized materials were performed at Central Salt and Marine Chemicals Research 

Institute (CSIR-CSMCRI), Bhavnagar, India. Atomic force microscope (AFM) (Multi 

Mode 8, Bruker, USA) was used for analysis of materials surface roughness and 

measurements were conducted under the tapping mode. Electrochemical 

measurements viz., electrochemical impedance spectroscopy (EIS), cyclic 

voltammetry (CV), linear sweep voltammetry (LSV), and differential pulse anodic 

stripping voltammetry (DPASV) were carried out using the electrochemical work 

station (Biologic Instruments, France; Model SP-200). All experiments were carried 

out at room temperature using Ag/AgCl (BaSi, USA, Model: RE-5B) as reference 

electrode, platinum electrode (outer diameter-6 mm, inner diameter 1.6 mm; Model: 

A-002013) as the counter electrode, and glassy carbon electrode (outer diameter - 6 

mm, inner diameter - 3 mm; Model: A-002421) as working electrode. The 

electrochemical data were analysed using inbuilt computer software ECLab®.  Real 

water samples were analysed for various water parameters using the Multiphotometer 

(Hanna Instruments, USA; Model: HI98194). Similarly, total organic and inorganic 

carbon of water samples was obtained using the TOC analyser, (Shimadzu, Japan; 

Model: TOC-VCPH/CPN) and the elemental analysis was conducted using an Atomic 

Absorption Spectrometer (Shimadzu, Japan; Model: AA-7000).  
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2.4.  ELECTROCHEMICAL TECHNIQUES 

The charge transfer processes occurring at the electrode surface forms the basis 

of electrochemical reactions. Various processes like electrolyte solution resistance, 

charge transfer resistance, adsorption of electroactive species, and mass transfer from 

the bulk solution to the surface of the electrode take place in the electrochemical 

processes. Hence, the presence of heavy metal ions or any other electroactive species 

may lead to a change of potential/voltage, current, electrochemical impedance, 

capacitance, or electrochemiluminescence. The electrochemical method thus is 

classified according to these detection signals as potentiometry, voltammetry, 

amperometry, electrochemical impedance (or impedimetry), capacitance, and 

electrochemiluminescence methods. The most commonly used technique involves 

systematic control of either current or potential, hence, named as potentiostatic or 

galvanostatic methods. Voltammetry is a widely used potentiostatic method in 

electroanalytical techniques. The sub-categories of voltammetry such as cyclic 

voltammetry, linear sweep voltammetry, and differential pulse voltammetry are 

utilized for the trace level detection of analytes in the present study. In addition, to 

have a better insight into the electrochemical mass transfer kinetics at the employed 

electrodes, the electrochemical impedance spectroscopy was also included in the study 

for the preliminary electrochemical characterization of the electrodes before 

electrochemical detection of the target pollutants.  

 

2.4.1. Electrochemical impedance spectroscopy  

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 
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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 (Φ). These are expressed in the impedance spectra 

in the form of Nyquist plots and Bode plots. The expression for Z(ω) (where ω is 

angular velocity of current; ω =2𝜋𝜈; where 𝜈 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|=Z0) 

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 (Cf 

Figure 2.1). 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 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.  
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Figure 2.1. Nyquist impedance plot for an electrochemical system. Regions of mass-

transfer and kinetic control are found at low and high frequencies, respectively (Bard 

and Faulkner, 1980).   

 

2.4.2. Cyclic voltammetry and linear sweep voltammetry 

Cyclic voltammetry (CV) is a widely used electrochemical technique that is 

based on a linear potential waveform, which means that the potential changes as a 

linear function of time and the rate at which potential changes over time is called the 

scan rate. Linear sweep voltammetry (LSV) is the most basic technique that employs 

the waveform. The potential range is scanned from the initial potential to the final 

potential. The recorded linear sweep voltammograms are affected by several factors, 

including the rate of electron transfer reaction (s), the electroactive species and its 

chemical reactivity, and the voltage scan rate. CV is an extension of LSV in that the 

potential scan direction is reversed at the end of the first scan (the first Switching 

Potential) and the potential range is scanned again in the opposite direction. The 

experiment is terminated at the final potential, or the potential is scanned past it to the 

second switching potential, where the direction of the potential scan is reversed once 

again. For several cycles, the potential is cycled between the two switching potentials 

before the experiment is terminated at the final potential. In these techniques, the 

potential applied to the working electrode is higher or more positive than the potential 

of a redox couple in the electrolytic solution, the corresponding species are oxidized, 



 
 

34 
 

with electrons flowing from the solution to the electrode, resulting in an anodic current. 

On the return scan, as the working electrode potential approaches the redox couple's 

reduction potential, reduction i.e., electrons flowing away from the electrode, occurs, 

resulting the cathodic current. The magnitude of these faradaic currents gives 

information on the rate of the overall rate of the various processes occurring at the 

working electrode surface. The magnitude of these faradaic currents provides 

information on the overall rate of the various processes taking place at the working 

electrode surface. Further, the reversibility of the coupled reduction and oxidation 

events are also be assessed using the peak potential (Epa and Epc) and peak current (ipa 

and ipc) values for both oxidation and reduction processes. Using the relation from the 

Nernst equation, if ΔEp (i.e., Epa - Epc ) is equal to 59/n mV (‘n’ is the number of 

electrons involved ) at various scan rates, the system is considered reversible, but if it 

is greater than 59/n mV and increases with scan rate, the system is called quasi-

reversible. The absence of a reverse peak in the cyclic voltammogram is considered as 

chemical irreversibility of the system, but may not necessarily electron transfer 

irreversibility. Moreover, larger values of ΔEp indicate slower electron transfer 

kinetics.  

 

2.4.3. Differential pulse voltammetry 

The differential pulse voltammetry (DPV) technique is based on measuring the 

differences in the rates of charging and faradaic current decay when a potential pulse 

is applied. It uses the faradic current as a function of time during the scanning. The 

potential is scanned with a series of pulses, and the current is measured at the start and 

end of each one. In other words, the signal in differential pulse voltammetry is the 

difference between two signals – the signal immediately before the pulse and the signal 

immediately after the pulse. Each pulse is fixed with a small amplitude, and the current 

produces a peak-shaped voltammogram. Comparing to CV and LSV, the DPV 

technique provides improved selectivity for observing various redox processes. This 

technique possesses high sensitivity and is often used to estimate the qualitative and 

quantitative values of redox species. It is often used with the stripping method 
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(cathodic or anodic stripping) in which the analyte of interest is accumulated at the 

electrode surface in a preconcentration process during which a negative potential is 

applied for a specified time and then stripped back to the solution when more positive 

scan potential is applied. This final step produces a peak current in the anodic region, 

called an anodic peak current. This process is often utilized in the detection of heavy 

metals and organic compounds as well.  

 

 

2.5. PREPARATION OF MATERIALS 

2.5.1. Leaf extract of Persea americana 

 Fresh leaves of locally grown Persea americana (Avocado) were collected 

from Hlimen, Aizawl City, India. (N23.683222, E092.714749). Leaves were washed 

2 to 3 times using purified water and dried in an oven at 60 ºC. The dried leaves were 

crushed with mortar and pestle. 20 g of crushed leaves were taken in a beaker and 

added 200 mL of deionized water. The mixture was heated at 80 ºC for about 30 mins. 

The resulting aqueous leaves extract (about 80 mL) was then allowed to cool down at 

room temperature, filtered with Whatman filter paper (20 µm pore size), and then 

stored in refrigerator for subsequent use.  

 

2.5.2. Phytochemical screening  

Screening of phytochemical contents of the aqueous extract was performed 

qualitatively based on colouring and precipitation reactions. Various tests for the 

phytochemical contents of the extract were conducted using the standard protocols 

reported elsewhere (Chandraker et al., 2020; Auwal et al., 2014; Obouayeba et al., 

2015). 
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1) Test for alkaloids: In 1 mL of extract solution, slowly 6-8 drops of Mayer’s reagent 

were added. This gives a cream precipitate which confirmed the presence of alkaloids. 

Mayer’s reagent was prepared by dissolving 5 g of potassium iodide and 1.358 g of 

mercuric chloride in 100 mL distilled water (Sanghani, 2017).  

2) Test for flavonoids: 1 mL of the extract was taken in a test tube and added few 

drops of neutral ferric chloride solution to it. The formation of black-red precipitate 

confirmed the presence of flavonoid. 

3) Test for tannins: 2 mL of 5% ferric chloride and 1 mL of extract was vigorously 

mixed in a test tube. This gives a greenish-black/dark blue colour, which confirmed 

the presence of tannins in extract solution. 

4) Test for phlobatannins: 10 mL of extract solution was boiled with 2-3 mL of 10% 

HCl for 5 mins. The formation of a red precipitate confirmed phlobatannin contents in 

the extract solution.  

5) Test for triterpenes: The test was done with Salkowski test where equal volumes 

of chloroform and leaf extract were shaken with few drops of concentrated H2SO4. The 

lower layer turned yellow, which confirmed the presence of triterpenes.  

6) Test for saponins: 1 mL extract was shaken vigorously with 2 mL distilled water 

and the persistence of foam indicated saponin contents. 

7) Test for glycosides: 1 mL extract was added with 2-3 drops of Molisch’s reagent 

followed by few drops of conc. H2SO4. A reddish-purple ring on the junction showed 

the presence of glycosides. Molisch’s reagent was prepared by dissolving 20 g 

naphthol in 100 mL of ethanol (Sanghani, 2017). 

8) Test for anthocyanins: 2 mL of plant extract was mixed with 2 mL of 2 mol/L 

HCl. The presence of anthocyanins was indicated by the development of a pink-red 

tint that becomes purple-blue when ammonia solution is added.  

9) Test for reducing sugars: In a test tube, 2 mL of aqueous leaf extract solution was 

taken and 5 mL of a mixture solution containing equal volumes of Fehling's solutions 

A and B is added slowly (Fehling’s solution A is an aqueous blue solution of copper 

(II) sulphate, while Fehling’s solution B is a clear solution of aqueous potassium 
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sodium tartrate and a strong base, mostly sodium hydroxide). The solution mixture 

was heated for about 2 mins in a water bath. The presence of reducing sugars was 

confirmed by occurrence of brick-red precipitate. 

10) Test for polyphenols: Two drops of alcoholic solution of 2 percent ferric chloride 

were added with 2 mL of plant extract. The presence of polyphenolic chemicals was 

indicated by a more or less dark blackish-blue or green colour.  

 

2.5.3. Synthesis of nanoparticles 

 Synthesis of Ag nanoparticles (Ag(NP)) and Au nanoparticles (Au(NP)) was 

conducted by chemical reduction method using aqueous leaf extract of Persea 

americana as a reducing agent. 20 mL each of AgNO3 or AuCl3 solution (2 mmol/L) 

was taken in a beaker and a 0.2 mL aliquot of the leaf extract is added slowly to it. The 

solutions mixture was stirred at 500 rpm and heated at 50 ºC for 60 mins. The initial 

metal precursor and leaf extract solution are almost colourless (or slight/dull 

yellowish) but a distinct colour change was noticed with a lapse of time and finally a 

dark yellow and purple colour was observed for Ag and Au nanoparticles, respectively.  

These colour changes are attributed to the formation of colloidal nanoparticle solutions 

due to the reduction of Ag+ to Ag0 and Au3+ to Au0. Various phytochemicals present 

in the leaf extract are assumed to be potentially active to reduce the metal precursor 

ion to zerovalent state as well as to stabilize in the prevention of aggregation of 

nanoparticles by capping it. The UV-Visible spectra of the resulting Ag(NP) and 

Au(NP) colloidal solutions were then subjected for obtaining the absorption spectra 

recorded within the wavelength range of 300-600 nm and 400-800 nm, respectively. 

Measurements were taken in a quartz cuvette having a path length of 1 cm using 

ultrapure water as a blank.   

 

2.5.4. Synthesis of nanocomposite materials 

The commercially available bentonite (BN) was thoroughly washed with 

deionized water for the elimination of sand particles and other particulate impurities 
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and dried at 90 ºC in a drying oven. The organic silane-modified bentonite clay was 

obtained by the grafting of silane with the clay network under a non-aqueous medium. 

Further, utilizing a simple wet impregnation procedure, the nanocomposite material 

was decorated with the Ag or Au nanoparticles. The dried bentonite was sieved (BSS 

No. 325) and 15 g of it was dispersed in 200 mL of toluene and the mixture was stirred 

for 15 mins and then 10 mL of trichloro(octadecyl) silane is slowly added in it. The 

solution is stirred and refluxed for 24 hrs at 80 ºC in an N2 atmosphere. The slurry was 

cooled at room temperature and toluene was decanted. The silane grafted bentonite 

(TCBN) was collected, washed with ethanol, and then dried in a drying oven at 60 °C 

for 24 hrs. TCBN was further decorated with the biosynthesized Ag(NP) or Au(NP) 

separately by a simple wet impregnation process. 10 g of TCBN was taken in a beaker 

and then 50 mL of ethanol was added. It was shaken mechanically for 10 mins. Further, 

5 mL of freshly prepared Ag(NP) colloidal solution was added and stirred for 24 hrs 

at 50 ºC. This enabled to decorate the nanocomposite with Ag(NP). The solid was 

washed with purified water and dried at 60 ºC. The solid was finally collected and 

termed as Ag(NP)/TCBN. Similarly, the Au(NP) decorated nanocomposite was 

obtained and termed as Au(NP)/TCBN. The synthesized nanocomposite materials 

were then characterized by various analytical tools viz., FT-IR, SEM-EDX, TEM and 

AFM analyses. 

 

 

2.6. CHARACTERIZATION OF MATERIALS 

 UV-Visible spectrophotometer (Model: UV-1800; Shimadzu, Japan) was used 

to obtain the absorbance spectra of synthesized Ag(NP)/or Au(NP) colloidal solutions. 

Fourier Transform- Infra-Red (FT-IR) spectra for the pristine bentonite and other 

synthesized nanocomposite materials were recorded using a FT-IR Spectrometer (IR 

Affinity-1S, Shimadzu, Japan). The surface morphology of nanocomposite casted on 

glassy carbon plates were obtained by Scanning Electron Microscope/Energy 

Dispersive X-ray Analysis (SEM-EDX) (Model: Oxford xmax) while powder forms 

of the nanocomposite are used for Transmission Electron Microscope (TEM) (Model: 
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Oxford xtreme) analysis. Further, the surface roughness of the nanocomposite casted 

on glassy carbon plates were obtained using atomic force microscopy (AFM) (Model: 

Multi Mode 8, Bruker, USA).  

 

 

2.7. FABRICATION OF MODIFIED ELECTRODES 

2.7.1. Carbon paste electrode  

 Carbon powder and bentonite (BN) or nanocomposite (TCBN) powder were 

used to make the working electrodes. The carbon powder was mixed with the pristine 

bentonite/or nanocomposite having the ratio of 6:1 (w/w). Furthermore, the powders 

of these two materials are thoroughly mixed, and a paste was made using 1 g of paraffin 

oil. The paste was manually introduced and packed into a Teflon tube having 5 cm and 

0.21 cm of length and radius, respectively. The top of the tube was sealed with a Teflon 

tape, and then a titanium wire was carefully inserted within the tube until half of the 

tube length. The tube's bottom end was kept open, ready to use as a working electrode. 

The open surface of the tube was rinsed with purified water, polished with glassy 

paper, and used for the electrochemical experiments. The open end of the tube was 

also cut with a sharp knife at the end of each experiment to create an unexposed active 

surface. 

 

2.7.2. Glassy carbon electrode  

 The modified glassy carbon working electrodes were fabricated by a simple 

drop-casting process. Before casting, the glassy carbon electrode was thoroughly 

polished by alumina (0.05 µm) followed by a diamond polishing solution using a 

polishing cloth. The polished surface of the glassy carbon electrode was again 

sonicated with ethanol solution followed by distilled water for 5 mins each to obtain 

an ultra-clean and mirror-like smooth surface of electrode. The casting solution is 

prepared by mixing 5 mg of the pristine BN/or the nanocomposite materials viz., 

TCBN, Ag(NP)/TCBN, Au(NP)/TCBN separately  in 4 mL of 1:1 DMF and double-
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distilled water. The suspension was stirred for 24 hrs. Further, the solution mixture 

was ultrasonicated for 5 mins before performing the casting process. Finally, 2.5 µL 

of the homogeneous mixture was dropped onto the cleaned and dry surface of GCE 

and dried at 40 - 50 ºC for 15 mins. Similarly, the glassy carbon plate piece was used 

to cast the surface with these nanocomposite materials and intended for SEM/EDAX 

and AFM analyses.    

 

 

2.8. ELECTROCHEMICAL PROCEDURES 

2.8.1. Electrochemical characterization of electrodes  

All fabricated micro-electrodes modified with the nanocomposite materials as 

well as the bare or unmodified electrode i.e., carbon paste electrode (CPE) or glassy 

carbon electrode (GCE) were characterized by electrochemical techniques using the 

cyclic voltammetry and electrochemical impedance spectroscopic studies using 0.001 

mol/L Fe(CN)6
3-/Fe(CN)6

4- redox system prepared in 0.1 mol/L KCl as supporting 

electrolyte solution. Cyclic voltammograms at different scan rates i.e., from 50-200 

mV/s (for carbon paste electrodes) and 20 to 150 mV/s (for glassy carbon electrodes) 

at a potential window of -0.5 V to 1.0 V were recorded for each electrode. Similarly, 

impedance spectra for the fabricated electrodes were collected in the redox probe 

solution between 80 kHz to 100 MHz at 6 points per decade with an amplitude of 10 

mV.  The EIS Nyquist plots are fitted using the equivalent circuit: R1+Q2/(R2+W2) 

where R1, Q2, R2, and W2 representing the Rs (solution resistance), Cdl (double layer 

capacitance at solution and electrode interface), Rct (Charge transfer resistance) and W 

(Warburg impedance) elements in the Randle’s circuit, respectively. The equivalent 

circuit fitting and evaluation of the electrical parameters for each impedance spectra 

are performed with the EClab software based on the least square fitting method.  
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2.8.2. Electrochemical detection of pollutants 

 Detection of As(III) was carried out using the modified carbon paste electrode 

(TCBN/CPE). A known concentration of As(III) solution was prepared using the 0.1 

mol/L KCl solution as background electrolytes. The KCl solution pH was adjusted 

using the 0.1 mol/L HNO3 or NaOH solutions.  The cyclic voltammetric (CV) and 

linear sweep voltammetric data were recorded at an exciting potential of +1.0 V and -

0.2 V against an Ag/AgCl reference electrode. The CV data was recorded for three 

consecutive cycles and the second cycle was utilized for further calculations. The 

detection of other contaminants viz., Pb(II), Cd(II), sulfamethoxazole and 

sulfamethazine are conducted using the modified glassy carbon electrodes. The 

detection method was developed using the differential pulse stripping voltammetry. 

The supporting electrolyte solutions having 0.1 mol/L KCl in acetate buffer are utilized 

for analysing these contaminants in aqueous media. Cyclic voltammetric scans for 

Pb(II) and Cd(II) were carried out at a potential range of -1.2 V to 0.2 V and -1.5 V to 

0.2 V, respectively, whereas a potential window of -0.2 to 1.2 V was used for 

sulfamethoxazole and sulfamethazine. pH dependence studies were conducted varying 

the solution pH 3.6-7.0 (in case of Pb(II) and Cd(II) using acetate buffer) and 2.0-9.0 

(in case of sulfamethoxazole and sulfamethazine using mixed electrolyte solution of 

acetate buffer and KCl). The differential pulse anodic stripping voltammetry (DPASV) 

detection method is optimized for the deposition potential between -0.8 V to -1.3 V 

and deposition time of 30-300 s in the detection of these pollutants. All other 

conditions including pulse amplitude of 50 mV, scan increment of 10 mV, and pulse 

width of 50 ms is used for obtaining the voltammograms. All potentials for the entire 

experiments were recorded against the reference electrode (Ag/AgCl) at an ambient 

temperature of 25±1 °C. The electrolytic solutions are always purged with N2 gas for 

10 mins before conducting electrochemical experiments. Further, the limit of detection 

(LOD) and limit of quantification (LOQ) were obtained using the equations: LOD = 

3
𝜎

𝑚
  and LOQ = 10 

𝜎

𝑚
   where σ is the standard deviation of five replicates of blank 

solutions and ‘m’ is the slope of the calibration line ((Yola et al., 2015; Duddukuru et 

al., 2017; Shrivastava and Gupta, 2011). 
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3. RESULTS AND DISCUSSION 

3.1. CHARACTERIZATION OF MATERIALS 

3.1.1. Phytochemical studies of Persea americana leaf extract 

The qualitative screening for various phytochemical contents of aqueous 

Persea americana leaf extract revealed the presence of various phytochemical 

compounds (Cf Table 1). These compounds are assumed to serve as reducing agents 

for the reduction of Ag+ and Au3+ to Ag0 and Au0, respectively. Moreover, it also 

acts as stabilizing or capping agents in the green synthesis of nanoparticles. It was 

reported previously that different parts of the Avocado are used for medicinal 

purposes and the secondary metabolite contents are utilized for antimicrobial 

purposes (Dabas et al., 2013; Duarte et al., 2016; Gupta et al., 2018). Similar 

phytochemicals were found in methanolic extracts of Persea americana leaf and it 

was studies for the possible bacterial strains Escherichia coli and Pseudomonas 

aeruginosa (Ajayi et al., 2017). In addition, Kumar and Cumbal (2016) performed 

FT-IR studies on extracts of the leaf, peel, pulp, and oil of Avocado in water 

emulsion and the IR-studies confirmed the presence of triglycerides, esters, olefins, 

polyphenols, and flavonoids (Kumar and Cumbal, 2016). The screening tests for 

flavonoids, saponins and tannins using concentrated HCl, distilled water and ferric 

chloride as reactors, respectively show strong positive results which confirmed the 

presence of these metabolites at high concentrations. (Rahman et al., 2018).  
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Table 3.1. Qualitative phytochemical analysis of leaf extract of Persea americana 

leaves.   

Phytochemicals Test Result 

Alkaloids Mayer’s test + 

Tannins Ferric chloride test + 

Phlobatannins HCl test - 

Saponins Foam test + 

Flavonoids Ferric chloride test + 

Anthocyanins HCl test - 

Glycosides Molisch test + 

Reducing sugars Fehling’s test + 

Triterpenes Salkowski test + 

Polyphenols Ferric chloride test + 

(+) = present, (-) = absent  

 

3.1.2. UV-Vis spectroscopic analysis of nanoparticles  

The UV-Vis spectra for the colloidal solution of Ag and Au nanoparticles are 

presented in Figure 3.1(a & b). Figure clearly showed the surface plasmon resonance 

(SPR) peaks occurring at 414 nm and 550 nm, respectively for the Ag and Au 

nanoparticle colloidal solutions. This confirms the presence of silver nanoparticles 

(Ag(NP)) and gold nanoparticles (Au(NP)).  Further, the positions of these surface 

plasmon resonance (SPR) peaks are rough estimates of the shape and size of the 

particles. It is known that the intensity, as well as the wavelength positions of SPR 

band, is dependent on several factors including the shape, size, and composition of 

particles and dielectric constant of medium environment that greatly affects the 

charge density of electrons on the surface of nanoparticle (Mie, 1908). Moreover, 

small-sized spherical silver nanoparticles give resonance band at Ca 350-500 nm 

region with peak position at 410 nm (Tsuji et al., 2002; Murphy and Jana, 2002). 

Similarly, the small sized gold nanoparticles (Ca 9 nm) typically showed absorption 

maxima at around 520 nm and showed more redshift as the size of the particle 
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increases (Link and El-Sayed, 1999). Therefore, the observed absorption maxima of 

silver and gold nanoparticles colloidal solution suggested that the spherical and 

small-sized Ag and Au particles are formed in the biosynthesized process. The 

phytochemicals in the leaf extract are potentially active to reduce the metal precursor 

ions to zerovalent metals while acting as stabilizing and capping agents to prevent the 

aggregation of the synthesized nanoparticles. Hence, the leaf extract of Persea 

americana functions as a green chemical, suitable alternative to the toxic and 

reactive chemical often used in the conventional synthesis of nanoparticles.  
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Figure 3.1. (a-b) UV-Vis spectra of (a) Ag precursor solution, Persea americana 

leaf extract and Ag nanoparticle solution (2.0 mmol/L); and (b) Au nanoparticle 

solution, Persea Americana leaf extract and Au3+ precursor solutions (2.0 mmol/L) 

[Inset: Colloidal solution of gold nanoparticles]. 

3.1.3. Fourier transform infra-red (FT-IR) spectroscopy  

FT-IR spectra of the pristine bentonite (BN) and nanocomposites viz., TCBN, 

Ag(NP)/TCBN, and Au(NP)/TCBN are presented in Figure 3.2. IR results indicated 

that these solids showed common vibrational peaks at 1652 cm-1 and 3423 cm-1 

which is assigned to the bentonitic water -OH stretching and bending vibrations. 

Similarly, the  vibrational peaks occurred at 1124 cm-1, 3703 cm-1, and 3623 cm-1 are 

primarily due to the Al-OH and Si-OH bending and stretching vibrations (Alkaram et 

al., 2009). Further, Si-O-Si and Si-O-Al linkages in clay structure results in-plane 

and out-plane vibration bands of Si-O which is occurred at 927 cm-1 and 1003 cm-1. 

Further, additional Si-O quartz vibrations are occurred at 810 cm-1 and 702 cm-1 

(Jović-Jovičić et al., 2013). However, additional peaks are observed at 2924 cm-1 and 

2862 cm-1 in the IR spectra of TCBN, Ag(NP)/TCBN, and Au(NP)/TCBN which is 
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because of the asymmetric and symmetric stretching vibrations of the C–CH2 group 

from the alkyl chain of the silane. Similarly, the scissoring oscillations of an aliphatic 

chain of the organic silane are observed at 1473-1481 cm-1 (Alkaram et al., 2009). 

Therefore, these results confirmed that the organic silane (TCODS) is successfully 

grafted with the bentonite structure.  

 

 

Figure 3.2. FT-IR spectra of pristine bentonite and nanocomposite materials (TCBN, 

Ag(NP)/TCBN and Au(NP)/TCBN).  
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3.1.4. Surface morphological studies of materials  

 Surface morphology of the pristine bentonite or nanocomposites coated 

glassy carbon plate is obtained by the scanning electron microscopic (SEM) 

analyses. SEM images of the bare glassy carbon plate and coated glassy carbon 

plates (i.e., coated with BN, TCBN, Ag(NP)/TCBN and Au(NP)/TCBN) are obtained 

and shown in Figure 3.3. Figure 3.3(a & b) shows the SEM images of bare glassy 

carbon plate. This clearly showed that the surface of glassy carbon is very smooth 

and no aggregation of impurity is observed on the surface. Further, the SEM 

micrographs of pristine bentonite (BN) and silane grafted bentonite (TCBN) coated 

glassy carbon sheets are shown in Figures 3.3(c & d). The image clearly shows that 

pristine bentonite possesses a uniform but heterogeneous structure, with silica 

contents visible on the surface. Furthermore, the layers of bentonite on the surface 

are well arranged and also reveals a porous structure with large smooth flakes. On 

the other hand, the nanocomposite (TCBN), exhibited a more disordered structure 

and increased heterogeneity on the solid surface. It is clear that the organic silane 

molecules have occupied spaces within the clay layers and grafted with the terminal -

OH group of bentonite. Moreover, the material is more compact, and less porosity is 

observed. Similar observations were reported with 3-aminotriethoxysilane grafted 

bentonite (Abeywardena et al., 2017). A decrease in BET (Brunauer, Emmett and 

Teller) specific surface area and increase in pore volume and pore size of HDTMA 

(hexadecyltrimethylammonium bromide) modified clay was reported elsewhere 

(Thanhmingliana et al., 2016). Decrease in specific surface area of the modified clay 

in comparison to the bare clay was attributed to the presence of HDTMA cation at 

the clay interspace which on the other hand, allow the interlayers to prop up and led 

to increased pore volume and size of the clay solids (Thanhmingliana et al., 2016).    

Similarly, the SEM micrographs are obtained for the silver and gold 

nanoparticles decorated nanocomposite materials i.e., Ag(NP)/TCBN and 

Au(NP)/TCBN is coated on the surface of glassy carbon plate and shown in Figure 

3.3(e & f). The porous nanocomposites are equally dispersed throughout the glassy 

carbon surface and the roughness of the surfaces is quite diverse. Small porous 

aggregates are visible on the Ag(NP)/TCBN and Au(NP)/TCBN coated glassy 
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carbon surfaces. This is, perhaps, due to additional bonding pockets facilitating 

agglomeration. Further, the tiny dots are visible on the surfaces indicating the 

presence of Ag or Au nanoparticles (Figures 3.3(e & f). The silver and gold 

nanoparticles are very evenly distributed on the respective surfaces. The in situ 

decoration of the silver and gold nanoparticles enabled even distribution of these 

nanoparticles also restricted the agglomeration of nanoparticles onto the composite 

surfaces. Similarly, the SEM images of silver and gold nanoparticle doped titania 

film on borosilicate disks showed smooth surface that displayed fine-grains of small-

sized TiO2 and an apparent distribution of the doped silver or gold particles on the 

titania framework (Lalliansanga et al., 2018; Tiwari et al., 2019a).  

 

  

   

 

(a) (b) 

 (c)  (d) 
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 Figure 3.3.(a-f) Scanning electron micrographs (SEM) of (a & b) bare glassy carbon 

sheet; (c) pristine bentonite coated glassy carbon sheet; (d) silane grafted bentonite 

(TCBN) coated glassy carbon sheet; (e) Ag(NP)/TCBN coated glassy carbon sheet; 

and (f) Au(NP)/TCBN coated glassy carbon sheet. 

 Further, Figure 3.4 (a-d) shows the results of the energy dispersive X-ray 

(EDX) analysis for the samples pristine bentonite (BN), TCBN, Ag(NP)/TCBN, and 

Au(NP)/TCBN coated glassy carbon sheets. The EDX elemental mapping revealed 

that very distinct peaks of Si, O, Fe, Mg, Na, C is observed in all these samples 

including the bentonite coated sheet (Cf Figure 3.4(a)). Further, the TCBN coated 

sheets showed additional EDX peak for Cl which confirms the presence of silane 

(trichloro-octadecyl silane) with the bentonite (Cf Figure 3.4(b)). This infers the 

grafting of silane with bentonite network. On the other hand, the EDX elemental 

mapping of the Ag(NP)/TCBN and Au(NP) coated sheets showed additional peaks of 

Ag and Au, respectively (Cf Figure 3.4(c & d). Hence, the EDX elemental mapping 

reaffirms the presence of silver and gold nanoparticles with in the nanocomposite 

solid.  

(e) (f) 



 
 

50 
 

    

 

 

 

        

 

 

 

 

Figure 3.4.(a-d) EDX elemental mapping for the (a) pristine bentonite (BN); (b) 

TCBN Composite; (c) Ag(NP)/TCBN; and (d) Au(NP)/TCBN coated glassy carbon 

sheets. 

The Ag(NP)/TCBN and Au(NP)/TCBN nanocomposite powder samples are 

then utilized for the TEM analysis and the TEM images are displayed in Figure 3.5 

(a-d). The TEM images revealed that Ag(NP) and Au(NP) are distinctly but 

uniformly distributed throughout the nanocomposite (Cf Figure 3.5(a & b). 

Moreover, the nanoparticles viz., Ag(NP) and Au(NP) are not aggregated or 

agglomerated within the nanocomposite solid. Further, it is interesting to observe that 

the silver and gold nanoparticles are spherical in shapes and the average size of the 

 (a) (b) 

(c)  (d) 
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particle is 20-25 nm (CF Figure 3.5(a & b) insets). The shape and size of the 

nanoparticles are in consistent to the results with the UV-vis absorption spectra of the 

Ag(NP) and Au(NP) colloidal solutions, which showed SPR absorption maxima at 

414 nm and 550 nm. Furthermore, the d-spacings of the Ag(NP) and Au(NP) are 

obtained using the TEM fringes and are found to be 0.12 and 0.25 nm, respectively 

(Cf Figure 3.5(c & d)).  

 

 

(a) (b)

20nm

25nm
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Figure 3.5.(a-d) TEM micrographs of (a) Ag(NP)/TCBN; and (b) Au(NP)/TCBN 

materials and the d-spacings of (c) Ag(NP)/TCBN; and (d) Au(NP)/TCBN materials. 

  In addition, the surface roughness of Ag(NP)/TCBN and Au(NP)/TCBN 

nanocomposites coated glassy carbon sheets are subjected for the atomic force 

microscopic (AFM) analysis and results are depicted in figure 3.6 (a & b). 3D images 

of these samples showed that the surface is quite uneven and disordered. Moreover, 

the nanocomposite solids are forming fine pillars on the surface of glassy carbon 

plate (Cf figure 3.6 (a & b)). Further, the arithmetic average roughness (Ra) and root 

mean square average of the profile heights over the evaluation length (Rq) is found to 

be 17.6 nm and 22.8 nm (for Ag(NP)/TCBN coated glassy carbon sheet) and 11.9 

nm, 15.5 nm (for Au(NP)/TCBN coated glassy carbon sheet), respectively. 

Moreover, the image Zrange is taken as 181 nm and 251 nm, respectively for the 

Ag(NP)/TCBN and Au(NP)/TCBN nanocomposites coated sheets (Cf. Figure 3.6 (c 

& d). It was reported previously that the heterogeneous surface structure of 

Ag(NP)/TiO2 thin film as coated on borosilicate glass disk showed the Rq and Ra 

values of 16.95 nm and 12.25 nm, respectively  (Lalliansanga et al.,2020). Similarly, 

the 3D-AFM results of gold nanoparticle doped TiO2 disk possessed fairly high 

heterogeneity and the Rq and Ra values of the nanostructure were found to be 124.33 

nm and 94.65 nm, respectively (Tiwari et al., 2019b).    
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Figure 3.6.(a-d) 3D-AFM images of (a) Ag(NP)/TCBN; (b) Au(NP)/TCBN coated 

carbon sheets and surface roughness of (c) Ag(NP)/TCBN; and (d) Au(NP)/TCBN 

coated carbon sheets. 

 

 

 

 

(a) (b) 

(c) (d) 
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3.2. ELECTROCHEMICAL STUDIES USING CARBON PASTE 

ELECTRODES 

The electrochemical measurements using bare carbon paste electrode (CPE), 

pristine bentonite modified carbon paste electrode (BN/CPE), and silane grafted 

bentonite modified paste electrodes (TCBN/CPE) were carried out for detection of 

arsenic using the cyclic voltammetric technique. Before detection experiments were 

performed, the fabricated carbon paste electrodes were electrochemically studied 

using the cyclic voltammetric and electrochemical impedance spectroscopic studies. 

In order to study the characteristics of electrodes in the mass transfer reactions, the 

scan rate studies were conducted varying the scan rates from the 50 mV/s to 200 

mV/s at an excitation potential window of -0.5 to 1.0 V. Impedance spectroscopic 

data was collected in 0.001 mol/L Fe(CN)6
3-/Fe(CN)6

4- solution having the 

background electrolyte concentration of 0.1 mol/L KCl. The frequency range was 

employed as 80 kHz to 100 MHz with 6 points per decade at an employed 10 mV 

peak to peak sinusoidal potential.  

 

3.2.1. Scan rate studies using cyclic voltammetry 

The electrochemical performance of the working electrodes viz., carbon paste 

electrode (CPE), bentonite modified CPE, and nanocomposite modified CPE are 

studied using the standard redox probe (0.001 mol/L Fe(CN)6
3-/Fe(CN)6

4-) 

employing the cyclic voltammetry. The cyclic voltammograms for various electrodes 

are illustrated in Figure 3.7(a-c). The figures clearly indicated that these working 

electrodes possessed well-defined electrochemical performance for the redox process 

to take place since the pronounced cathodic and anodic peaks were obtained with the 

voltammograms. Further, the electrochemical response with the TCBN/CPE was 

significantly increased (Figure 3.7(c)) since the cathodic and anodic peak currents 

are significantly increased compared to the BN/CPE or bare CPE electrodes. 

Moreover, the peak-to-peak separation i.e., ΔEp is fairly low as compared to the bare 

CPE or TCBN/CPE. This signifies that using the nanocomposite modified CPE 

possessed an enhanced electron transfer rates at the electrode surface and eventually 
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favored the electrochemical process to occur at the electrode surface  (Zhou et al., 

2016). Therefore, the enhanced electrochemical signal obtained by using the TCBN 

nanocomposite modified CPE, inferred that the material greatly facilitated the 

electron transfer reactions at the surface of electrode (Lee et al., 2016; Tiwari et al., 

2016).  
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Figure 3.7. (a-c) Effect of potential and scan rates on the redox behavior of 0.001 

mol/L Fe(CN)6
3-/Fe(CN)6

4- using (a) CPE; (b) BN/CPE; and (c) TCBN/CPE working 

electrodes. 
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Further, the mass transfer reactions at the electrode-electrolyte are studied 

using the Randle–Sevick equation (3.1) (Lee et al., 2016):  

𝐼𝑚 = 2.69 x 105 . 𝑛3/2. 𝑣1/2. 𝐷1/2. 𝐶. 𝐴  (3.1) 

where Im is the peak current (A), ‘n’ is the number of electrons in the redox process, 

D is the diffusion coefficient of Fe(CN)6
3-/Fe(CN)6

4- system (cm2/s) in an aqueous 

medium and equal to 7.6 × 10−6 cm2/s, ‘v’ is the scan rate (V/s), ‘C’ is the bulk 

concentration of the electroactive species (mol/cm3) and ‘A’ is the electroactive 

surface area of the working electrode (cm2).  The equation provides the content of 

electroactive sites available on the surface of the working electrode (Bathinapatla et 

al., 2015). It was observed that fairly a good linear relationship is obtained between 

the anodic peak current (Im) and v1/2 values (where v is the scan rate) since the 

regression coefficient (R2) values are always > 0.995 (Cf figure 3.8). A linear 

relationship between the peak current and the square root of scan rate suggested that 

the interfacial kinetics was primarily diffusion-controlled (Ndlovu et al., 2014). 

Further, using the slopes of these lines and the diffusion coefficient of Fe(CN)6
3-

/Fe(CN)6
4- in aqueous media 7.6 × 10−6 cm2/s, the electroactive surface area of these 

working electrodes was calculated and returned in Table 3.2. It is interesting to note 

that the surface area of the nanocomposite was 4.88 times higher than the carbon 

paste electrode and also 2.37 times higher than the pristine bentonite modified carbon 

paste electrode. This significant increase in the electroactive surface area using 

nanocomposite modified carbon paste electrode could enable to detect the As(III) 

even at the ultra-trace levels. Similar diffusion-controlled kinetics was suggested for 

the As(III) using the bismuth modified exfoliated graphite (EG-Bi) working 

electrode and reported that electroactive surface area was found to be 1.31 mm2  and 

16.3 mm2 respectively for EG (exfoliated graphite) and EG-Bi electrode (Guo et al., 

2016). 
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Table 3.2. Calculated electroactive surface area of fabricated carbon paste 

electrodes. 

Electrode Electroactive surface area (cm2) 

CPE 0.244 x 10-3 

BN/CPE 0.503 x 10-3 

TCBN/CPE 1.19 x 10-3 

 

 

 

Figure 3.8. Linear plots of v1/2 against oxidative peak current (Ip) of 0.001 mol/L 

Fe(CN)6
3-/Fe(CN)6

4- obtained using various carbon paste electrodes. 
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3.2.2. Electrochemical impedance spectroscopy (EIS) studies  

The electrochemical impedance spectroscopic studies were conducted using 

the 0.001 mol/L Fe(CN)6
3-/Fe(CN)6

4- standard solutions at pH 6.0 having background 

electrolyte 0.1 mol/L KCl and employing the unmodified and TCBN modified 

carbon paste electrodes. This study eventually demonstrates the solid (working 

electrode)–electrolytic solution interfacial behavior. The applied frequency range of 

80 kHz to 100 MHz was used with 6 points per decade at peak-to-peak sinusoidal 

potential of 10 mV. The measured imaginary impedance (-Zim) was plotted against 

the real impedance (Zreal). The results are shown in the Nyquist plot (Figure 3.9). 

Further, the equivalent circuit was drawn for different electrodes. The measured data 

were best fitted with the Randles circuit as shown in Figure 3.9 (Inset). The Randles 

circuit assumes the diffusional element (Warburg or Warburg short (W)) which is 

connected in series with the charge transfer resistance (Rct) (Sacco, 2017). Therefore, 

the equivalent circuit contained with the Rs i.e., a series resistance that comes due to 

the solution, wires, or even contact resistances, Cd which is double-layer capacitance 

at the surface of electrode and electrolyte interface. The Rct is practically a charge 

transfer resistance that takes place at the electrode surface and bulk ionic species and 

W is the Warburg coefficient or Warburg diffusion impedance obtained because of 

diffusion of ionic species into the bulk solution (Lakhe et al., 2018). The data was 

fairly fitted well to the Randles plot and the fitted values for bare carbon paste 

electrode and nanocomposite modified electrode as shown in Figure 3.9 (continuous 

line). Further, the optimized parameters are obtained and returned in Table 3.3. It is 

evident from the table that the value of Rs almost constant for both the electrodes. 

The semi-circle diameter of the Nyquist plot determines the interfacial charge 

transfer resistance (Miao et al., 2014). It is noted that the semicircle diameter was 

significantly decreased using the TCBN nanocomposite electrode and therefore a 

lower Rct value was obtained which indicated that an efficient and faster redox 

reaction occurred at the interface region of the electrolytic cell (Gu et al., 2018).  
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Figure 3.9. EIS Nyquist plots (circles) obtained for the Fe(CN)6
3-/Fe(CN)6

4- (0.1 

mol/L KCl solution) and the fitted line for equivalent circuit (continuous line) 

obtained with  (a) bare CPE; and (b) TCBN/CPE [Inset: Fitted equivalent circuit]. 

 

Table 3.3. EIS parameters estimated from the fitted electrical circuit model of the 

Nyquist plots of carbon paste working electrodes. 

 

Parameters 

Working Electrodes 

CPE TCBN/CPE 

Rs (kΩ) 0.108 0.102 

Cdl (µF) 1.380 3.650 

Rct (kΩ) 6.342 3.002 
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3.3. ELECTROCHEMICAL DETECTION OF As(III) 

3.3.1. Cyclic voltammetric studies of As(III) 

A known concentration of As(III) solution was prepared using the 0.1 mol/L 

KCl solution and the pH of KCl solution was adjusted using the 0.1 mol/L HNO3 or 

NaOH solution.  The cyclic voltammograms were recorded at an exciting potential of 

+1.0 V and -0.2 V against an Ag/AgCl reference electrode. The CV data was 

recorded for three consecutive cycles and the second cycle was always utilized for 

further studies. Moreover, three replicates are studied, and hence the error is 

calculated and shown as ±3σ values. Further, linear sweep voltammetry (LSV) is 

employed for the different electrochemical studies like concentration studies, the 

effect of interference, and application in real water samples. Initially, the cyclic 

voltammogram of 30.0 µg/L As(III) solution was recorded with CPE, BN/CPE, and 

TCBN/CPE electrodes and compared based on the peak current responses. Both 

oxidation and reduction current for As(III) was barely visible on the voltammogram 

of the CPE, while small and broad peaks appeared with the BN/CPE. Thus, both 

electrodes showed a weak electrochemical response for the arsenic analyte, and their 

voltammograms were characterized by a large peak on the anodic branch which is 

probably due to the evolution of oxygen. The comparative voltammograms are 

represented in Figure 3.10. It is evident from the figure that the voltammogram 

obtained using the TCBN/CPE; As(III) showed a characteristic anodic and cathodic 

peak around the applied potential of 0.61 and 0.25 V (vs Ag/AgCl), respectively. 

Moreover, the cathodic and anodic peaks are sharp and smooth. These peaks are 

asserted as the corresponding signal responses when As(III) undergoes a single step, 

three electron oxidation and reduction processes i.e., As(III) reduced to As(0) and 

As(0) oxidized to As(III). It was reported previously that the As(III) was reduced in a 

single step process around the applied potential of 400 mV and oxidized around -300 

mV using the bismuth modified exfoliated graphite (EG-Bi) working in a 0.1 M 

KNO3 (pH~ 6) (Guo et al., 2016). The information obtained from the CV was used to 

determine the preconcentration potential. The observed E value is found to be 0.36 

V. Hence, the observed low value of E indicated that the redox process of arsenic 

was greatly favorable at the nanocomposite electrode (Loučka, 1973). The other 
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studies showed that As(III) showed no redox reactions on to the CNTs (carbon 

nanotube) electrode; however, gold-CNTs electrode showed a dominant cathodic 

peak at the potential of -0.25 V (vs SCE). It was further regarded that As(III) 

undergo three electron reduction i.e., As(III) to As(0)  (Xiao et al., 2008; 

Lalhmunsiama et al., 2012). Therefore, given the surface properties, a possible 

mechanism of As(III) was proposed assuming that arsenic is preferentially adsorbed 

on the surface of nanocomposite with relatively strong chemical bonds at the 

electrode surface and undergoes with redox reactions and giving rise to an enhanced 

signal of the cathodic or anodic peak current. As(III) forms a chemical bond with the 

available surface active group of the silane grafted with the bentonite i.e,  Si-O-

As(III) which then undergoes with redox reactions at the surface of the solid (Saha et 

al., 2016). The other possibility is due to the presence of an unoccupied bentonite 

surface site. The surface is likely to form a hydrogen bond with the arsenite molecule 

(Ramesha and Sampath, 2011). Possible interaction between the TCBN electrode 

surface and arsenite is presented in Scheme 1. Therefore, the presence of arsenite on 

the electrode surface either by the chemical bonding or by the hydrogen bonding 

enabled efficiently the redox process to take place at the surface. Hence, an enhanced 

electrochemical signal was obtained. Concluding from the comparison of the 

electrochemical response of As(III) at the three electrodes, the response at the TCBN 

modified electrode is better compared to the CPE or BN/CPE, hence, further studies 

for detection of As(III) is carried out using the TCBN/CPE. 

 

 

 

 

 

 

 

 

 

Scheme 1: Proposed scheme of As(III) sorption onto the electrode surface. 
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Figure 3.10. Cyclic voltammograms of As(III) (30.0 µg/L) in 0.1 mol/L KCl (pH 

2.0) background electrolytes employing the CPE, BN/CPE, and TCBN/CPE.  

 

3.3.2. pH dependence studies on detection of As(III)    

The solution pH is an important parameter to be studied since the speciation 

of arsenite varies with pH (Lee et al., 2015). As(III) exists predominantly within the 

pH region 2.0-8.0 to its non-ionic form i.e., H3AsO3 which gradually turns to anionic 

species of H2AsO3
- beyond pH 8.0. The response of the pH dependence studies is 

shown in Figure 3.11 which clearly shows that the electrochemical behavior of 

As(III) is almost similar at different pH values, however, the peak intensity and peak 

positions are greatly affected by varying the solution pH. Increasing the pH, the 

cathodic and anodic peak positions were shifted with an enhanced E values. The 

increased E value makes the redox process more non-favorable. However, at pH 2.0 

the E was found as low as Ca 0.34 V with significantly high current density. A 
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similar observation was obtained for As(III) where high current density was obtained 

at lower pH values using the EG-Bi electrode (Guo et al., 2016). The low 

electrochemical signal received at higher pH conditions is possibly due to the 

hydroxide formation that hinders the arsenic detection. Therefore, a solution pH of 

2.0 is chosen as a suitable pH for the detection of As(III) using the TCBN/CPE, and 

all further studies were performed at this pH.  

 

 

Figure 3.11. Cyclic voltammograms of 30.0 µg/L As(III) (0.1 mol/L KCl) as a 

function of solution pH (2.0 to 9.0) employing the TCBN/CPE. 

 

 

 

 

-0.0024

-0.0016

-0.0008

0.0000

0.0008

0.0016

0.0024

-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2

C
u

rr
en

t 
/m

A

Potential/ V vs Ag/AgCl

2.0 3.0

4.0 5.0

6.0 7.0

8.0 9.0

pH 



 
 

65 
 

 

3.3.3. Concentration studies and calibration of As(III) detection  

The detection of As(III) was carried out using the linear sweep voltammetry 

(LSV) at the applied potential of 0.4 to 1.0 V. The LSV is a useful electrochemical 

tool since it provides a low detection limit compared to the cyclic voltammetry.  The 

LSV curve was obtained varying the concentration of As(III) from 0.5 g/L to 20.0 

g/L at pH 2.0 in 0.1 mol/L KCl employing the nanocomposite modified carbon 

paste electrode. The results are depicted in Figure 3.12(a). It is evident from the 

figure that an increase in the concentration of As(III) caused to increase the anodic 

peak current. Further, the calibration line was drawn between the anodic peak current 

against the As(III) concentration. The results are shown in Figure 3.12(b).  The 

figure indicates that fairly a good linearity is achieved between the anodic peak 

current and As(III) concentration. Further, the linear regression of straight line is 

attained having the linear equation of: Ip (A) = 0.027xC (g/L) + 0.168 (R2= 0.979). 

The results indicated that the detection of As(III) is efficient even at a very low 

concentration of arsenic in aqueous media.  

Further, the limit of detection calculated using slope of the calibration line 

and standard deviation of six replicates of blank solution measurement was found to 

be 0.0036 g/L. Similarly, the limit of quantification was calculated as 0.012 g/L. 

The LOD is found to be much below to the permissible limit of arsenic in the 

drinking water (10.0 µg/L) as prescribed by the World Health Organization or 

Environmental Protection Agency. This enables the greater applicability of the 

analytical method at least for the low-level detection of As(III) in aqueous solutions. 

Moreover, the replicates of data showed good reproducibility of results as the 

observed relative standard deviations (RSD (%)) are always less than 4%. The LOD 

obtained in the present study is found to be reasonably lower than many previous 

reports (Cf Table 3.4) and hence could have potential implications in the detection of 

As(III) in water bodies. 
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Figure 3.12. (a) LSV voltammograms of arsenic (III) at different concentrations of 

As(III) (0.5 to 20.0 µg/L) using the 0.1 mol/L KCl (pH 2.0) and employing the 

TCBN/CPE; and (b) Calibration plot of peak current (Ip) vs concentration of As(III).  

0

0.0001

0.0002

0.0003

0.0004

0.0005

0.0006

0.0007

0.0008

0.0 0.2 0.4 0.6 0.8 1.0 1.2

C
u

rr
en

t 
/m

A

Potential/ V vs Ag/AgCl

0.5 1.0
5.0 10.0
15.0 20.0

Concentration (µg/L)

(a)

y = 0.027x + 0.172

R² = 0.979

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.0 5.0 10.0 15.0 20.0 25.0

I p
/µ

A

Concentration / µg/L

(b) 



 
 

67 
 

Table 3.4. Comparison of LOD for As(III) detection obtained with previous reported 

materials 

 

Method Employed Materials Used LOD Reference 

SWASV Au-Cu bimetallic nanoparticle 2.09 g/L Yang et al., 2016 

  

ASV Au modified 0.022 g/L Simm et al., 2005 

  

SWASV Au Nanoparticles modified 0.38 g/L Mafa et al., 2016 

  

SWASV F-doped CdO electrode 0.0045 

g/L 

Zhou et al., 2017 

CV Ultra-thin graphene oxide film 0.5 mg/L Kumar et al., 2016 

SWASV AuNPs-EGE (Exfoliated graphite 

electrode) 

0.58 g/L Feeney and 

Kounaves., 2000 

LSASV Au-Pt bimetallic nanoparticles 0.28 g/L Bu et al., 2015 

LSASV 

 

MnO
x 
with Au nanoparticles 

 

    

0.057g/L 

 

Wu et al., 2014 

 

LSV 

 

TCBN nanocomposite 

 

 

0.0036 

g/L 

  

Present study 

 

SWASV-Square wave anodic stripping voltammetry, ASV-Anodic stripping voltammetry, 

LSASV-Linear sweep anodic stripping voltammetry 
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3.3.4. Effect of coexisting ions 

The influences of several co-ions are studied in presence of 150.0 g/L of 

each ion. The As(III) concentration was taken at 28.2 g/L in 0.1 mol/L KCl (pH 

2.0). The co-ions are chosen as cadmium (II), chromium (VI), copper (II), 

manganese (II), phosphate, and EDTA. The comparison of peak current intensity of 

As(III) in absence and presence of each ion is presented in Figure 3.13. It is observed 

that no significant interference occurred in presence of cadmium (II), chromium (VI), 

phosphate, and EDTA. However, the presence of copper (II) and manganese (II) 

caused an enhancement of the anodic peak current. Hence, these ions interfere with 

the As(III) detection. Copper and manganese are oxidized at the same potential and 

hence, the anodic peak current was increased. The Au/GO/Leucine/Nafion electrode 

showed no interference in presence of Zn(II), Pb(II), Hg(II) and Cd(II) both having 

the same concentration of 10 mg/L (Kumar et al., 2015). Similarly, the detection of 

As(III) in presence of Pb(II), Co(II), Ni(II), Cd(II), Cu(II), Zn(II) and K(I) was not 

affected significantly using the F-doped CdO electrode (Bhargavi et al., 2016). 

However, the presence of Pb(II), Hg(II) and Cu(II) caused a reduction of stripping 

current by 10, 30, and 65% for As(III) using the gold ultra-micro electrode (Feeney 

and Kounaves, 2000). 
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Figure 3.13. Effect of various co-existing ions (150.0 µg/L) in the detection of 28.2 

µg/L As(III) in 0.1 mol/L KCl (pH 2.0) background electrolyte.  

 

3.3.5. Studies in real water sample 

The intention of the study is the implication of an analytical method for the 

detection of As(III) in real water samples. The physical/chemical nature of river or 

groundwater is complex and it changes with time and space. The water quality is 

greatly affected by the temperature, human intrusion, microorganism activities, or 

even the nature of soil and rocks (Forzani et al., 2007). Therefore, a real matrix 

analysis enables us to find the suitability, selectivity, and feasibility of the analytical 

method. Hence, the water was collected from the Tlawng River, Mizoram, India, and 

employed without further treatment. However, the river water sample was subjected 

to various physico-chemical analyses. The results are appended in Table 3.5. The 

results indicated that the water is free from several heavy metals; however; it 

contained with Ca, Zn, and Fe. On the other hand, the high value of inorganic carbon 

and some non-purgeable organic carbon (NPOC) is present. Further, the river water 
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was spiked with varying concentrations of As(III) at pH 2.0 in 0.1 mol/L KCl 

background electrolyte. The LSV analysis was conducted and results are shown in 

Figure 3.14(a) where smooth curves are obtained. Moreover, on increasing the 

concentration of As(III), the anodic peak current was increased gradually. Further, a 

regression line between the As(III) concentration against the corresponding anodic 

peak current was obtained as shown in Figure 3.14(b). The regression line is obtained 

as:  I(µA) = 0.046 µg/L + 0.152 (R2 = 0.971). Reasonably a good linearity was 

obtained between the concentration of As(III) and the anodic peak current. It is 

interesting to note that the relative standard deviations (RSD (%)) are always found < 

3%. Further, a solution of As(III) having a known concentration of 5.0 g/L at pH 

2.0 in 0.1 mol/L KCl was prepared with the same river water and subjected to LSV 

analysis. Using the regression line, the As(III) concentration is estimated and found 

to be 4.90.02 g/L. This indicated that the recovery of arsenic is more than 98%. 

These results indicated that the devised method is useful in the precise and efficient 

detection of arsenic at an ultra-trace level. It provides fairly good selectivity and 

sensitivity. Previously, it was reported that the SnO2/Nafion/C pencil electrode 

provided fairly a good applicability in qualitative and quantitative detection of 

As(III) from industrial wastewater samples (Bhanjana et al., 2018).  
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Table 3.5. Various physico-chemical parametric analyses of Tlawng river water. 

 

Parameters Studied Analytical Results 

pH 7.95 

Conductivity 118 mS/cm 

Resistivity 0.0085 mOhm.cm 

Salinity 0.06 PSU 

Ox. Red. Potential +221 mV 

Elements studied (AAS) (mg/L) 

 

Ni(II) ND 

Zn(II) 0.43 

Pb(II) ND 

Mn(II) ND 

Fe(II) 0.49 

Ca(II) 6.68 

Cu(II) ND 

TOC Analysis (mg/L) 

Inorganic Carbon 8.34 

NPOC 0.01 

ND: Not Detected 
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Figure 3.14. (a) LSV voltammograms of river water samples as spiked with various 

concentrations of As(III) (0.5 to 15.0 µg/L) at pH 2.0 in 0.1 mol/L KCl background 

electrolyte; and (b) Calibration plot of obtained between the peak current (Ip) vs 

concentration of As(III).  
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3.3.6 Conclusion 

Novel trichloro(octadecyl)silane grafted bentonite nanocomposite (TCBN) 

was synthesized using a simple non-aqueous grafting method. The nanocomposite 

material was employed in the electrochemical detection of As(III). The impedance 

spectroscopic data revealed a significant decrease of semicircle loop of Nyquist plot 

using the TCBN/CPE as compared to the bare carbon paste electrode or bentonite 

modified CPE. Moreover, the Rct (charge transfer resistance) value is significantly 

low using the TCBN/CPE as compared to the bare CPE which implies that the 

fabricated electrode showed faster or better electron transfer rate at the 

electrode/solution interface. The electroactive surface area was found to be 0.244x10-

3, 0.503x10-3, and 1.19x10-3 cm2, respectively for the carbon paste, bentonite, and 

nanocomposite modified carbon paste electrodes. pH dependence studies indicated 

an enhanced electrochemical signal was obtained at pH 2.0 with a minimum E 

values. The sensor studies enabled low-level detection of As(III) with a limit of 

detection 0.0036 g/L. The observed relative standard deviations (RSD) always were 

found to be less than 4%. The presence of several cations and anions could not affect 

the detection of As(III). However, a marked deviation was observed in presence of 

Cu(II) and Mn(II). The nanocomposite showed fairly good selectivity and sensitivity 

using the river water samples as spiked with As(III). The proposed method is a useful 

analytical method to be employed for the ultra-trace and, perhaps, on-site detection 

of arsenic. 
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3.4. ELECTROCHEMICAL STUDIES USING GLASSY CARBON 

ELECTRODES 

The bare glassy carbon electrode (GCE) and fabricated electrodes (pristine 

bentonite modified (BN/GCE), silane-grafted bentonite (TCBN/GCE), 

nanocomposite decorated with silver nanoparticles ((Ag(NP)/TCBN/GCE)), and 

nanocomposite decorated with gold nanoparticles ((Au(NP)/TCBN/GCE)) coated 

glassy carbon electrodes) are characterized by the electrochemical techniques viz., 

cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) using 

the standard redox probe Fe(CN)6
3-/Fe(CN)6

4- (0.001 mol/L prepared in 0.1 mol/L 

KCl as supporting electrolyte solution). Cyclic voltammograms at different scan rates 

from 20 to 150 mV/s at a potential window of -0.5 V to 1.0 V are recorded for each 

electrode. The EIS experiments are performed with the application of 10 mV 

amplitude in the frequency range of 80 kHz to 100 MHz. 

 

3.4.1. Scan rate studies using cyclic voltammetry 

The electrochemical characterization of the bare GCE and fabricated GCEs 

using scan rates studies were carried out using cyclic voltammetry technique. The 

cyclic voltammograms of 1.0 mmol/L Fe(CN)6
3−/Fe(CN)6

4− (0.1 mol/L KCl solution; 

pH 6.1) are obtained at varied scan rates 20-150 mV/s within the excitation window 

of 0.4 V to 1.0 V employing the fabricated electrodes along with the bare GCE. 

These results are shown in Figure 3.16(a-e).  Figure 3.15(a-e) clearly showed the 

well-defined oxidation-reduction peaks of Fe(CN)6
3-/Fe(CN)6

4- redox probe for these 

electrodes. Further, increase in scan rates enabled to enhance the intensity of peak 

current both for oxidation and reduction. This shows that mass transfer resulting 

from the oxidation and reduction process occurred favorably at the electrode 

surfaces. However, the ease with which redox processes occur at the electrode 

surface greatly differs with the different electrodes employed. The cyclic 

voltammograms obtained by using the Ag(NP)/TCBN/GCE and 

Au(NP)/TCBN/GCE showed significantly enhanced oxidation-reduction peak 

currents for Fe(CN)6
3-/Fe(CN)6

4- as compared to the bare GCE, BN/GCE, or 
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TCBN/GCE. For example, at scan rate 100 mV/s, the oxidation peak current was 

increased from ~0.012 mA to 0.0165 for GCE and BN/GCE, respectively. Similarly, 

it was increased to Ca 0.0169 mA for the Ag(NP)/TCBN and Au(NP)/TCBN 

modified glassy carbon electrodes. The higher current response obtained for the 

Ag(NP) or Au(NP) nanocomposite modified electrodes affirmed that the 

electroactive species have relatively possessed enhanced affinity towards the 

modified surface hence, the number of analyte species are increased at the electrode 

surface to undergo the electrode reactions. Further, the peak-to-peak separation i.e., 

between the oxidative and reductive peak current position (or ΔEp) is significantly 

low compared to the bare GCE and BN/GCE which inferred that the nanocomposite 

modified GCEs possessed an enhanced electron transfer rates at the electrode surface 

and eventually favors the electrochemical process at the electrode surface  (Zhou et 

al., 2016). Hence, these results suggested that the modification of the glassy carbon 

electrode surface with the nanocomposites enabled to increase the sensitivity of the 

electrodes for redox reactions of electroactive species (Ndlovu et al., 2014). 
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Figure 3.15(a-e). Effect of potential scan rate on the redox behavior of 0.001 mol/L 

Fe(CN)6
3-/Fe(CN)6

4- (0.1 mol/L KCl solution; pH 6.1) at (a) GCE; (b) BN/GCE; (c) 

TCBN/GCE; (d) Ag(NP)/TCBN/GCE; and (e) Au(NP)/TCBN/GCE working 

electrodes. 

Further, the linear plots are drawn between the oxidation peak current (Ip) vs 

square root of the scan rate (v1/2) for all these electrodes and shown in Figure 3.16. 
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Figure showed that fairly a good linearity was obtained between the peak current (Ip) 

against v1/2. This inferred that the redox process on the electrode surface proceeds 

predominantly through the analyte diffusion (Liu et al., 2019). Moreover, the slope 

of the linear lines was utilized to obtain the electroactive surface area of the 

electrodes employed viz., GCE, BN/GCE, TCBN/GCE, and Ag(NP)/TCBN/GCE and 

Au(NP)/TCBN/GCE  using the Randles-Sevcik equation and employing the 

diffusion coefficient value for Fe(CN)6
3-/Fe(CN)6

4- system as 7.6 × 10−6 cm2/s (Lee et 

al., 2016b). The electroactive surface areas were calculated and returned in Table 3.6 

These results showed that there is an apparent increase in electroactive surface area 

of the fabricated GCE compared to the bare GCE. It is further noted that the Ag or 

Au nanoparticles decorated nanocomposite materials possessed Ca. 3 times higher 

the electroactive surface area compared to the bare GCE. Therefore, the 

nanostructured materials enabled to enhance significantly the sensitivity of the 

electrode and provides rather better electrochemical platform for the mass transfer 

reactions at the electrode surface. It was reported previously that the decoration or 

immobilization of Ag or Au nanoparticles on other sensor materials enabled to 

enhance the electroactive surface area of electrodes which allow improved 

electrochemical activity (Amidi et al., 2017; Li et al., 2021; Shams et al., 2016). 

Similarly, silver nanoparticle doped polyaniline nanotube (AgNP@PANINTs) 

modified pencil graphite electrode showed an increased surface area as well as better 

sensitivity towards the low-level detection of fluorouracil as compared to the bare 

pencil graphite electrode (PGE) or polyaniline nanotube modified electrode 

(PANINTs PGE) (Zahed et al., 2018). The estimated surface area of the PGE, 

PANINTs PGE and AgNP@PANINTs PGE electrodes based on the scan rate studies 

using 0.001 mol/L Fe(CN)6
3-/Fe(CN)6

4- (in 0.1 mol/L KCl) as a probe were 0.195 

cm2, 0.221 cm2 and 0.293 cm2, respectively. The effective surface areas for bare 

GCE, p-melamine modified GCE (PMel/GCE) and gold nanoparticles 

electrodeposited p-melamine modified GCE (PMel-Au nano/GCE) were calculated 

as 0.058, 0.103 and 0.141 cm2, respectively (Amidi et al., 2017). Hence, the 

enhanced peak currents, increased surface area and smaller peak potentials separation 

(increased reversibility) at the Ag(NP)/TCBN/GCE or Au(NP)/TCBN/GCE reveals 
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that the electron transfer reaction at the electrode surface is favored both kinetically 

and thermodynamically (Salinas-Torres et al., 2011).  

 

 

Figure 3.16.  Linear plots of v1/2 against oxidative peak current (Ip) obtained for the 

0.001 mol/L Fe(CN)6
3-/Fe(CN)6

4- (in 0.1 mol/L KCl solution; pH 6.1) using bare 

glassy carbon electrode and various fabricated glassy carbon electrodes. 

 

Table 3.6. Calculated electroactive surface area of various fabricated glassy carbon 

electrodes   

Working electrode Electroactive surface area (cm2) 

Bare GCE 0.269 x 10-3 

BN/GCE 0.4048 x 10-3 

TCBN/GCE 0.418 x 10-3 

Ag(NP)/TCBN/GCE 0.539 x 10-3 

Au(NP)/TCBN/GCE 0.6747 x 10-3 
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3.4.2. Electrochemical impedance spectroscopic (EIS) studies 

The interfacial behavior between the employed glassy carbon electrodes and 

electrolytic solutions were analyzed using the EIS measurements. The impedance 

spectra were recorded as in the form of Nyquist plots for the bare and fabricated 

GCEs using 0.001 mol/L Fe(CN)6
3-/Fe(CN)6

4- redox probe in 0.1 mol/L KCl 

background electrolyte and at pH 6.1. The EIS results are shown in Figure 3.17.  

The best-fitted circuit used for these plots is given as: R1+Q2/(R2+W2) 

where the circuit elements R1, R2, W2 and Q2 represent solution resistance (Rs), 

charge transfer resistance (Rct), Warburg impedance (Zw) and double-layer 

capacitance (Cdl), respectively as using the Randles circuit (Figure 3.17 inset). The 

constant phase element (Q) is commonly used in the replacement of Cdl in real 

electrochemical systems which are more complicated than the ideal systems 

represented by the simple Randles circuit. The best fitted electrochemical parameters 

are computed and given in Table 3.7. The impedance spectra are characterized by a 

semicircle domain whose diameter equals to the Rct of electrode/bulk ionic interfacial 

layer and controls electron transfer kinetics of Fe(CN)6
3−/Fe(CN)6

4− redox probe 

occurred at electrode surface (Afkhami et al., 2016). It is observed that the semicircle 

loop decreased significantly for TCBN/GCE and Ag(NP)/TCBN/GCE and 

Au(NP)/TCBN/GCE as compared to the bare GCE implying better current 

conductivity with the bentonite precursor materials. The high Rct value of GCE (16.5 

kΩ) falls sharply to 6.21 kΩ and 5.28 kΩ for the BN and TCODS/BN modified GCE, 

respectively. Interestingly, the Ag(NP)/TCBN/GCE and Au(NP)/TCBN/GCE 

showed much-decreased semicircle with Rct values of 3.22 and 3.13 kΩ, respectively. 

The clearly indicated that the decoration with Ag(NP) or Au(NP) within the 

nanocomposite TCBN provides significantly increased surface area and further 

facilitated the electron transfer and conductivity at the GC electrode surface (Mourya 

et al., 2019). Hence, the EIS results confirm that the electrochemical activity of the 

bentonite clay increases with modification by organic silane and further with the 

decoration of Ag(NP) or Au(NP). These results are consistent with the cyclic 

voltammetric results as obtained previously. 
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Figure 3.17. EIS Nyquist plots (circles) obtained for the Fe(CN)6
3-/Fe(CN)6

4- (0.1 

mol/L KCl solution) and the fitted line for equivalent circuit (continuous line) 

obtained with  (a) bare GCE and (b) BN/GCE (c) TCBN/GCE (d) 

Ag(NP)TCBN/GCE and (e) Au(NP)TCBN/GCE [Inset: Fitted equivalent circuit]. 

 

Table 3.7. EIS parameters estimated from the fitted electrical circuit model of the 

Nyquist plots of various glassy carbon working electrodes. 

                     

Working electrode 

Parameters 

Rs (Ω) Rct (kΩ) Cdl (µF) 

Bare GCE 47.8 10.4 16.5 

BN/GCE 32.1 7.81 6.2 

TCBN/GCE 30.0 13.7 5.2 

Ag(NP)TCBN/GCE 32.6 14.3 3.2 

Au(NP)TCBN/GCE 28.5 12.6 3.1 
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3.5. ELECTROCHEMICAL DETECTION OF Pb(II)  

The electrochemical detection of Pb(II) was performed using the 

nanocomposite modified electrode, Au(NP)/TCBN/GCE. The electrochemical 

measurements were carried out using differential pulse voltammetry and applying the 

anodic stripping technique for more sensitive detection of the analyte. Initially, the 

electrochemical behavior of Pb(II) was investigated with cyclic voltammetry and the 

cyclic voltammogram of Pb(II) was recorded for bare GCE, BN/GCE, TCBN/GCE, 

and Au(NP)/TCBN/GCE which were compared and studied. Further investigations 

for effective sensing and detection of the Pb(II) ion were carried on with the  

Au(NP)/TCBN/GCE. A supporting electrolyte solution of 0.1 mol/L acetate buffer 

(AcBF) was used throughout the measurements.  

 

3.5.1. Electrochemical studies of Pb(II) using cyclic voltammetry 

Cyclic voltammograms are obtained for blank electrolyte solution (0.1 mol/L 

acetate buffer; pH 4.0) and 5.0 mg/L Pb(II) employing GCE and fabricated GCEs 

viz., BN/GCE, TCBN/GCE, and Au(NP)/TCBN/GCE. The voltammograms are 

collected within the excitation potential window of -1.2 V to 0.1 V and scan rate 100 

mV/s. The voltammograms obtained for each electrode is shown in Figure 3.18. The 

figure indicated that apparently, no peak occurred with the blank electrolyte solution 

whereas, in presence of the electroactive species i.e., Pb(II), and all these electrodes 

show a similar pattern of voltammograms. A sharp and intense anodic peak at an 

applied potential of Ca. -0.40 V was observed for all the electrodes. This oxidative 

peak current is due to the oxidation of Pb0 to Pb2+. The electrosynthesis of Pb2+ ended 

shortly above potential of -0.42 V while only oxygen evolution continues up to 0.1 

V. However, the reverse scan ensembles a much smaller and broader cathodic peak 

in the region of –0.5 V to -0.8 V resulting from the reduction of Pb2+
 → Pb0. The 

current densities of the oxidation and reduction are not possessed with equal 

magnitudes; hence, this implied that redox processes are not completely reversible. 

An increase in current densities with the fabricated glassy carbon electrodes using 

the BN indicate that the bentonite layered structure allows better conductivity of the 
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current signal. The current response was further improved with the TCBN on the 

GCE due to the attractive interaction with the electroactive metal ions. Finally, the 

material Au(NP)/TCBN showed much sharper and enhanced oxidation-reduction 

peak. The oxidative peak is increased significantly compared to the GCE and 

BN/GCE. It was further noted that the peak current was increased by 5-8 times using 

the modified electrodes compared to the bare GCE. This indicated that the materials 

provided better conductivity and attractive forces between the modified electrodes 

and Pb2+. This enabled to an enhanced peak current (Mourya et al., 2019). In a 

previous report of Pb(II) detection with graphene-gold nanocomposite modified 

glassy carbon electrode, G-Au/GCE showed improved electrochemical response for 

Pb(II) as compared to the bare GCE. This was explained as the Pb(II) showed low 

interaction and adsorption on the GCE surface as compared to the modified electrode 

surface where more Pb(II) ions were adsorbed and electro-catalyzed by the decorated 

Au nanoparticles ( Lee et al., 2015). Therefore, the AuNP decorated TCBN provided 

a useful material in the detection Pb(II) and further investigations are carried out 

using the nanocomposite modified electrodes.   
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Figure 3.18. Cyclic voltammograms of 5.0 mg/L Pb(II)  in acetate buffer (pH 4.0) 

using the bare GCE, BN/GCE, TCBN/GCE and Au(NP)/TCBN/ GCE at scan rate 

100 mV/s.  

 

3.5.2. pH dependence studies on detection of Pb(II) 

 The influence of pH on the electrochemical response of Pb(II) was studied 

using cyclic voltammetry at varied pH (3.6-7.0) of supporting electrolyte solutions. 

The Pb(II) concentration was maintained at 1.0 mg/L and it was scanned within a 

potential range of -1.2 to 0.1 V at a scan rate of 100 mV/s. The cyclic 

voltammograms obtained at different pH conditions are presented in Figure 3.19. It is 

evident from the Figure 3.19 and 3.20 that the oxidative/reductive peak potentials are 

slightly shifted with the change in pH. It shifted towards the negative potential side 

as the pH values were increased. The results clearly indicated that the presence of 

protons play an important role in the electrode reaction processes (Danyıldız et al., 

2017). More intense anodic peaks were observed in the acidic condition from 3.6 to 

4.5, being maximum at pH 4.0 and gradually decreases from pH 5.0 to 7.0. 

Moreover, two sharp peaks in the cathodic branch between -0.52 V to -0.70 V 

attributed to the two reduction processes ( Pb2+→ Pb) and are observed at pH 3.6, 
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4.0, and 4.5 which is most defined at pH 4.0 (He et al., 2016). On the other hand, a 

single oxidative peak corresponding to one-step oxidation of Pb→Pb2+ was observed 

at all solutions. Further, relatively high peak current was recorded at pH 4.0, this 

indicated that the Pb2+ showed high affinity towards the nanocomposite material at 

the electrode surface. However, low current was observed at lower pH i.e., pH 3.6 

using the Au(NP)/TCBN/GCE material is because of the competition of H+ ions and 

Pb(II) ions towards the electrode surface. Similarly, increasing the pH from 4.0 to 5.0 

a sharp decrease in peak current is observed which is perhaps due to the hydrolysis of 

Pb(II) ions (Dahaghin et al., 2018). Similarly, almost a constant peak current was 

observed within the pH regions 5.0 to 7.0. Therefore, in view of the pH dependence 

studies, the further studies were conducted at pH 4.0 using the DPASV for low 

detection of Pb(II).  

 

Figure 3.19.  Cyclic voltammograms of 1.0 mg/L Pb(II) (in 0.1 mol/L Acetate 

buffer) at varying pH of 3.6 to 7.0 using scan rate 100 mV/s. 

-0.015

-0.010

-0.005

0.000

0.005

0.010

0.015

-1.4 -0.9 -0.4 0.1 0.6

C
u

r
r
e
n

t 
/m

A

Potential/ V vs Ag/AgCl

3.6 4.0
4.5 5.0
5.5 6.0
6.5 7.0

pH



 
 

86 
 

0.000

0.002

0.004

0.006

0.008

0.010

0.012

0.014

3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5

I p
 /
µ

A

pH

 

 

Figure 3.20. pH dependence of oxidative peak current (Ip) of 1.0 mg/L Pb(II) at 

Au(NP)/TCBN/GCE. 

 

3.5.3. Electroanalytical performance of modified electrode for Pb(II)  

 The low-level detection of Pb(II) using Au(NP)/TCBN/GCE was conducted 

using the differential pulse voltammetry and employing the anodic stripping 

technique. The differential pulse anodic stripping voltammetry (DPASV) is a 

commonly adopted method in trace electrochemical detection of variety of analytes 

including metal ions and many other organic and inorganic electroactive species. The 

method offers high sensitivity with lower background current contributions. The 

detection method includes primarily three steps: 1) accumulation; 2) reduction; and  

3) stripping. Initially, the electroactive species are accumulated at the electrode 

surface and then electrochemically reduced by applying the potential that is much 

lower or negative than the oxidation-reduction potential. All electro-reduced species 

are then oxidized back to the solution by applying a potential scan towards the 

positive region. The resulting electrochemical signal is recorded as oxidation current 

or the anodic peak current. Hence, in the detection of Pb(II) at low levels, the 
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following processes were assumed to take place at the electrode surface-solution 

interface region:  

Accumulation step: (Pb2+)solution + ((Au(NP)/TCBN))surface → ((Pb2+ – 

Au(NP)/TCBN))adsorption 

Reduction step: ((Pb2+–Au(NP)/TCBN))adsorption  + 2e- →((Pb(reduced) – 

Au(NP)/TCBN))adsorption 

Stripping step: ((Pb(reduced) – Au(NP)/TCBN))adsorption → (Pb2+)solution + 

((Au(NP)/TCBN))surface + 2e- 

The oxidation current occurring through these reactions is utilized for sensitive 

detection of Pb(II).  

 

3.5.4. Optimization of electrochemical parameters 

 The DPASV technique is associated with preconcentration and measurement 

steps, the efficiency of the detection process is highly dependent upon the parameters 

controlling these steps. The potential applied during the preconcentration step called 

deposition/accumulation potential and the duration of accumulation of the 

electroactive species at the deposition potential is termed as accumulation time. 

These two parameters greatly demonstrate the peak intensity or even the sensitivity 

of the working electrode (Wang et al., 2018). Hence, in order to achieve the best 

electrochemical response, different deposition potentials from -0.8 V to -1.4 V are 

studied using 50.0 µg/L Pb(II) solution (pH 4.0, time = 120 s, amplitude = 50 mV) 

and the corresponding DPASV signals are recorded. A plot of oxidative peak current 

vs applied depositional potential is represented as in Figure 3.21(a & b). The peak 

current increased from the applied potential -0.8 V and reaches to its maximum value 

at -1.0 V. However, further increase towards more negative potentials > -1.0 V 

results in decrease in anodic current intensities. This pattern of the current signal is in 

good agreement with the deposition potential studied previously using reduced 

graphene oxide (RGO) incorporated with Au(NP) modified GC electrode for lead 

(Lee et al., 2015). Similarly, varied deposition potentials using graphitic carbon 



 
 

88 
 

nitride modified GCE for 400 µg/L Pb(II) solutions showed an enhanced peak 

current intensity at moderate deposition potential of -1.0 V  (Hatamie et al., 2019). 

Higher negative potential enabled an enhanced  hydrogen gas evolution and the 

bubbles produced at the electrode surface eventually hinder the deposition of the 

metal ions, and hence decreased the peak currents ( Lee et al., 2015; Segura et al., 

2015). Similarly, the effect of time duration for accumulation i.e., from 30 s to 300 s 

is studied for 50.0 µg/L Pb(II) solution at deposition potential of -1.0 V. Figure 

3.22(b) infers that the current signal increases proportionally with accumulation time 

until it reaches a maximum of 180 s and almost shown a constant value up to 210 s. 

However, the deposition time > 210 s, the peak current intensity was decreased as 

studied for the prolonged deposition time of 300 s. The electrochemical response 

signal is almost similar to the previously reported process using graphene quantum 

dots and Nafion coated GCE (GC/GQD-NF) and magnetite graphene oxide-

benzothiazole-2-carboxaldehyde nanocomposite modified GCE (GO@Fe3O4@2-

CBT/GCE) where the maximum current was observed at 180 s (Pizarro et al., 2020; 

Dahaghin et al., 2018). Hence, the concentration of Pb(II) accumulated at the 

electrode surface was intensified with time but become saturated at the deposition 

time of 180 s. Therefore, the results indicated that the prolonged deposition time 

could not favor the current response. The potential of -1.0 V and time duration of 180 

s are hence, chosen as the optimized conditions for effective preconcentration and 

more sensitive measurements of Pb(II).      
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Figure 3.21 (a-b). Effects of (a) deposition potential; and (b) deposition time for the 

anodic peak current for the Au(NP)/TCBN/GCE in 0.1 mol/L acetate buffer, 50.0 

µg/L Pb(II)  solution (Other conditions:  pH = 4.0, pulse amplitude = 50 mV, 

frequency = 10 Hz, pulse increment = 10 mV). 
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3.2.4. Concentration dependence studies and calibration 

 The Au(NP)/TCBN/GCE was utilized for trace level sensing of Pb(II) 

employing previously optimized preset conditions in the DPASV measurements. The 

practical implication of the electrode for the detection of Pb(II) is based on the 

calibration line and the detection limit of measurements. Therefore, the DPASV 

measurements were carried out with a wide range of Pb(II) concentrations (1.0 – 60.0 

µg/L). Results are illustrated as in Figure 3.22(a). The oxidation peak current for 

Pb(II) occurred at Ca -0.45 to -0.52 V and it was observed that by increasing the 

concentration of Pb(II) from 1.0 to 60.0 µg/L, the anodic current was increased 

steadily using the   Au(NP)/TCBN/GCE  modified electrode.    

Further, the regression line was drawn between the oxidative peak current 

and concentration of Pb(II) (Cf Figure 3.22(b)). The calibration line is reasonably 

fitted well to the straight-line equation I(µA)=0.031(µg/L) + 0.611 (R2 = 0.984). 

Similarly, LOD and LOQ were obtained by the slope of this equation. The LOD and 

LOQ are calculated as 0.817 µg/L and 2.72 µg/L, respectively. This value falls much 

below to the maximum permissible level (15.0 µg/L) of Pb(II) as suggested by the 

US-EPA in drinking water. Therefore, the detection level achieved with the proposed 

simple electrochemical method is quite useful for trace level sensing of Pb(II) in 

water bodies. Further, a possible comparison of the present work with some recently 

reported electrochemical detection of Pb(II) is shown in Table 3.8. It is evident from 

the table that the detection limit achieved with the Au(NP)/TCBN/GCE sensing 

platform is significantly lower than several other studies. Hence, this showed the 

potential of Au(NP)/TCBN/GCE material  towards the development of efficient and 

miniaturized device.  

  The stability of fabricated electrode is important for repeated use in 

detection of lead (II). This implies the practical implacability of electrode for 

prolonged use. Therefore, the stability test of Au(NP)/BNTCODS/GCE electrode 

was carried out using the 50.0 g/L Pb(II) solution and the repeated measurements 

were taken under the optimum measurement conditions i.e., 0.1 mol/L acetate buffer, 

50.0 µg/L Pb(II)  solution [Other conditions:  pH = 4.0, pulse amplitude = 50 mV, 
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frequency = 10 Hz, pulse increment = 10 mV. Each time the measurements were 

carried out for three times and hence the relative standard deviation (RSD (%)) was 

obtained. The electrode was washed with distilled water and dried at 40 °C and again 

employed for next day operations. Similarly, the electrode was employed for third 

day operations and results are shown in Table 3.9. It is evident from the table that 

even after third day of operations, the detection of Pb(II) is within the acceptable 

level since the RSD (%) vales are less than 5%. (Cf Table 3.9). These results clearly 

indicated that the fabricated electrode Au(NP)/TCBN/GCE possessed reasonably fair 

stability and could be utilized for greater practical implications.  
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Figure 3.22. (a) DPASV voltammograms recorded with Au(NP)/TCBN/GCE (vs. 

Ag/AgCl) at increasing Pb(II) concentrations at a range of 1.0-60.0 µg/L. (pH = 4.0 

acetate buffer, deposition potential = -1.0 V, accumulation time = 180 s, pulse 

amplitude = 50 mV, frequency = 10 Hz, pulse increment = 10 mV) (b) Calibration 

line for anodic peak current (ipa) vs Pb(II) concentration 
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Table 3.8. Electrochemical detection of Pb(II) using different electrode materials. 

Modifier material Electrode Electrochemical 

method 

LOD 

(µg/L) 

Linear 

range 

(µg/L) 

Reference 

g-C3N4 GCE DPASV 1.00 2.5-1000 (Hatamie et 

al., 2019) 

 

T3T GCE DPASV 1.54 9.93-2845 (Danyıldız 

et al., 2017) 

 

G/PANI/PS SPCE SWASV 3.30 10-500 (Promphet 

et al., 2015) 

AgNF GCE SWASV 0.74 10-700 (Swetha et 

al., 2020) 

 

MWCNT CPE SWASV 6.20 20.0-62.0 (Abdel-

Galeil et 

al., 2014) 

 

 

BiOCl/MWCNT GCE SWASV 1.90 5.0-50.0 (Cerovac et 

al., 2015) 

MWCNT-βCD SPE DPASV 0.90 3.1-103.3 (Alam et 

al., 2019) 

 

poly(crystal 

violet)/ graphene 

GCE DPV 1.30 4.1–4040 (Chen et 

al., 2014) 

 

Au(NP)/TCBN GCE DPASV 0.81 1.0-60.0 This work 

 

T3T - 1H-1,2,4-triazole-3-thiol,-C3N4 – graphene coated carbon nitride, AgNF – silver 

nanoflower, MWCNT-Multiwalled carbon nanotube, RGO-AuNP - Reduced graphene oxide 

(RGO) decorated gold nanoparticles, SPE – Screen printed electrodes, MWCNT- 
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Multiwalled carbon nanotube, MWCNT-βCD – Multiwalled carbon nanotube- beta 

cyclodextrin, CPE-carbon paste electrode, SPE-Screen printed electrode. 

 

Table 3.9. Stability and repeatability test for Au(NP)/TCBN/GCE electrode in the 

detection of 50.0 µg/L Pb(II)  solution. (pH = 4.0 acetate buffer, deposition potential 

= -1.0 V, accumulation time = 180 s, pulse amplitude = 50 mV, frequency = 10 Hz, 

pulse increment = 10 mV). 

Time Repetition  RSD (%) 

First Day 3 3.05 

Second Day 3 3.80 

Third Day 3 4.40 

 

 

3.2.5. Effect of co-existing ions 

 Selectivity of fabricated electrode Au(NP)/TCBN/GCE towards Pb(II)  in 

presence of several cations is an important aspect for the practical implication of the 

studies or even to scaling up the proposed method for miniaturized device 

development. Therefore, ten-fold concentration of each metal ions viz., Hg(II), 

Zn(II), Ca(II), Cu(II), Fe(II) and Mn(II)  was added to 0.1 mol/L acetate buffer 

solution having known concentration of Pb(II) (i.e., 30.0 µg/L). Further, the 

voltammograms for each solution is obtained using the DPASV technique employing 

the optimal conditions (i.e., pH = 4.0 acetate buffer, deposition potential = -1.0 V, 

accumulation time = 180 s, pulse amplitude = 50 mV, frequency = 10 Hz, pulse 

increment = 10 mV). The results depicted in Figure 3.23. The presence of ten-fold of 

Hg(II), Zn(II), Ca(II), Cu(II), Fe(II) and Mn(II)  apparently has not altered the 

detection of Pb(II) since the concentration of Pb(II) calculated from the stripping 

peak current is not altered to a considerable degree as compared to the actual 

concentration of Pb(II). However, the co-existence of Cd(II) enhances the peak 

current of Pb(II) hence, hampers the detection of Pb(II). DPASV response for Cd(II) 
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also appeared at the working potential range of Pb (i.e., between -1.0 V and -0.2 V) 

which indicated that the proximity of the stripping current peak is very close to that 

of lead ions hence, it interferes the detection of Pb(II). 

  

 

 

Figure 3.23. Bar graph for the DPASV current signal of 30.0 µg/L Pb(II) at 

Au(NP)/TCBN/GCE in the presence of 300.0 µg/L other co-existing cations (pH = 

4.0 acetate buffer, deposition potential = -1.0 V, accumulation time = 180 s, pulse 

amplitude = 50 mV, frequency = 10 Hz, pulse increment = 10 mV). 

 

 

3.2.6. Studies in real water samples 

 The practical implication of fabricated electrode for sensitive and efficient 

measurement of Pb(II) was further validated by investigating the electrochemical 

experiments with real water samples. The water samples are collected from two 

natural sources viz., river and spring water in Aizawl City, Mizoram, India. The 

water samples are extensively analyzed and results are shown in Table 3.7. Varied 
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values of inorganic carbon (IC) and non-purgeable organic carbon (NPOC) were 

obtained in these two water samples. Similarly, elemental concentrations and other 

parameters are also varied in the two water samples. Having marked variation in the 

physicochemical parameters of these two water samples eventually provides a good 

choice for selectivity measurements of the fabricated electrode in trace detection of 

Pb(II). DPASV measurements are conducted using the three different concentrations 

of Pb(II) i.e., 5.0, 10.0 and 15.0 µg/L using the 0.1 mol/L acetate buffer prepared in 

these water samples. The other optimal conditions are maintained as described 

previously (i.e., (pH = 4.0 acetate buffer, deposition potential = -1.0 V, accumulation 

time = 180 s, pulse amplitude = 50 mV, frequency = 10 Hz, pulse increment = 10 

mV). The results are summarized in Table 3.10.  DPASV response signal of the 

electrochemical sensor for detection of Pb(II) in natural water samples is recorded (cf 

Figure 3.24) and compared with the current values from the previous calibration plot 

(I(µA)=0.031(µg/L) + 0.611). The results obtained are hence, shown in Table 3.11. 

These results were in good agreement with the known spiked standard concentrations 

along with the lead concentration present in water samples as measured by AAS. 

Further, the recovery percentage is calculated and it is evident that reasonably good 

recovery was achieved. Results further indicated that the detection of Pb(II) is not 

noticeably affected in the real water samples; hence, this proved the practical 

applicability of the device in the detection of Pb(II) in real-world samples.  
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Table 3.10. Analysis of river and spring water quality for different parameters.  

Analysis Parameter Spring water River water 

TOC IC 

NPOC 

8.25 mg/L 

0.69 mg/L 

22.5 mg/L 

4.42 mg/L 

AAS Element Conc. (mg/L) Conc. (mg/L) 

 
Mn(II) 

Zn(II) 

Ni(II) 

Ca(II) 

Pb(II) 

Fe(II) 

Cu(II) 

ND 

0.430 

ND 

0.341 

ND 

0.164 

ND 

0.009 

0.807 

ND 

11.9 

0.008 

0.231 

0.0029 

Other parameters pH 

ORP 

Resistivity 

TDS 

Salinity 

Conductivity 

Nitrate 

Sulphate 

Phosphate 

6.09 

+279 mV 

0.0286 mΩcm 

18.0 mg/L 

0.02 PSU 

0.0035 S/m 

0.30 mg/L 

1.00 mg/L 

0.04 mg/L 

7.33 

+182 mV 

0.0023 mΩcm 

221 mg/L 

0.23 PSU 

0.044 S/m 

24.0 mg/L 

14.0 mg/L 

0.20 mg/L 

ND - Not Detected 
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Figure 3.24. DPASV for (a) river and (b) spring water samples spiked with 5.0, 

10.0 and 15.0 µg/L Pb(II) (pH = 4.0 acetate buffer, deposition potential = -1.0 V, 

accumulation time = 180 s, pulse amplitude = 50 mV, frequency = 10 Hz, pulse 

increment = 10 mV). 
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Table 3.11. Determination of Pb(II) in real water samples using Au(NP)/TCBN/GCE. 

 

Water 

Samples 

Amount found 

in water using 

AAS (µg/L) 

Spiked 

amount 

(µg/L) 

Total 

concentration 

found (µg/L) 

 

% Recovery 

 

 

Spring 

 

 

ND 

 

 

5.0 

 

10.0 

 

15.0 

 

 

3.48±0.30 

 

9.61±0.60 

 

14.0±0.29 

 

 

91.6 

 

96.1 

 

93.3 

 

 

River 

 

 

8.0 

 

 

5.0 

 

10.0 

 

15.0 

 

 

12.3±0.15 

 

17.7±0.45 

 

22.5±0.44 

 

 

 

94.6 

 

98.2 

 

97.7 

ND - Not Detected 
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3.2.7. Conclusion 

The electrochemical determination of Pb(II) employing Au(NP)/TCBN/GCE  

was studied using 0.1 mol/L acetate buffer as background electrolyte solution at 

optimum pH of 4.0. The increased electroactive surface area of Au(NP)/TCBN/GCE 

compared to the bare glassy carbon electrode enabled higher rates of mass transfer 

for highly sensitive detection of the target analyte. The enhanced electrochemical 

efficiency towards the detection of lead is correlated with surface structure fabricated 

electrode having the gold nanoparticles decorated composite materials (TCBN/BN). 

Ultrasensitive detection of Pb(II) in aqueous media showed that the 

Au(NP)/TCBN/GCE exhibited a low detection limit of Pb(II)  i.e., 0.817 µg/L at a 

wide linear calibration range 1-60 µg/L having calibration line I(µA)=0.031(µg/L) + 

0.611 (R2 = 0.984). The nanocomposite sensing platform enabled to detect efficiently 

the Pb(II) in presence of other common existing metal cations viz., Cu(II), Fe(II), 

Ca(II), Mn(II), Hg(II), Zn(II) and Cd(II). Moreover, the real matrix analysis of Pb(II) 

employing the river and spring water showed that the recovery of Pb(II) is ranged 

from 91.6 to 98.2%. Therefore, the indigenously synthesized Au(NP) and decorated 

with silane grafted nanocomposite is an efficient material in ultra-trace level 

detection of Pb(II) and, perhaps, possessed highly sensitive and fairly selective 

sensing platform. 
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3.6. SINGLE AND SIMULTANEOUS ELECTROCHEMICAL DETECTION 

OF Cd(II) AND Pb(II)  

3.6.1. Electrochemical studies of Pb(II) and Cd(II) using cyclic voltammetry 

 Studies on electrochemical behavior of Cd(II) and Pb(II) were conducted 

using cyclic voltammetry technique. The concentrations of these two ions are taken 

as 5.0 mg/L in 0.1 mol/L acetate buffer (pH 4.0) as supporting electrolyte. The cyclic 

voltammograms of Cd(II) and Pb(II) are shown in Figure 3.25(a-b). The cyclic 

voltammograms of Cd(II) and Pb(II) are measured at an optimum potential window 

of -1.5 to 0.2 V and -1.2 to 0.2 V, respectively at the scan rate of 100 mV/s. A sharp 

oxidation peak for Cd2+ occurred at an applied potential of -0.68 V whereas a single 

reduction peak was obtained at -0.919 V. This implies that the redox process of 

cadmium involves two-electron transfers i.e., Cd2+ ↔ Cd0. Similarly, oxidative and 

reductive peaks for lead were observed at -0.43 V and -0.64 V attributed to the 

equilibrium Pb2+ ↔ Pb0 (He et al., 2016). It is to be noted that there is a marked 

difference in the current intensity of the oxidation and reduction reactions for both 

these metal ions which suggests that the process is not completely reversible. 

Further, the current intensity increases using the different modified working 

electrodes. The peak current values followed the order for the electrodes employed 

bare GCE, BN/GCE, TCBN/GCE and Ag(NP)/TCBN/GCE. A remarkable increase 

in peak current was recorded using the nanocomposite materials suggested that these 

metal ions possessed relatively higher affinity towards the nanocomposite materials 

viz., BNTCODS and Ag(NP)/TCBN which allowed further enhancement of the 

electrochemical response for both these metal ions. Relatively, the 

Ag(NP)/TCBN/GCE electrode showed remarkably higher peak current than the 

TCBN/GCE electrode, revealed that the presence of Ag(NP) improves significantly 

the catalytic and conductive property of the material which is useful for its utilization 

in sensor development. Hence, this enabled us to conduct further studies using the 

Ag(NP)/TCBN/GCE electrode for low-level detection of Cd(II) and Pb(II).  
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Figure 3.25 (a-b). Cyclic voltammograms of 5.0 mg/L (a) Cd(II) and (b) Pb(II)  in 

0.1 mol/L acetate buffer (pH 4.0) at bare GCE, BN/GCE, TCBN/GCE and 

Ag(NP)/TCBN/GCE electrodes at the scan rate 100 mV/s.  

 

(a) 

(b) 
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3.6.2. pH dependence studies on detection of Cd(II) and Pb(II)   

 The electrochemical behavior of Cd(II) and Pb(II)  as a function of solution 

pH (pH 3.6 to 7.0) was investigated using the Ag(NP)/TCBN/GCE electrode. The 

study was conducted using the 0.1 mol/L acetate buffer and at the scan rate of 100 

mV/s. The cyclic voltammograms and change in anodic peak current values with pH 

is illustrated in Figure 3.26(a-d). Figure 3.26(c & d) demonstrated that the oxidative 

peak current values were greatly affected by the number of protons in electrolyte 

solutions since the ionic forms or species of the heavy metals changed with solution 

pH.  At pH below 6.0, Cd and Pb mostly exist in the ionic forms as Cd(II) and Pb(II) 

whereas at higher pH values, the hydroxo species predominantly exists (e.g., 

PbOH)2, Pb(OH)+, Pb2(OH)3
+, Cd(OH)+, Cd(OH)2, Cd(OH)4

2-) and the ionic 

concentrations decrease (Hwang et al., 2019a). The hydroxo species are invariably 

not attracted by the electrode surface hence, a reduced current response was recorded 

at higher pH values. Therefore, an enhanced peak current was obtained at slightly 

acidic or lower pH values (pH Ca. 4.5) and decreased peak current at higher pH 

conditions. This implied that the detection of Cd2+ and Pb2+ is preferable at lower pH 

values using the Ag(NP)/BNTCODS/GCE. It is noted that a maximum peak current 

for both the ions i.e., Cd(II) and Pb(II)  are observed at pH 4.5. At pH < 4.5, slightly 

a reduced peak current was recorded. This is, perhaps, due to the fact that 

protonation process and competition between analyte species (Cd(II) and Pb(II)) and 

protons for the active sites at the electrode/solution interface which hinders 

significantly the electrochemical process to occur. However, increasing the pH > 4.5 

greatly suppressed the current which is ascribed  due to the enhanced hydrolysis of 

Cd(II) and Pb(II)  ions to their insoluble hydroxide forms (Dali et al., 2018). Apart 

from the behavior and species distribution of the target metal ions at different pH 

values, changes and availability of various structural components based on the 

conditions of the medium also played crucial role since the bond formations or 

electrostatic interactions between active sites and analytes are greatly affected by it. 

An increase in Pb(II), Hg(II) and Cd(II)  peak current with pH changed from 3 to 4.5 

and declined at pH > 5.5 using the Ch-MMON/GCE (a chitosan mediated bimetallic 

iron-aluminate mixed metal oxide nanocomposite modified GCE) (Sengupta et al., 
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2021). Occurrence of higher peak current at lower pH values (i.e., till pH 5.0) was 

ascertained to possible electrostatic interactions between amine and hydroxyl groups 

in chitosan and the heavy metals ions. Since the active sites of chitosan are more 

active in mild acidic conditions, the adsorption as well as binding of the metal ions 

on its surface are more pronounced between pH 3-5 (Baghayeri et al., 2018). 

Likewise, interactions through the hydroxyl groups of bentonite and Ag(NP) present 

on the clay structures are more favored at lower pH values resulting an enhanced 

current for Cd(II) and Pb(II)  ions. Therefore, the pH dependence studies enabled to 

conduct further experiments at pH 4.5 for the trace determination of Cd(II) and 

Pb(II). 
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Figure 3.26 (a-d). Effect of pH on cyclic voltammograms of 1.0 mg/L (0.1 mol/L 

acetate buffer) (a) Cd(II); and (b) Pb(II) and change in intensity of oxidative peak 

currents of (c) Cd(II); and (d) Pb(II) as a function of pH . 

 

3.6.3. Electroanalytical performance of modified electrode for Cd(II) and Pb(II)  

Anodic stripping voltametric technique was employed for the individual and 

simultaneous detection of Cd(II) and Pb(II) ions. The  method was optimized for the 

preconcentration step which involves three steps as: i) electrochemical 

preconcentration step where a negative potential is applied for a specified time to 

allow accumulation of Cd(II) and Pb(II) at the electrode surface; ii) reduction step 

where the accumulated ions are reduced; and iii) stripping step where the reduced 

metal ions are stripped back electrochemically into the solution when scanned 

towards more positive potentials (Dali et al., 2018; del Pozo et al., 2019). Further, 

the proposed detection scheme is represented in Scheme 2. Differential 

voltammograms are collected based on the optimized preconcentration step studied 

at different potentials and time.   
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Scheme 2: Detection strategy for Cd(II) and Pb(II) on Ag(NP)/TCBN modified 

GCE. 

 

3.6.4. Optimization of electrochemical parameters 

To optimize the suitable condition for sensitive detection of Cd(II) and Pb(II), 

studies at varied deposition potential and time were conducted using the 

nanocomposite modified electrode and having the Cd(II) and Pb(II) concentrations of 

50.0 µg/L  (0.1 mol/L acetate buffer; pH: 4.5). The variation of potential for 

deposition or accumulation of the metal ions was varied from -0.9 to -1.4 V. The 

change in stripping current signals is shown in Figure 3.27(a). It is observed that a 

maximum current was obtained at an applied potential of -1.2 V for Cd(II) and -1.0 V 

for Pb(II) (cf Figure 3.27(a). A significant decrease in anodic current at potential > -

1.2 V was due to the evolution of hydrogen ions which form bubbles at the 

electrode/solution interface region (Hatamie et al., 2019). On the other hand, the 
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optimal time for deposition/accumulation was obtained using similar experimental 

conditions at varied time intervals from 30 s to 300 s. The anodic peak currents were 

obtained as a function of deposition/accumulation time and illustrated in Figure 

3.27(b). Figure 3.27(b) indicated that the peak current was increased gradually with 

the accumulation time and reached to its maximum value at Ca 180 s for Cd(II) and 

at 210 s for Pb(II). It is further observed that the current is almost identical within the 

deposition/accumulation time of 180-240 s for Pb(II). The strategy was adopted as 

sensitive detection with least time requirement; hence, the preferred 

deposition/accumulation time was chosen as 180 s for the detection of these two 

cations. 
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 Figure 3.27 (a-b). Effect of (a) accumulation potential; and (b) 

deposition/accumulation time on anodic peak current for 50.0 µg/L Cd(II) and Pb(II) 

in 0.1 mol/L acetate buffer (pH 4.5) (Other conditions: pulse amplitude = 50 mV, 

pulse increment = 10 mV and pulse width = 50 ms). 

 

3.6.5. Concentration dependence studies and calibration for single species  

The single species measurements of Cd(II) and Pb(II) using the 

Ag(NP)/TCBN/GCE electrode was conducted at different concentrations of analyte 

in 0.1 mol/L acetate buffer (pH 4.5). Using the optimized preconcentration 

conditions for each ion, DPASV voltammograms for Cd(II) and Pb(II) are collected 

at varied concentration range 5.0-100.0 µg/L and shown as in Figure 3.28(a & b). It is 

observed that well-defined anodic peaks of Cd(II) and Pb(II) occurred at the applied 

potentials of -0.78 V and -0.55 V, respectively. Although the oxidative peak 

potentials for these two metal ions are found close to each other however, it is 

possible to detect these two ions simultaneously by employing the nanocomposite 

modified GCE. Further, the anodic peak current was increased as the analyte 

concentration was increased and the calibration line was drawn between the peak 
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current and analyte concentrations (Figure 3.28(c & d)). Further, reasonably, a good 

linearity was obtained between the anodic peak current and analyte concentrations 

having the calibration lines Ip(µA) = 0.045 µg/L + 0.288 (R2 = 0.994) and Ip(µA) = 

0.044 µg/L + 0.792 (R2 = 0.995), respectively for Cd(II) and Pb(II). These results are 

very similar to the straight line equations of Cd(II) calibration line i.e., Ip(µA) = 

0.048 (µM) +0.288 (R2 = 0.999) obtained with a sensing platform based on chitosan, 

gold nanoparticles and graphene nanocomposite (Wu et al., 2020). The LOD and 

LOQ were obtained using the known equations as given previously (Shrivastava and 

Gupta, 2011). The LOD and LOQ were found to be 0.710 µg/L and 2.348 for Pb(II), 

and 0.726 µg/L and 2.42 µg/L for Cd(II), respectively . Hence, these results revealed 

that the proposed electrochemical sensing platform using the nanostructured material 

possessed a fair affinity for these analytes. This is attributed due to the to the porous 

nature of the bentonite clay and the large number of active sites available for 

interaction with these cations. Further, the presence of Ag(NP) provides large surface 

area and aided the conductivity as well which enhances the electrocatalytic 

performance of the material and hence enabled an efficient and selective low-level  

detection of Cd(II) and Pb(II). Similarly, in previous studies, enhanced 

electrochemical activities towards target metal ions were achieved due to the surface 

features exhibited by silver nanoflowers and Ag(NP) for detection of Pb(II) and 

Cd(II) ions respectively in cigarette and cosmetics (Swetha et al., 2020; Wu et al., 

2020). 
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Figure 3.28.(a-d) DPASV curves obtained for (a) Cd(II) ; and (b) Pb(II) using the 

Ag(NP)/TCBN/GCE electrode (Acetate buffer: 0.1 mol/L; pH: 4.5); Calibration 

curves obtained for (c) Cd(II); and (d) Pb(II) detection [Other conditions: pulse 

amplitude = 50 mV, pulse increment = 10 mV and pulse width = 50 ms]. 
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3.6.6. Concentration studies and calibration for simultaneous detection  

Based on the preconcentration conditions and DPASV results obtained for the 

Cd(II) and Pb(II) detection individually, the concurrent detection of the two metal 

ions were performed using the Ag(NP)/TCBN/GCE electrode. The deposition 

potential of -1.2 V and deposition/accumulation time of 180 s were chosen as the 

pre-optimized condition for the detection of these two ions simultaneously. It was 

observed that very well-defined two separate peaks for Cd(II) and Pb(II)  are 

obtained and these two peaks were not overlapped with each other even though the 

oxidation potentials of these two ions were in close proximity. The oxidation peak 

current for both ions was increased linearly with increase in concentrations of Cd(II) 

and Pb(II). Further, the calibration curves for both the ions were obtained at a linear 

concentration range of 5.0-60.0 µg/L. The equations were obtained as: Ip(µA) = 

0.045(µg/L) + 0.288 and Ip(µA) = 0.044(µg/L) + 0.792 having the regression 

constants (R2) of 0.994 and 0.995 for Cd(II) and Pb(II), respectively (cf Figure 

3.29(a-b)). These values are not having marked difference from the calibration line 

obtained for single ion detection i.e., the Cd(II) and Pb(II). Further, the LOD and 

LOQ values were calculated as 0.79 µg/L and 2.66 µg/L ((for Cd(II)) and 0.88 µg/L 

and 2.96 µg/L ((for Pb(II)), respectively which are quite close to those obtained from 

the single system detection. Thus, the fabricated working electrode using the 

nanocomposite material showed greater affinity towards the Cd(II) and Pb(II), 

allowing low level and efficient detection of Cd(II) and Pb(II) simultaneously. 

Indeed the detection limit obtained in the present method is found to be comparable 

or even better than many other reports. A different method of accumulating metal 

ions to elctrode surface was introduced by Deshmukh and co-workers using EDTA 

(Deshmukh et al., 2018). EDTA was incorporated to the polyaniline/multiwalled 

carbon nanotubes nanocomposite (PANI/SWCNTs) through covalent bonding and 

the EDTA_PANI/SWCNTs nanocomposite modified stainless steel electrode 

(EDTA_PANI/SWCNTs/SS) was used for single species detection of Pb(II), Cu(II) 

and Hg(II). However, the LOD obtained for Pb(II) detection was 1.65 µM (or 2.607 

µg/L) which is higher than LOD reported in the present work. Similarly, the 

bidentate ligand, 1,10-phenanthroline was employed for modifying GCE and was 
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used for detection of Cd(II) via complexation with the 1,10-phenanthroline modified 

GCE film (Oztekin et al., 2011). Comparision of the present work with other 

chemically modified electrodes employed for simultaneous detection of Cd(II) and 

Pb(II) are summarised in Table 3.12.   

Further, the stability and reproducibility of the fabricated electrode was 

assessed for repeated operations as performed for three consecutive days. The 

stability of the Ag(NP)/BNTCODS/GCE electrode was determined using 50.0 µg/L 

solution of Cd(II) and Pb(II) and  repetitive measurements were made using the 

optimized measurement conditions. The relative standard deviation (RSD (%)) from 

triplicate measurements were obtained for three consecutive days. The results are 

shown in Table 3.13. It is evident from the Table that the RSD (%) obtained for the 

detection of both these ions was always less than 5%. Nearly identical values of 

oxidative peak current were obtained for all the measurements. Therefore, the 

Ag(NP)/BNTCODS coated electrode possessed a good reproducibility and is stable 

enough to detect Cd(II) and Pb(II) repeatedly.  
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Figure 3.29 (a) DPASV for simultaneous detection of Cd(II) and Pb(II) at 5.0-60.0 

µg/L concentration range (b) Calibration plot of Cd(II) and Pb(II) (Other conditions: 

pulse amplitude = 50 mV, pulse increment = 10 mV and pulse width = 50 ms). 
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Table 3.12. Comparison of the present work with other recent reports for 

simultaneous detection of Cd(II) and Pb(II) on the basis of LOD values. 

Sensing platform Method LOD (µg/L) 

 

Linear range 

(µg/L) 

Reference 

Cd(II) Pb(II) 

 

BBKS-CPE CV, SWV 9.56 8.98 1000-100, 

80.0-8.5 

(Hermouche 

et al., 2021) 

Sb2O3/MWCNT/C

PE 

 

LSASV 1.932 2.964 80.0-150.0 (Hai et al., 

2020) 

 GSH@Fe3O4/MG

CE 

SWASV 0.171 0.182 0.5-100.0 (Baghayeri 

et al., 2018) 

Hg-

Bi/PDAAQ/GCE 

SWASV 0.107 0.105 0-50.0 (Cd) 

0.012-0.12 (Pb) 

(Hassan et 

al., 2020) 

GO@Fe3O4@2-

CBT /GCE 

SWASV 0.03 0.02 0.07- 13, 13-80(Cd) 

0.03-7.2,7.2-43 (Pb) 

(Dahaghin et 

al., 2018) 

2D bismuthene-

graphene/GCE 

SWASV 0.3 0.3 1-30 (Lazanas et 

al., 2020) 

ZnFe2O4/GCE DPASV 1.26 0.56 10.0-130.0 (Ns et al., 

2018) 

modified-NPBiE SWASV 1.3 1.5 5.0-40.0 (Hwang et 

al., 2019b) 

Fe3O4/MWCNT/LS

G/CS/GCE 

SWASV 0.1 0.07 1.0-200.0 (Xu et al., 

2019) 

BOC/GCE DPASV 4.24 3.97 10.0-50.0 (Zhang et 

al., 2020) 

BiONPs-CS-GCE DPASV 7.98 31.08 0.8 – 5.6 µM (Cd) 

0.4-2.8 µM (Pb)  

(Hao et al., 

2016) 

Ag(NP)/TCBN/ 

GCE 

DPASV 0.79 0.88 5.0-60.0 This work 
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CPE- Carbon paste electrode, NPBiE- modified nanoporous bismuth electrode , 

Fe3O4/MWCNT/LSG/CS -Fe3O4/multiwalled carbon nanotube/laser scribed 

graphene/chitosan,  BOC – bismuth oxycarbide, GO@Fe3O4@2-CBT –magnetized graphene 

oxide modified with benzothiazole-2-carboxaldehyde,  Hg-Bi/PDAAQ –bismuth (Hg-Bi) 

/poly(1,2-diaminoanthraquinone),  GSH@Fe3O4/M – glutathione functionalized magnetic 

nanocomposite, BBKS-Bigarreau Burlat kernel shell, BiONPs-CS - Bismuth oxide 

nanoparticles and chitosan 

 

Table 3.13. Stability and repeatability tests using the Ag(NP)/TCBN/GCE in the 

detection of 50.0 µg/L Cd(II) and Pb(II)  (Acetate buffer: 0.1 mol/L; pH: 4.5).  

 

Time Repetition                   RSD (%) 

Cd(II) Pb(II) 

First day 3 3.7 4.1 

Second day 3 4.2 3.9 

Third day 3 4.4 4.7 

 

 

3.6.7. Effect of co-existing ions 

 The selectivity of the nanocomposite modified electrode for the detection of 

Cd(II) and Pb(II) was conducted in presence of several co-existing ions. The 

experiment was conducted by 10-fold addition of Hg(II), Zn(II), Ca(II), Cu(II), Fe(II) 

and Mn(II) (i.e., 500.0 µg/L) and having the 50.0 µg/L of analytes solutions. The 

DPASV graphs were obtained and shown as in Figure 3.30. It clearly shows that 

sharp and well-separated oxidation peaks for Cd(II) and Pb(II) were obtained even in 

presence and absence of interfering ions. It was also noted that one additional and 

prominent peak was occurred at the potential Ca -1.10 V which was attributed due to 

the Zn oxidation (Hassan et al., 2020). Further, a small shift in peak position was 

recorded for Cd(II) and Pb(II). This is possibly explained with the fact that the 
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observed current is primarily dependent on the rate at which analytes move from the 

bulk of solution to the fabricated electrode surface i.e., the mass transport 

phenomenon. The diffusion of analyte is a random movement through the bulk 

solutions and favored with low concentrations however, at high bulk concentrations 

it is disrupted and requires more potential to compensate the mass transport of 

analytes. Therefore, in presence of high concentrations of other ions, resulted a slight 

shift of peak potential towards the positive side for the Cd(II) and Pb(II). 

Moreover, a slight decrease in peak current of Cd(II) was observed. This is, 

possibly, because some of Zn(II) ions, which are present at high concentrations 

occupied some of the active sites of electrodes. This indicates that the simultaneous 

detection of Zn(II)  ions is also feasible within a certain range of concentration using 

the nanocomposite electrode. However, the oxidation peak intensity of Pb(II) was 

almost unaffected or a small increase of  < 1% was observed. In general, however, 

the nanocomposite modified electrode showed relatively very high affinity towards 

the Cd(II) and Pb(II)  and the studies reaffirmed the greater selectivity for these two 

ions. This eventually enabled it to detect the analyte ions at trace levels efficiently 

with high selectivity.  
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Figure 3.30. Effect of various interfering ions on the detection of 50.0 µg/L of Cd(II) 

and Pb(II)  using the DPASV measurements at pH 4.5 (0.1 mol/L acetate buffer) in 

the absence and presence of 500.0 µg/L of each co-exiting ion ((Hg(II), Zn(II), 

Ca(II), Cu(II), Fe(II) and Mn(II)). 

 

3.6.8. Studies on real water sample 

 Real water sample was collected from Khurpui, a spring water from a small 

locality in Aizawl City, Mizoram, India during the post monsoon dry season. The 

sample was filtered with Whatman filter paper (20-25 µm) and subjected for the 

elemental contents, carbon contents and other water parameters using the AAS 

(atomic absorption spectrometer), TOC (total organic carbon) and Multiparameter 

photometer, respectively. Various parametric analyses of spring water are given as in 

Table 3.14. The elemental analyses showed that various ions viz., Zn, Ca, Fe, Mn and 

Mg are present at low levels. However, the TOC results showed that organic and 

inorganic carbon contents are present in water samples at significantly high levels. 

The high value of TOC (2.431 mg/L) is possible because of humic substances 

present in water. Similarly, the inorganic carbon (7.219 mg/L) is due to the carbonate 

and bicarbonate contents. Further, the real water samples were spiked with various 
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concentrations of Pb(II) and Cd(II). The differential pulse voltammograms were 

collected using the spiked water samples and results were shown in Figure 3.31. The 

figure clearly showed that the anodic peak current was almost similar to that obtained 

for the calibration studies for these two ions. The concentrations of the metal ions 

obtained compared to the spiked amount are given in Table 3.15 along with the 

recovery percentage of these two ions. Reasonably a good recovery was obtained for 

these two ions. These results confirmed that the electrochemical performance of the 

nanocomposite modified glassy carbon electrode was found to be a useful sensing 

platform for simultaneous trace level detection of Cd(II) and Pb(II) in real water 

samples. The technique could eventually be implied for the analytical tool 

development for efficient and simultaneous detection of Cd(II) and Pb(II) in aqueous 

solutions. 

 

Table 3.14. Analysis of Spring water (Khurpui) quality for different parameters. 

Analysis Parameter Spring water (Khurpui) 

TOC IC 

NPOC 

7.21 mg/L 

2.43 mg/L 

AAS Element: Conc. (mg/L) 

 
Mn(II) 

Zn(II) 

Ni(II) 

Ca(II) 

Pb(II) 

Fe(II) 

Cu(II) 

Mg(II) 

0.0029 

0.387 

ND 

0.542 

ND 

0.143 

ND 

1.00 
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Other parameters pH 

ORP 

Resistivity 

TDS 

Salinity 

Conductivity 

Nitrate 

Sulphate 

Phosphate 

6.61 

+204 mV 

0.036 mΩcm 

16.0 mg/L 

0.050 PSU 

0.008 S/m 

0.600 mg/L 

0.800 mg/L 

0.030 mg/L 

ND-Not Detected 

 

 

Figure 3.31. DPASV graphs obtained for various concentrations of Cd(II) and Pb(II) 

in real water sample (spring) using Ag(NP)/TCBN/GCE electrode. 
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Table 3.15. Determination of Cd(II) and Pb(II) in spring water using DPASV 

technique. 

Spiked amount of 

analyte (µg/L) 

Found (µg/L)±3σ Recovery % 

Cd(II) Pb(II) Cd(II) Pb(II) 

 

5.0 

 

4.67±0.32 

 

5.68±0.61 

 

93.5 

 

113.6 

25.0 24.8±0.28 24.8±0.30 99.6 99.5 

50.0 54.0±0.73 49.9±0.44 108 99.9 
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3.6.9. Conclusion  

The determination of Cd(II) and Pb(II) utilizing the nanocomposite modified 

electrode, Ag(NP)/TCBN/GCE was studied and demonstrated using cyclic 

voltametric and DPASV techniques. Comparison of electrochemical behavior of both 

the species show highly improved signal with the Ag(NP)/TCBN/GCE as compared 

to the unmodified GCE and even the pristine BN and TCBN. The studies were 

optimized for solution pH, preconcentration time and deposition potential for 

enhanced and efficient detection of Cd(II) and Pb(II). Further, calibration lines were 

obtained separately with individual and simultaneous detection of Cd(II) and Pb(II). 

The calibration lines were obtained for Cd(II) and Pb(II) as Ip(µA)=0.045 µg/L 

+0.288 (R2 = 0.991) and Ip(µA)=0.044 µg/L +0.792 (R2 = 0.992), respectively in the 

individual detection of these two ions. Further, the simultaneous detection showed 

limit of detection limit (LOD) 0.79 µg/L for Cd(II) and 0.88 µg/L for Pb(II). It was 

found that linear plots and detection limits obtained at single species detection is not 

differed significantly with the simultaneous detection of these two ions in aqueous 

medium. The detection method was intended to be 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. Presence of several 

interfering ions viz., Hg(II), Zn(II), Ca(II), Cu(II), Fe(II) and Mn(II)  are not 

apparently affected the detection of these two ions. However, the presence of Zn(II) 

has shown additional and well separated oxidative peak. The real matrix analysis 

using the spiked Cd(II) and Pb(II) river water showed reasonably a good recovery of 

analytes.  Therefore, the Ag(NP)/TCBN/GCE is an efficient and selective sensing 

platform for trace detection of Cd(II) and Pb(II) in aqueous media and the studies 

provide useful input data for development of miniaturized sensing device.   
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3.7. ELECTROCHEMICAL DETECTION OF SULFAMETHOXAZOLE  

3.7.1. Electrochemical studies of sulfamethoxazole using cyclic voltammetry 

 The electrochemical behavior of sulfamethoxazole (SMX) was investigated 

by CV and the voltammograms were recorded using the bare GCE, BN/GCE, 

TCBN/GCE, Ag(NP)/TCBN/GCE and Au(NP)/TCBN/GCE fabricated electrodes. 

The CV scans of SMX (50.0 mg/L prepared in 0.1 mol/L KCl; acetate buffer (pH 

4.0)) was recorded at a potential window of -0.2 V to 1.2 V at a scan rate of 100 

mV/s and presented in Figure 3.32. It is evident from the figure that a sharp anodic 

peak current is observed with all the electrodes employed. This indicated that the 

oxidation of SMX occurred on the electrode surface and resulted with the sharp 

anodic peak current. However, no reductive peak current was observed in the reverse 

scan of the voltammograms for all these electrodes. Thus, oxidation of SMX on the 

electrode surface is an irreversible process. Further, the SMX oxidation peak 

potentials at bare GCE, BN/GCE, and TCBN/GCE is appeared Ca. +1.15 V, while it 

is Ca. 1.02-1.06 V using Ag(NP)/TCBN/GCE and Au(NP)/TCBN/GCE. A small 

shift in overpotential was observed using the Ag or Au nanoparticles decorated 

nanocomposite. The oxidation reaction on the surface of the electrode is 

demonstrated with the two electrons loss and the oxidation of SMX resulted with 4-

iminocyclohexa-2,5-dienone and 5-methylisoxazol-3 amine through the -NH2 group. 

The possible reaction is demonstrated as in equation (3.2): 

   

It was mentioned previously that the oxidation of sulphonamides is 

accompanied by a corresponding iminobenzoquinone intermediate formation 

(Czupryniak et al., 2012). A similar result was obtained for the oxidation of SMX 

using the carbon paste electrode. The shift of overpotential position was also 
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obtained for piroxicam i.e., 0.63 V to 0.56 V with a multiwalled carbon nanotube 

(MWCNT) modified carbon paste electrode in comparison to the bare carbon paste 

electrode (Abbaspour and Mirzajani, 2007). This was explained due to the enhanced 

electrocatalysis of the piroxicam oxidation process on of the surface of MWCNT. 

Moreover, the peak current values for the Ag(NP)/TCBN/GCE and 

Au(NP)/TCBN/GCE were significantly increased as compared to the bare GCE, 

BN/GCE, and TCBN/GCE. This revealed that the electro-catalyzed oxidation 

process was greatly favored at the nanoparticles decorated nanocomposite surfaces. 

These results prompted us to utilize the Ag(NP)/TCBN/GCE and 

Au(NP)/TCBN/GCE for further studies in the trace and efficient detection of SMX. 

 

 

Figure 3.32. Cyclic voltammograms of 50.0 mg/L SMX using the bare glassy carbon 

electrode and various fabricated glassy carbon electrodes [Background electrolytes:  

0.1 mol/L KCl, Acetate buffer: pH 4.0]. 
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3.7.2. Electroanalytical performance of modified electrodes for sulfamethoxazole  

 Differential pulse anodic stripping voltammetry showed better solution as 

compared to the cyclic voltammetry. This is due to better charging current as 

compared to the overall background current which is insignificant in DPASV. 

Therefore, the DPASV technique is chosen for other electroanalytical studies in the 

determination of SMX. The parameter optimizations and subsequent investigations 

with real samples are conducted using the nanocomposite (Ag(NP)/TCBN and 

Au(NP)/TCBN) supported glassy carbon electrodes. The detection strategy of SMX 

at modified electrodes is conducted by the anodic stripping method. The anodic peak 

current obtained as a result of electrochemical processes is utilized for determining 

SMX in aqueous samples.   

 

3.7.3. pH dependence studies on detection of sulfamethoxazole 

 The effect of pH on oxidative peak current of SMX were investigated at wide 

range of pH 2.0 to 9.0. The species distribution of SMX at various pH is controlled 

by the acid dissociation constant values (pka values). The SMX molecule have pka1 = 

1.39 and pka2 = 5.81 (Simon et al., 2011). Therefore, using the pka values of SMX, 

the speciation studies are conducted separately and results are shown in Figure 3.33. 

The figure showed that SMX predominantly consists of the anionic species (SMX- or 

SMX2-) within the pH 2.6-10.0. At pH ≤ 2.6, the SMX is contained with neutral 

SMX species. Moreover, pH ≥ 6.0, is predominantly contained with SMX2- anionic 

species. Therefore, at neutral pH conditions SMX is having the di-anionic species. 

Similar speciation studies are demonstrated previously (Simon et al., 2011).  
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Figure 3.33. Distribution of various species of SMX as a function of pH. 

 

The species of SMX plays an important role in the adsorption or interaction 

on the surface of the electrode having a nanostructured sensing platform accordingly 

influences the current signals in the voltammetric measurements. The differential 

pulse voltammograms of SMX at different pH values are presented in Figures 3.34(a 

& b). Figure reveals that peak current as well as peak potentials are significantly 

affected by the solution pH. The dependance of peak potential on the pH condition 

reveals that the electrochemical process at the electrode surfaces is controlled by 

proton transfer reactions (Abbaspour and Mirzajani, 2007). At mild acidic medium 

(pH 4.0-5.0), a maximum peak current was observed at both the fabricated 

electrodes. This gradually falls at pH >7.0. Moreover, the peak potential also shifted 

towards more negative potential as the solution pH approaches pH 7.0. This is 

because of the deprotonation of SMX hence, enabled the oxidation process is more 

favored at higher pH values (Arvand et al., 2011). The fluctuation patterns of peak 

current values with pH at both electrodes are displayed in Figure 3.34(c). The figure 

reveals that the best response of peak current is obtained at pH 4.0 to 5.0 using these 
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electrodes. Therefore, pH 4.0 to 5.0 is the optimum pH for enhanced electrocatalytic 

oxidation of SMX. Hence, pH 4.0 is chosen as suitable pH and the subsequent 

measurements were continued at this pH using both the nanostructured electrodes.   
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Figure 3.34. (a-c). DPASV graphs of 20.0 mg/L SMZ at different pH values 

obtained with (a) Ag(NP)/TCBN/GCE; (b) Au(NP)/TCBN/GCE; and  (c) Plots of 

peak current (Ip) values as a function of pH. (Other conditions; pulse amplitude = 50 

mV, pulse increment = 10 mV and pulse width = 50 ms). 
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3.7.4. Optimization of electrochemical parameters 

The impact of deposition potential and time duration on the anodic peak 

current of sulfamethoxazole were investigated taking 20.0 mg/L of SMX as prepared 

in 0.1 mol/L KCl in acetate buffer (pH 4.0) within excitation potentials of -1.3 V to -

0.7 V. The DPASV measurement conditions are chosen as: pulse amplitude: 50 mV, 

pulse increment: 10 mV, and pulse width: 50 ms. The peak current values with 

respect to different depositional potentials follow almost a linear increase as the 

potential is increased with more negative values. The electrochemical response is 

maximum at an applied potential of -1.2 V, thereafter, the anodic peak current was 

decreased for both the nanostructured electrodes (Cf Figure 3.35(a)). Hence, a 

depositional potential of -1.2 V was chosen as the optimum potential for 

preconcentration of SMX. Furthermore, studies on deposition times between 30-300 

s at an increment of 30 s are performed at deposition potential of -1.2 V and keeping 

other electrochemical conditions as: pulse amplitude: 50 mV, pulse increment: 10 

mV, and pulse width: 50 ms. The peak current values for both electrodes (Cf Figure 

3.35(b)) are showed almost a linear increase as the deposition time is increased up to 

210 s. However, further increase in deposition time > 210 s, a slight decrease or 

almost a constant peak current is observed. Therefore, the results suggested that a 

relatively longer deposition time (i.e., 210 s) is required for complete saturation of 

SMX to the fabricated electrode surface. Hence, a period of 210 s was chosen as an 

optimal time for accumulating SMX at the Ag(NP)/TCBN/GCE and 

Au(NP)/TCBN/GCE electrode surface. 
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Figure 3.35(a-b). Plots of peak currents of 20.0 mg/L SMX (0.1 mol/L KCl in 

acetate buffer pH: 4.0)  as a function of (a) deposition potentials (V); and (b) 

depsition times (s). (Other conditions: pulse amplitude = 50 mV, pulse increment = 

10 mV and pulse width = 50 ms). 
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3.7.5. Concentration dependence studies and calibration 

For the investigation of concentration effect on the oxidative current signal of 

SMX, DPASV voltammograms were recorded in the SMX concentration range of 

0.25 to 30.00 mg/L employing Ag(NP)/TCBN/GCE and Au(NP)/TCBN/GCE under 

optimized DPASV parametric conditions. A systematic increment of peak current 

values were obtained at varied concentrations of SMX and results are depicted in 

Figure 3.36(a-b). Peak current increased linearly as SMX concentration increased. 

Therefore,  a linear calibration line was drawn between the Ip vs concentration of 

SMX and illustrated in Figure 3.36(c & d). The calibration lines were obtained as: Ip 

(µA) =  0.266 C (mg/L) + 3.422 (R2 : 0.987) at the Ag(NP)/TCBN/GCE electrode 

and Ip (µA) =  0.166 C (mg/L) + 3.213 (R2 : 0.973) at Au(NP)/TCBN/GCE electrode. 

The LOD and LOQ values were obtained using the slope of these lines. The LODs 

were calculated as 0.022 mg/L and 0.036 mg/L, respectively for Ag(NP)/TCBN/GCE 

and Au(NP)/TCBN/GCE electrodes, whears the respective LOQ values were 0.075 

mg/L and 0.120 mg/L. This indicated that the novel Ag(NP)/TCBN and 

Au(NP)/TCBN materials as supported on the GCE surface allowed a significantly 

low-level detection of SMX. The studies enabled to the utilization of the materials 

for device development to detect the potential micro-pollutant SMX in aqueous 

wastes.  
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Figure  3.36. (a-d) DPASV of SMX solutions (0.25 to 30.00 mg/L) (Background 

electrolytes:  0.1 mol/L KCl (Acetate buffer; pH 4)) obtained at (a) 

Ag(NP)/TCBN/GCE; and (b) Au(NP)/TCBN/GCE. Calibrartion lines obtained 

between Ip vs Concentration of SMX at (c) Ag(NP)/TCBN/GCE; and (d) 

Au(NP)/TCBN/GCE (Other conditions: deposition potential = -1.2 V, deposition 

time = 210 s, pulse amplitude = 50 mV, pulse increment = 10 mV and pulse width = 

50 ms). 
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Further, Table 3.16 includes the LOD values obtained for SMX detection 

utilizing various materials and different electrochemical platforms. The present 

studies showed that the results are quite comparable or even significantly better than 

many other studies since reasonably low detection limit is achieved utilizing the 

nanocomposite materials.  

 The repeatability of the current analytical approach was further tested by 

analyzing a 20.0 mg/L SMX solution with both nanostructured electrodes, the results 

of which are presented in Table 3.17. The procedure was carried out three times per 

day for three days in consecutive days. It is observed that employing the same 

electrode for second measurement of SMX on the second day measurement, the RSD 

(%) was found to be 3.7% and 3.3% for Ag(NP)/TCBN/GCE and 

Au(NP)/TCBN/GCE, respectively. Similarly, the third measurement conducted 

provides the RSD (%) of 3.6% and 4.1% for these two electrodes.  

 

Table 3.16. Comparative table of various modified electrodes employed for SMX 

determination. 

Electrodes 

used 

Electrochemical 

Techniques 

employed 

Linear 

range(µM) 

LOD 

(µM) 

Real sample Reference 

 

BDDE 

 

 

SWV 

 

 

6.10-60.1 

 

 

1.15 

 

 

Pharmaceutical 

 

 

(Souza et al., 

2008) 

 

MIP(Oppy) 

 

 

 

DPV 

 

 

 

25-750 

 

 

 

3.5x102 

 

 

 

Pharmaceutical 

 

 

 

(Özkorucuklu 

et al., 2008) 

 

MWCNT/GCE 

 

 

 

DPV 

 

 

 

50-1000 

 

 

 

10 

 

 

 

Pharmaceutical, 

urine 

 

 

(Issac and 

Girish Kumar 

2009) 
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MWCNT/CPE 

 

 

 

DPV 

 

 

 

1.38-

118.45 

 

    

 

0.395 

 

 

 

Pharmaceutical 

 

 

 

(Arvand et 

al., 2011) 

 

GCE 

 

 

SWV 

 

 

 5.5-395 

 

 

8.5 

 

 

Pharmaceutical 

 

 

(Calaça et al., 

2014) 

 

GR-ZnO/GCE 

 

 

 

DPV 

 

 

 

 1-120 

 

 

 

0.4 

 

 

 

Real water, 

urine, serum 

 

 

(del Torno-de 

Román et al., 

2016) 

 

   (TYR)/SPCE Amperometry 20-200   22.6    Real water (Yue et al., 

2020) 

 

 

Nano-MIP 

 

 

 

CV 

 

 

 

1.99-10.88 

 

 

 

0.4 

 

 

 

Milk 

 

 

 

(Turco et al., 

2021) 

Ag(NP)/TCBN/ 

GCE 

DPASV 

 

0.9-118 

 

0.08 

 

Real water 

 

This work 

 

Au(NP)/TCBN/ 

GCE 

DPASV 0.9-118 0.12 Real water 

 

This work 

 

BDDE – Boron doped diamond electrode, MIP -molecularly imprinted electrode, OPPy – 

overoxidized polypyrrole, MWCNT – multiwall carbon nanotube, CPE- carbon paste 

electrode, nano-nanocomposite, PDA- polydopamine, TYR – tyrosinase, SPCE-screen 

printed carbon electrodes, GR – graphene oxide 
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Table 3.17. Stability and repeatability test for Ag(NP)/TCBN/GCE and 

Au(NP)/TCBN/GCE in 20.0 mg/L SMX  solution (pH 4.0).  

Time Repetition RSD (%) 

Ag(NP)/TCBN/GCE Au(NP)/TCBN/GCE 

First Day 3 3.1 2.7 

Second Day 3 3.7 3.3 

Third Day 3 3.6 4.1 

 

3.7.6. Effect of co-existing ions  

 The influence of several co-existing ions on the detection of SMX was 

studied. The studies were aimed to analyze the detection of SMX in presence of 

Ca(II), Fe(II), Zn(II), Cu(II), Ni(II) and Mn(II) which are often present in the effluent 

of treated wastewater and in natural water bodies. The concentration of co-ions and 

SMX was taken as 1.0 mg/L and 0.5 mg/L for each. The oxidative peak potential of 

these ions falls within the operating scan window as employed for SMX. Hence, the 

respective effect on the peak current of SMX was studied and represented in Figure 

3.37. Comparison of peak current in the absence and presence of co-ions show only 

slight or no significant change in the detection of SMX. However, a decrease in peak 

current was pronounced in presence of Cu(II) and Zn(II) since these ions also oxidize 

at the employed electrodes within the same potential window as applied for SMX. 

The decrease in peak current response is attributed to the competition between the 

analytes and the interfering ions for the active sites of Ag(NP)/TCBN and 

Au(NP)/TCBN. Similar interference was reported for the detection of Cd(II) using 

graphene quantum dots and nafion modified GCE (GC/QDS-NF) in presence of 

Fe(III) and Zn(II) cations, which caused a decrease in peak current values by 35.1% 

and < 10% respectively. The main factor involved in the interference was attributed 

due to the competition analytes towards the active sites in QDS-NF (Pizarro et al., 

2020). Previous investigations showed that the potential interferents such as ascorbic 

acid, uric acid, xanthine, etc. present in urine and other medication such as 

trimethoprim, which is mostly mixed with SMX tablets and suspensions. These 
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studies further showed that no notable change is observed in the peak current 

intensity as well as peak potentials of SMX in presence of these interfering species 

(Chasta and Goyal, 2015; Chen et al., 2018).  

 

 

Figure 3.37. Effect of co-existing ions (1.0 mg/L) on peak current of 0.5 mg/L SMX 

(Background electrolytes:  0.1 mol/L KCl (Acetate buffer; pH 4)) using 

Ag(NP)/TCBN/GCE and Au(NP)/TCBN/GCE (Other conditions: deposition 

potential = -1.2 V, deposition time = 210 s, pulse amplitude = 50 mV, pulse 

increment = 10 mV and pulse width = 50 ms). 
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3.7.7. Studies in real water samples 

 To assess the practical applicability of the proposed electrochemical sensor in 

the real aquatic systems, determination of SMX was performed in surface runoff 

water collected near hospital sites (Near Ebenezer Hospital, Aizawl, Mizoram 

(India)). The quality of the water sample was analyzed using various parametric 

studies and the results are shown in Table 3.18. It was observed that the water sample 

have a high load of inorganic and organic carbon. Similarly, water also have high 

content of Ca, Mg, and Zn elements. The TDS, sulfate, and nitrates also occurred at 

high levels. 

 

 

Table 3.18. Analysis of water quality for different parameters.  

Analysis Parameter Surface runoff water 

TOC IC 

NPOC 

12.3 mg/L 

4.67 mg/L 

AAS Element: Conc.(mg/L) 

 
Mn(II) 

Zn(II) 

Ni(II) 

Ca(II) 

Pb(II) 

Fe(II) 

Cu(II) 

Mg(II) 

0.004 

0.680 

0.0014 

3.42 

0.0043 

0.209 

0.0056 

2.00 

Other parameters pH 

ORP 

Resistivity 

TDS 

Salinity 

7.53 

+213 mV 

0.0294 mΩcm 

211 mg/L 

0.340 PSU 
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Conductivity 

Nitrate 

Sulphate 

Phosphate 

0.0450 S/m 

20.4 mg/L 

10.8 mg/L 

0.300 mg/L 

 

Further, the real water sample was spiked with the known concentrations of 

SMX and DPASV scans are recorded using the Ag(NP)/TCBN/GCE and 

Au(NP)/TCBN/GCE and utilizing the previously optimized parameters. It was found 

that no noticeable change in peak potential position is observed. Hence, it made 

feasible for the detection of SMX in the real water samples efficiently. Further, the 

detection of SMX is obtained using three standard concentrations of SMX (0.5 mg/L 

to 10.0 mg/L). The results obtained with DPASV scans of the spiked samples are 

summarized in Table 3.19. The recovery percentage falls in the range of 93.08-

103.7%. Further, reasonably a good linear relationship was achieved between the 

oxidative peak current values against the spiked SMX concentrations (Cf Figure 

3.38). Hence, these analytical results indicated that the developed electroanalytical 

method is useful in the devise development for the low level and on-site detection of 

SMX in real water samples.  
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Table 3.19. Determination of SMX in real water samples using the 

Ag(NP)/TCBN/GCE and Au(NP)/TCBN/GCE [Background electrolytes:  0.1 mol/L 

KCl (Acetate buffer; pH 4.0)]. 

 

Electrode Spiked 

amount of 

SMX 

(mg/L) 

SMX Found 

(mg/L) 

Recovery (%) RSD 

(%) 

(n=3) 

 

 

 

Ag(NP)/TCBN/GCE 

 

0.5 

 

0.518 

 

 

103 

 

 

3.17 

5.0 

 

4.65 

 

93.0 

 

1.89 

 

10.0 10.2 102 1.36 

 

Au(NP)/TCBN/GCE 

 

0.5 

 

0.47 

 

 

95.1 

 

 

0.91 

5.0 

 

4.92 

 

98.4 

 

3.29 

 

10.0 

 

10.04 100 3.7 
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Figure 3.38. Linear calibration curves obtained between peak current (Ip) and spiked 

SMX concentrations at Ag(NP)/TCBN/GCE and Au(NP)/TCBN/GCE in a real water 

sample. 
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3.7.8. Conclusion  

 The Ag(NP)/TCBN and Au(NP)/TCBN nanocomposite modified glassy 

carbon electrodes were employed for the low-level detection of SMX by 

electrochemical methods. The cyclic voltammogram showed a single oxidative peak 

at around excitation potential of Ca 1.04 V is obtained using the fabricated 

electrodes which suggested a single step oxidation of SMX having loss of two 

electrons. The oxidation process is irreversible in nature. The electrochemical 

responses using the nanocomposites Ag(NP)/TCBN and Au(NP)/TCBN materials 

were enabled to enhance the electrochemical signal significantly as compared to the 

bare GCE, BN/GCE, or TCBN/GCE. Consequently, the detection of SMX is 

optimized for the pH, deposition potential, and time as 4.0, 1.2 V and 210 s, 

respectively using the Ag(NP)/TCBN/GCE and Au(NP)/TCBN/GCE. The detection 

limit of SMX obtained under the optimized condition was 0.022 mg/L and 0.036 

mg/L for Ag(NP)/TCBN/GCE and Au(NP)/TCBN/GCE, respectively. The presence 

of two times of several co-ions did not affect significantly the detection of SMX 

except in presence of Cu(II) and Zn(II). Moreover, the real water (collected from 

Ebenezer hospital sites, Aizawl, India) analyses showed that the detection recovery 

of SMX is within 93.08-103.7%. These results inferred that the materials are 

possessed with high affinity towards SMZ and useful materials for the trace 

detection of SMX in aqueous solutions. 
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3.8. ELECTROCHEMICAL DETECTION OF SULFAMETHAZINE  

3.8.1. Electrochemical studies of sulfamethazine using cyclic voltammetry 

 Sulfamethazine (SMZ) consists of sulfonamide group which is oxidizable. 

Therefore, if an appropriate potential is applied, the electrochemical detection of 

these drugs at low levels is feasible. Therefore, the electrochemical behavior of SMZ 

was investigated using bare GCE, BN/GCE, TCBN/GCE, Ag(NP)/TCBN/GCE, and 

Au(NP)/TCBN/GCE. The concentration of SMZ was taken 50.0 mg/L as prepared in 

0.1 mol/L KCl + Acetate buffer (pH 4.0). The cyclic voltammograms were recorded 

at scan rate 0.01 V/s and potential window of -0.2 V to 1.2 V. The results are shown 

in Figure 3.39. A distinct oxidative peak is occurred at Ca 1.12-1.05 V for each 

electrode. The oxidative peak current followed the order: bare GCE < BN/GCE < 

TCBN/GCE <  Au(NP)/TCBN/GCE <  and Ag(NP)/TCBN/GCE. In fact, the peak 

current of bare GCE was not distinctive. However, Au(NP)/TCBN/GCE and 

Ag(NP)/TCBN/GCE showed a significant increase in electrical signals for SMZ as 

shown in Figure 3.39, implying that these materials showed enhanced applicability 

for the trace detection of SMZ in water.  Further, the CV showed no reductive peak 

in the reverse scan of SMZ, indicating the oxidation of SMZ is irreversible in nature. 

Similar results were reported previously in which SMZ was oxidized using a 

graphene and Au(NP) electrode (Cesarino et al., 2016).  In figure 3.39, the shape of 

the oxidative peaks of the Ag(NP)/TCBN and Au(NP)/TCBN coated electrodes look 

sharper than that of bare GCE. Moreover, a shift in oxidation potential of SMZ was 

observed; the oxidation potentials of Ag(NP)/TCBN/GCE and Au(NP)/TCBN/GCE 

were lower than that of the bare GCE or even TCBN/GCE. This was attributed to the 

enhanced electroactive areas of Ag(NP)/TCBN/GCE and Au(NP)/TCBN/GCE that 

favored the rate of electron transfers (He et al., 2016). Hence, the well-defined and 

enhanced oxidation peak was observed with the nanocomposite-impregnated 

electrodes. This suggested that the oxidation process would be electro-catalyzed by 

the nanoparticle-decorated surfaces. Therefore, the determination of SMZ could be 

conducted with the nanocomposite - Ag(NP)/TCBN or Au(NP)/TCBN impregnated 

electrode.  
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Figure 3.39. Cyclic voltammograms of 50.0 mg/L SMZ (in 0.1 mol/L KCl + Acetate 

buffer, pH 4.0) at 100 mV/s obtained with GCE and modified GCEs. 

 

3.8.2. Electroanalytical performance of  modified electrodes for sulfamethazine  

 The oxidation peak currents of Ag(NP)/TCBN/GCE and Au(NP)/TCBN/GCE 

were used as the analytical signal for the quantitative measurements of SMZ. The 

analytical method was developed using the differential pulse voltammetry in which 

determination of organic compounds could be made by the pulse amplitude (50 mV 

in this study), pulse increment (10 mV in this study), and pulse width (50 ms in this 

study). Other important parameters that greatly affect the current signal would be 

deposition potential (V) and deposition time (s). Hence, they were studied by varying 

ranges to acquire optimized experimental conditions for SMZ determination. The 

optimization process was carried out with water samples having 20.0 mg/L SMZ.  
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3.8.3. pH dependence studies on detection of sulfamethazine 

The dependence of SMZ oxidation on solution pH was studied between pH 

2.0 – 9.0 in 0.1 mol/L KCl + Acetate buffer containing 20.0 mg/L SMZ using the 

DPASV technique. The results obtained with Ag(NP)/TCBN/GCE and 

Au(NP)/TCBN/GCE are presented in Figures 3.41(a-d). The DPASV graphs showed 

that an apparent shift in peak potentials occurred at different pH values. It is 

observed that decreasing H+ causes oxidation potential to shift towards a more 

negative side for SMZ oxidation. The relationship between oxidation peak potential 

(Epa) and pH can reveal the SMZ oxidation process. Lower H+ concentration caused 

a shift of peak potential towards a more negative side which favors oxidation of SMZ 

(Cf Figures 3.40 a & b). The most significant anodic peak currents for SMZ were 

achieved at pH 4.0-5.0 at both electrodes. The observed trend in the current intensity 

as a function of pH was demonstrated with the species distribution of SMZ as well. 

Species distribution of SMZ are presented in Figure 3.40. SMZ has pka values of 

2.65 and 7.65 (Mohamed-Ameen et al., 2020); using these pka values, the speciation 

studies are conducted separately. Species distribution studies show that it exists as 

cationic species below pH 1.62,  neutral species between pH 1.62 to 7.91, and as 

anionic species above pH 7.91 (Wegst-Uhrich et al., 2014).  

In this study, a higher peak current was recorded for both the fabricated 

electrodes at mild acidic pH (4.0~5.0). the peak gradually decreased from pH 6.0 and 

reached to a minimum value at pH 9.0. Within the pH 2~5, the negatively charged 

species of SMZ was greatly attracted by the surface of nanocomposite fabricated 

electrodes and resulted in an enhanced oxidative current. However, at extremely high 

pH, both the surface of nanocomposite and SMZ would carry the net negative 

charges which strongly repel each other and hence significantly suppress the 

oxidation of SMZ. In this case, a reduced peak current can be observed. A similar 

behavior of current was reported previously for the oxidation of sulfadiazine (a 

sulfonamide drug with almost similar structure as SMZ ) at different pH values (Rao 

et al., 2000).  Thus, based on the pH dependence study, the pH 4.0-5.0 was 

considered as the optimum for oxidation of SMZ using the Ag(NP)/TCBN/GCE and 

Au(NP)/TCBN/GCE.   
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Figure 3.40. Distribution graph of different species of SMZ as a function of pH. 
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Figure 3.41.(a-c) DPASV graphs of 20.0 mg/L SMZ (0.1 mol/L KCl + acetate 

buffer pH 4.0) at different pH values obtained with (a) Ag(NP)/TCBN/GCE; (b) 

Au(NP)/TCBN/GCE; and  (c) Plots of peak current (Ip) values as a function of pH 

(Other conditions: pulse amplitude = 50 mV, pulse increment = 10 mV and pulse 

width = 50 ms). 
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3.8.4. Optimization of electrochemical parameters 

 The effect of deposition potential and deposition time on the anodic peak of 

SMZ was investigated at 20.0 mg/L SMZ prepared in 0.1 mol/L KCl + acetate buffer 

(pH 4.0). The applied excitation potential was varied from -1.3 to -0.7 V and 

accumulation time was varied from 30 to 300 s. In general, the accumulation 

potential is the electrostatic potential maintained at the electrode surface mostly 

controlled by the interfacial charge at the electrode surface (Salihu et al., 2019). The 

plot of accumulation potentials on the oxidation of SMZ shows that changing the 

potential from -0.7 V to -1.3 V, ( Figure 3.42(a)), caused a gradual increase in the 

current for SMZ oxidation. In the case of both nanocomposite micro-electrodes, 

however, further increase of potential over -1.2 resulted in a sharp decrease in 

oxidative peak current for SMZ. These results indicated that more and more 

sulfamethazine molecules were reduced at the surface of nanocomposite electrodes at 

a relatively lower potential. Further, the current increased from 6.05 to 7.46 µA for 

Ag(NP)/TCBN/GCE and from 4.53 - 6.27 µA for Au(NP)/TCBN/GCE when the 

potential was decreased from -0.7 V to -1.2 V. However, at negative potentials less 

than -1.2 V, a slight drop in the peak current was observed. This is possibly due to 

the thickening layer of the analyte on the surface of an electrode, which resulted in 

the excess formation of hydrogen bubbles. Hence, this reduced the electrode 

sensitivity. These results inferred that the optimal accumulation potential for the 

voltammetric oxidation of SMZ at the surfaces of Ag(NP)/TCBN/GCE and 

Au(NP)/TCBN/GCE is -1.2 V (Fig. 3.42(a)). On the other hand, the accumulation 

time for the oxidation of SMZ was explored by utilizing DPASV measurements. 

Accumulation time is the time required for the analyte to be adsorbed onto the 

surface of Ag(NP)/TCBN/GCE or Au(NP)/TCBN/GCE. It is observed that the SMZ 

was rapidly adsorbed onto the surface of the nanostructured electrode. The oxidative 

peak current increased with an increase in accumulation time from 30 to180 s (Fig. 

3.42(b)). It is further noted that the peak current value of 6.56 µA practically leveled 

off after 180 s. The leveling off is related to the saturation of SMZ onto the electrode 

surface i.e., Ag(NP)/TCBN/GCE and Au(NP)/TCBN/GCE electrodes. Therefore, an 
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optimum accumulation time of 180 s was chosen for further studies in the detection 

of SMZ using the nanostructured micro-electrodes.  

 

 

 

Figure 3.42.(a-b). Optimization of accumulation step with change in  (a) deposition 

potential and (b) deposition time at Ag(NP)/TCBN/GCE and (b) 

Au(NP)/TCBN/GCE in 20.0 mg/L SMZ (0.1 mol/L KCl + acetate buffer pH 4.0). 

(Other conditions: pulse amplitude = 50 mV, pulse increment = 10 mV and pulse 

width = 50 ms). 
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3.8.5. Concentration dependence studies and calibration 

 DPASV measurements are carried out under the optimized experimental 

conditions to obtain a suitable calibration curve for the determination of SMZ using 

the nanostructured Ag(NP)/TCBN/GCE and Au(NP)/TCBN/GCE modified 

electrodes. The electrochemical response at Ag(NP)/TCBN/GCE and 

Au(NP)/TCBN/GCE are represented in Figures 3.43(a-d). The increase in SMZ 

concentrations from 0.25 to 30.0 mg/L caused a gradual but linear increase in the 

peak oxidative current.  Further, a good linearity between the sulfamethazine 

concentrations (0.25 to 30.0 mg/L) and the peak oxidative current was obtained 

(Figures. 3.43(a & b)) for the linear equations given as: Ip(µA) = 

0.216(µA)+3.15C(mg/L) (R2 = 0.995) and Ip(µA) = 0.168(µA)+3.26C(mg/L) (R2 = 

0.985). The LOD were found to be 0.027 mg/L and 0.035 mg/L Ag(NP)/TCBN/GCE 

and Au(NP)/TCBN/GCE, respectively. Similarly, the LOQ values were found to be 

0.092 mg/L and 0.119 mg/L for Ag(NP)/TCBN/GCE and Au(NP)/TCBN/GCE, 

respectively. Thus, it is evident from the results that the electrooxidation of SMZ at 

the nanostructured materials enabled us to achieve reasonably low detection limit of 

measurements at least for the detection of SMZ. The detection limits of 

Ag(NP)/TCBN/GCE and Au(NP)/TCBN/GCE were compared with those of other 

chemically modified electrodes for SMZ or other sulfonamide drugs (Cf Table 3.20). 

Recently, Feizollahi et al  (Feizollahi et al., 2021) found a comparable LOD of 0.12 

mg/L for SMZ using graphene oxide and Cu-Ag core-shell nanoparticles modified 

GCE. The proposed method proved to be a promising tool since its detection limits 

were comparable or even significantly lower than other reported methods. Further, 

the repeatability of the current analytical method was evaluated by analyzing 20.0 

mg/L SMZ solution using both nanostructured electrodes and results are given in 

Table 3.21. The method was repeated for three times each day and continued for 3 

consecutive days. The RSD (%) on the first measurement (first day of electrode 

fabrication) were 2.0% and 2.4% for Ag(NP)/TCBN/GCE and Au(NP)/TCBN/GCE, 

respectively. Further, it is observed that employing the same electrode for 

measurement of SMZ on the second day of electrode fabrication, the RSD (%) was 

found to be 2.2% and 2.8% for Ag(NP)/TCBN/GCE and Au(NP)/TCBN/GCE, 



 
 

152 
 

respectively. Similarly, the third measurement as conducted on third day, provides 

the RSD (%) of 2.8% and 2.6% for these two electrodes. It is interesting to observe 

that the RSD (%) is always below 5% even after the third day of consecutive 

measurements.  
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3.43. (a-d). Differential pulse voltammograms of SMZ solutions (0.25 to 30.0 mg/L) 

(Background electrolytes:  0.1 mol/L KCl (Acetate buffer; pH 4.0) obtained at (a) 

Ag(NP)/TCBN/GCE; and (b) Au(NP)/TCBN/GCE. Calibrartion line obtained 

between Ip vs Concentration of sulfamethazine at (c) Ag(NP)/TCBN/GCE (d) 

Au(NP)/TCBN/GCE (Other conditions: deposition potential = -1.2 V, deposition 

time = 180 s, pulse amplitude = 50 mV, pulse increment = 10 mV and pulse width = 

50 ms). 
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Table 3.20. Comparison of present work with other modified electrodes employed 

for SMZ and other sulfonamide detection. 

Electrodes 

employed 

Electrochemical 

Techniques  

Linear range 

(µM) 

LOD 

(µM) 

References 

BDDE 

 

SWV 

 

6.10-60.1 

 

1.15 

 

Souza et al., 2008 

 
MIP(Oppy) 

 

DPV 

 

25-750 

 

3.5x102 

 

Özkorucuklu et al., 

2008 

 

MWCNT/GCE 

 

 

DPV 

 

 

50-1000 

 

 

10 

 

 

Issac and Girish 

Kumar, 2009 

 

MWCNT/CPE 

 

DPV 

 

1.38-118.45 

 

0.395 

 

Arvand et al., 2011 

 

SPCE/PEDOT/MnO
2
 

 

SWV 

 

1-500 

 

0.16 

 

Su and  Cheng, 

2018 

 

GR-ZnO/GCE 

 

DPV 

 

1-120 

 

0.4 

 

del Torno-de 

Román et al., 2016 

(TYR)/SPCE 

 

Amperometry 

 

20-200 

 

22.6 

 

Yue et al.,2020 

 

Nano-MIP 

 

CV 

 

1.99-10.88 

 

0.4 

 

Turco et al., 2021 

 

Ag(NP)/TCBN/GCE 

 

DPASV 

 

0.9-118 

 

0.08 

 

This work 

 

Au(NP)/TCBN/GCE DPASV 0.9-118 0.12 This work 

 

 

SPCE- Screen printed carbon electrode, Nano-MIP - nanocomposite molecularly imprinted 

polymer, Poly/MWCNTs-Nafion -poly(cobalt tetraaminophthalocyanine)/multi-walled 

carbon nanotubes-Nafion, GO/Cu-Ag core-shell - graphene oxide decorated with Cu–Ag 

core–shell nanoparticles, MWCNTCOOH/BA - functionalized multiwalled carbon 

nanotubes (MWCNTCOOH) and benzyl acetate (BA), SMX- Sulfamethoxazole, SSZ-

Sulfasalazine, SDZ – Sulfadiazine 
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Table 3.21. Stability and repeatability test for Ag(NP)/TCBN/GCE and 

Au(NP)/TCBN/GCE in 20.0 mg/L SMZ  solution (pH 4.0). 

 

Time Repetition RSD (%) 

Ag(NP)/TCBN/GCE Au(NP)/TCBN/GCE 

First Day 3 2.0 2.4 

Second Day 3 2.2 2.8 

Third Day 3 2.8 2.6 

 

 

3.8.6. Effect of co-existing ions 

The interference studies were conducted to determine the impact of other 

species on the detection of SMZ using the suggested approach. The analysis was 

conducted by preparing 1.0 mg/L of various metal ions viz., Mn(II), Ni(II), Ca(II),  

Fe(II), Zn(II) and Cu(II) in 0.5 mg/L SMZ under optimized conditions. Figure 3.44 

shows that interference species had few changes in peak currents for each analysis 

except for Cu and Zn at both electrodes. The higher percentage of peak current 

changes with these ions is, perhaps, due to alterations caused by the accumulation at 

active sites and occurrence of oxidation potential within the scan window of SMZ. 

These results suggest that SMZ has no strong interactions with these ions to cause a 

significant change in SMZ oxidation onto the proposed electrode materials, thus 

showing its selectivity for SMZ over high concentrations of metal ions.  
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Figure 3.44. Effect of co-existing ions (1.0 mg/L) on peak current of 0.5 mg/L 

sulfamethazine using Ag(NP)/TCBN/GCE and Au(NP)/TCBN/GCE in 0.1 mol/L 

KCl + Acetate buffer; pH 4.0). (Other conditions: deposition potential = -1.2 V, 

deposition time = 180 s, pulse amplitude = 50 mV, pulse increment = 10 mV and 

pulse width = 50 ms).  

 

3.8.7. Studies in real water samples  

The usability of the synthesized nanostructured materials was tested for the 

detection of trace SMZ in real water samples. The stripping voltammetry 

experiments were performed using the spring water. The spring water sample was 

collected from Aizawl City, India and various physico-chemical parametric studies 

are conducted. The results are given in Table 3.22. The analytical results of the 

spring water show that the spring water is contained with high content of inorganic 

carbons along with Ca and Mg. This inferred that the calcium and magnesium 

carbonates or bicarbonates are present in the sample. Additionally, the water 

contained organic carbon at a moderate level. Moreover, the spring water has several 

metal ions viz., Zn, and Fe and insignificant concentrations of Pb and Mn. On the 
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moderate to high levels. Water samples were prepared by spiking SMZ of 

concentrations 0.5, 5.0 and 10.0 mg/L in the spring water. The DPASV data are 

collected using the nanocomposite fabricated electrodes i.e., Ag(NP)/TCBN/GCE 

and Au(NP)/TCBN/GCE. The peak currents obtained from the voltammograms are 

very close to those obtained with purified deionized water. Further, using the 

calibration line previously obtained with different concentrations of SMZ, the actual 

concentration of SMZ is obtained and its recovery is calculated using the spiked 

concentration taken. The results obtained for both electrodes are presented in Table 

3.23. SMZ recoveries between 92.47% and 106% were found from spring water 

samples spiked with 0.5 mg/L, 5.0 mg/L, and 10.0 mg/L of SMZ, and the 

corresponding RSD (%) values were satisfactorily low. Further, reasonably a good 

linear relationship is achieved between the peak current values against the spiked 

concentrations (Cf Figure 3.45). Since no significant variations in SMZ 

concentrations is obtained between the observed and that of supplemented hence, 

indicated that under the optimized conditions the Ag(NP)/TCBN/GCE and 

Au(NP)/TCBN/GCE electrodes are useful and efficient platform for the selective 

detection of SMZ in natural water bodies. 
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Table 3.22. Analysis of spring water quality for different parameters.  

 

Analysis Parameter Spring water 

TOC IC 

NPOC 

9.52 mg/L 

3.44 mg/L 

AAS Element Concentration (mg/L) 
 

Mn(II) 

Zn(II) 

Ni(II) 

Ca(II) 

Pb(II) 

Fe(II) 

Cu(II) 

Mg(II) 

0.004 

0.241 

ND 

0.463 

0.072 

0.192 

ND 

1.200 

Other parameters pH 

ORP 

Resistivity 

TDS 

Salinity 

Conductivity 

Nitrate 

Sulphate 

Phosphate 

6.22 

+246.5.mV 

0.023 mΩcm 

                       12.00 mg/L 

0.06 PSU 

0.0043 S/m 

0.54 mg/L 

2.00 mg/L 

0.09 mg/L 

ND-Not Detected 
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Table 3.23. Determination of SMZ in real water sample. 

Electrode Spiked 

amount 

(mg/L) 

Found 

(mg/L) 

Recovery 

(%) 

RSD (%) 

 

Ag(NP)/TCBN/GCE 

0.5 0.488 97.8 6.12 

5.0 5.33 106 2.77 

10.0 9.90 99.1 1.78 

 

Au(NP)/TCBN/GCE 

0.5 0.46 92.4 5.41 

5.0 5.49 105 4.25 

10.0 10.4 104 1.69 

 

 

Figure 3.45. Linear calibration curves obtained between peak current (Ip) and spiked 

SMZ concentration at Ag(NP)/TCBN/GCE and Au(NP)/TCBN/GCE in a real water 

sample. 

 

0.0

1.0

2.0

3.0

4.0

5.0

6.0

0.0 2.0 4.0 6.0 8.0 10.0 12.0

I p
 /
 µ

A

Concentration/ mg/L

Ag(NP)/TCBN/GCE

Au(NP)/TCBN/GCE



 
 

161 
 

3.8.8. Conclusion  

The prepared nanocomposites Ag(NP)/TCBN and Au(NP)/TCBN were 

successfully utilized for the determination of SMZ with the DPASV method. The 

cyclic voltammogram collected at various electrodes show irreversible oxidation 

peak where weak and undefined peak occurred at bare GCE and BN/GCE. The peak 

response become more defined and intense with modified bentonite composites 

TCBN, Ag(NP)/TCBN and Au(NP)/TCBN/GCE, thus the proposed electrodes not 

only accelerate electron transfer but also provide large binding sites for SMZ which 

greatly enhance the sensitivity of the sensor. The pH dependence analysis results 

show that the species distribution of SMZ with varying pH conditions greatly affect 

the detection method and the electrochemical detection using DPASV method was 

most suitable at pH 4.0. Hence, using pH 4.0 as the optimum pH, the 

electroanalytical performance of the Ag(NP)/TCBN/GCE and Au(NP)/TCBN/GCE 

electrodes were investigated at a wide range of SMZ concentration i.e., 0.25 to 30.0 

mg/L. The anodic peak current show linear increase with concentration giving 

regression values of 0.995 and 0.985 for the linear calibration plots; the detection 

limits of 0.027 mg/L and 0.035 mg/L for Ag(NP)/TCBN/GCE and 

Au(NP)/TCBN/GCE electrodes, respectively under optimized experimental 

parameters. The effects of high concentrations of electroactive metal ions on the 

determination of SMZ was also studied and it was found that presence of Cu(II) and 

Zn(II) show noticeable changes in the peak current, with highest effect caused by 

Cu(II). The interference caused by these ions is attributed to the competition for 

active sites and oxidation in similar potential range employed for SMZ detection. 

Further, the Ag(NP)/TCBN/GCE and Au(NP)/TCBN/GCE electrodes were 

successfully applied to measure SMZ in spring water with high percentage recovery, 

indicating its feasibility in future applications in this field.  
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4. CONCLUSIONS 

An electrochemical detection method based on chemically modified carbon 

paste and glassy carbon electrodes are successfully introduced in this research. The 

electrodes were fabricated using the low-cost, nanocomposite materials. The facile and 

simple synthetic route was adopted for the synthesis of nanocomposite materials. The 

materials were obtained precursors to the bentonite clay and silanes along with the 

biosynthesized silver and gold nanoparticles. The synthesis method, characterization 

of synthesized materials and the detection methods for selected target pollutants viz., 

As(III), Pb(II), Cd(II), sulfamethoxazole (SMX) and sulfamethazine (SMZ) using the 

fabricated electrodes were extensively investigated and presented. 

Initially, the bentonite clay was carefully washed and then exploited for hybrid 

material synthesis. The washed and dried bentonite was grafted with 

trichloro(octadecyl)silane (TCODS), which is a commonly used alkyltrichlorosilane 

for the formation of self-assembled monolayers (SAM’s) which in turn suitable for 

chemical sensing application. The TCODS modified bentonite (TCBN) was then used 

for fabricating carbon paste electrode (TCBN/CPE) and employed in As(III) detection. 

Further, the TCBN composite material was decorated with the Ag and Au 

nanoparticles utilized for immobilization of nanoparticles (Ag(NP) and Au(NP)) to 

obtain the nanostructure materials viz., Ag(NP)/TCBN and Au(NP)/TCBN. These 

materials were utilized for surface modification of glassy carbon electrode and used 

for efficient detection of pollutants (lead, cadmium, SMX and SMZ). The 

nanoparticles used in the studies were obtained by the greener synthetic route i.e., 

using the Persea americana (avocado) leaf extracts. It efficiently reduces the silver 

and gold ions to zero valent Ag0 and Au0 colloidal particles. Therefore, the use of low-

cost and abundantly available substrate material (bentonite) and a green synthesis of 

nanoparticles, make it useful materials utilizing for the efficient and low-level 

electrochemical detections of several analytes including micro-pollutants.   

Characterization of the bare bentonite (BN) and the nanocomposite materials 

viz., TCBN, Ag(NP)/TCBN and Au(NP)/TCBN was carried out utilizing the FT-IR 

and SEM/EDX analyses. The FT-IR spectra of all these solids showed the -OH 

stretching and bending vibrations of bentonite water peaks occurring at 1652 cm-1 and 
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3423 cm-1, respectively. Further, the -OH bending and stretching vibration peaks from 

Al-OH and Si-OH, in-plane and out-plane vibration bands of Si-O from Si-O-Si as 

well as the Si-O-Al quartz Si-O vibrations were observed at 1124 cm-1, 3703 cm-1, 927 

cm-1,1003 cm-1, 810 cm-1 and 702 cm-1, respectively. Further, the IR spectra of TCBN, 

Ag(NP)/TCBN and Au(NP)/TCBN show vibrational peaks around wave numbers 

3039 and 2880 cm-1 which is due to asymmetric and symmetric stretching of the C–

CH2 group of the TCODS alkyl chain and a scissoring oscillation of aliphatic organic 

chain which occurred around the wavenumber 1489 cm-1. No additional peaks were 

observed due to the presence of nanoparticles on TCBN which implied that NPs have 

only a weak chemical interaction with the TCBN clay, or these were physically 

occupying the place within the layered structure of the clay. SEM image of BN exhibits 

a heterogeneous structure with visible silica contents and the layered structure of 

bentonite which is well-organized, revealing a porous structure with huge smooth 

flakes. On the other hand, TCBN had a more disordered structure having good 

heterogeneity on the solid surface. Organic silane molecules were clearly occupied 

places on clay layers and surfaces, and are likely to be grafted with the bentonite. 

Furthermore, the material is more compact, with less visible porosity. The SEM 

morphological studies of Ag(NP)/TCBN and Au(NP)/TCBN casted on the glassy 

carbon (GC) surface showed porous structure spread across the glassy carbon surface, 

with a good roughness and the decorated nanoparticles are confirmed by the small 

spots on the flakes or surface of the heterogeneous silane grafted bentonite shown in 

higher magnifications of the Ag(NP)/TCBN and Au(NP)/TCBN GC plates. The EDX 

spectra showed prominent peaks of Si, O, Fe, Mg, Na, C, Ca, Al, etc. with these solids 

viz., BN, TCBN, Ag(NP)/TCBN and Au(NP)/TCBN solids. Further, in addition to 

these elements the TCBN, Ag(NP)/TCBN and Au(NP)/TCBN showed the additional 

peaks of Cl, Ag and Au, respectively indicated the grafting of silane with bentonite 

and decoration of Ag and Au nanoparticles with the respective solids. Further, the 

microstructure of Ag(NP)/TCBN and Au(NP)/TCBN nanocomposites was obtained 

by the TEM analysis which showed that the small and spherical sized Ag(NP) and 

Au(NP) were very evenly dispersed and immobilized onto the solid surface. The 

average diameter of the Ag(NP) and Au(NP) was obtained as 10-30 nm. Additionally, 

the AFM analyses of Ag(NP)/TCBN and Au(NP)/TCBN coated glassy carbon sheet 
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showed that the surfaces were highly uneven, disordered and the nanocomposites 

materials were pillared on the surface. The arithmetic average roughness (Ra) and root 

mean square average of the profile heights over the evaluation length (Rq) was found 

to be 17.6 nm and 22.8 nm (for Ag(NP)/TCBN coated sheet) and 11.9 nm, 15.5 nm 

(for Au(NP)/TCBN coated sheet), respectively. These results indicated that the silane 

grafted bentonite was successfully synthesized and the Ag(NP) and Au(NP) were 

efficiently decorated within the composite materials. Moreover, the in situ decoration 

of Ag(NP) and Au(NP) were restricted the aggregation or clustering of nanoparticles 

within the composite material.  

The synthesized materials TCBN and BN were introduced to modify the 

carbon paste electrode. Moreover, in addition to the BN, TCBN; the Ag(NP)/TCBN 

and Au(NP)/TCBN were utilized to fabricate the glassy carbon electrode. These 

electrodes were employed as working electrode in the three-electrode electrochemical 

cell assembly comprising the Ag/AgCl electrode and platinum electrode as reference 

and counter/auxiliary electrodes. The carbon paste electrodes (with the carbon powder 

paste, CPE, BN/CPE and TCBN) were fabricated by preparing the paste of carbon 

powder/ or carbon powder and synthesized materials with paraffin oil. The paste was 

introduced inside a teflon tube along with a titanium wire for electrical connectivity. 

On the other hand, glassy carbon electrodes were fabricated using these materials and 

are referred as BN/GCE, TCBN/GCE, Ag(NP)/TCBN/GCE and 

Au(NP)/TCBN/GCE). All these electrodes were characterized electrochemically 

under the cyclic voltammetric and electrochemical impedance spectroscopic 

measurements with a known 0.001 mol/L Fe(CN)6
3-/Fe(CN)6

4- (prepared in 0.1 mol/L 

KCl in neutral pH) standard redox couple.  The redox process of the probe was clearly 

displayed in each of the cyclic voltammograms collected using these electrodes. The 

increase in scan rate enabled to increase gradually the well demonstrated oxidation and 

reduction peak currents of Fe(CN)6
3-/Fe(CN)6

4- couple. The plot of oxidative peak 

current against the square root of scan rate showed diffusion-controlled system 

behavior and the line obtained was utilized for calculating the electroactive surface 

area using the Randles-Sevcik equation. The estimated areas were 0.244 x 10-3 cm2, 

0.503 x 10-3 cm2, 1.19 x 10-3 cm2, 0.269 x 10-3 cm2, 0.404 x 10-3 cm2, 0.418 x 10-3 cm2, 

0.539 x 10-3 cm2 and 0.674 x 10-3 cm2 for CPE, BN/CPE, TCBN/CPE, GCE, 



 
 

165 
 

TCBN/GCE, Ag(NP)/TCBN/GCE and Au(NP)/TCBN/GCE, respectively. The 

impedance spectroscopic data were collected as Nyquist plots and the equivalent 

circuit was fitted to the Randles circuit. Semicircle diameter of Nyquist plot which 

determines the interfacial charge transfer resistance (Rct) was significantly decreased 

using the TCBN nanocomposite compared to the bare CPE i.e., 3.00 kΩ to 6.34 kΩ. 

Similarly, the bare GCE's high Rct value (16.5 kΩ) was dropped significantly to 6.21 

kΩ and 5.28 kΩ for the BN and TCODS/BN modified GCEs, respectively. Further, 

the Rct value obtained for Ag(NP)/TCBN/GCE and Au(NP)/TCBN/GCE showed 

further and remarkable decrease i.e., 3.20 kΩ and 3.13 kΩ, respectively. 

The electrochemical response of As(III) was investigated using the carbon 

paste electrodes (CPE), BN/CPE and TCBN/CPE. The resulting voltammograms 

showed that increased response was achieved with the TCBN/CPE and therefore 

subsequent measurements for As(III) was conducted using the TCBN/CPE. At pH 2.0, 

As(III) at an applied potential of 0.36 V showed a single step oxidation/reduction 

process. pH dependence studies further indicated that an enhanced electrochemical 

signal was obtained at pH 2.0 with a minimum E value. The concentration dependent 

studies of As(III) (0.5 to 20.0 µg/L) using the linear sweep voltammetry showed 

reasonably good linearity between the concentration of As(III) and anodic peak current 

values. Therefore, the detection limit for As(III) was determined to be 0.0036 µg/L, 

with observed relative standard deviations (RSD) smaller than 4%. The presence of 

numerous cations and anions could not affect the detection of As(III). However, the 

presence of Cu(II) and Mn(II) impacted the detection of As(III). The selectivity of 

As(III) was accomplished using a water sample from the Tlawng river spiked with 

As(III). 

The electrochemical detection of Pb(II) was conducted using the 

Ag(NP)/TCBN/GCE (simultaneous detection with Cd(II)) and Au(NP)/TCBN/GCE 

(single species detection) fabricated electrodes. The electrochemical behavior of Pb(II) 

and Cd(II) using CV at various modified GCEs showed that an enhanced oxidation 

with smaller reduction peak occurred around the applied potential of  -0.42 to -0.50 V 

and 0.64 to -0.66 V, respectively. The intensity and sharpness of these peaks was 

increased progressively from bare GCE, BN and TCBN to Ag(NP)/TCBN and 

Au(NP)/TCBN modified GCE’s. pH condition of 4.0 and preconcentration parameters 
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i.e., deposition potential and time of -1.0 V and 180 s was set the best condition for 

detection with Au(NP)/TCBN/GCE using DPASV technique. Study of Pb(II) at 

various concentrations in aqueous media revealed that the Au(NP)/TCBN/GCE 

showed very low detection limit of 0.817 µg/L throughout a large linear calibration 

range of 1.0-60.0 µg/L having the defined calibration line I(A)=0.031(µg/L) + 0.611 

(R2 = 0.984). In presence of several metal cations viz., Cu(II), Fe(II), Ca(II), Mn(II), 

Hg(II), Zn(II) and Cd(II), the nanocomposite sensing platform could efficiently detect 

Pb(II). Furthermore, the actual matrix analysis of Pb(II) using river and spring water 

revealed that Pb(II) recovery varied from 91.6 to 98.2%. As a result, the indigenously 

synthesized Au(NP) adorned with silane grafted nanocomposite is an effective 

material for ultra-trace detection of Pb(II) and, perhaps, would be very sensitive and 

selective sensing platform. Similarly, the individual and simultaneous detection of 

Pb(II) and Cd(II) was studied with Ag(NP)/TCBN/GCE. Calibration lines for 

individual and simultaneous detection of Cd(II) and Pb(II)  were achieved at the 

optimum conditions (pH 4.5, deposition potential -1.2 V and deposition time of 180 s) 

using DPASV. In the individual detection of Cd(II) and Pb(II), the calibration lines 

were obtained as Ip(A)=0.045 g/L +0.288 (R2 = 0.994) and Ip(A)=0.044 g/L + 0.792 

(R2 = 0.995), respectively. Interestingly, the material was able to detect the Pb(II) and 

Cd(II) simultaneously with the LOD of 0.79 µg/L for Cd(II) and 0.88 µg/L for Pb(II). 

The detection technique was designed to be used in the simultaneous detection of metal 

ions in actual matrix samples, with a cadmium detection recovery of 93 to 108% and 

a lead detection recovery of 99 to 113% . Several interfering ions viz., Fe(II), Ni(II), 

Zn(II), Hg(II), Cu(II) and Mn(II) appears to have no effect on the detection of these 

two ions simultaneously. The presence of Zn(II), on the other hand, revealed an extra 

and well-separated oxidative peak. The actual matrix analysis of spiked Cd(II) and 

Pb(II) river water revealed that analytes were recovered appropriately utilizing the 

fabricated electrode. 

Apart from the heavy metal toxic ions, the micro-pollutants, sulfamethoxazole 

(SMX) and sulfamethazine (SMZ) were detected using Ag(NP)/TCBN/GCE and 

Au(NP)/TCBN/GCE sensing platforms. The cyclic voltammograms of 50.0 mg/L 

SMX and SMZ at bare GCE, TCBN/GCE, Ag(NP)/TCBN/GCE and 

Au(NP)/TCBN/GCE showed that the electrochemical response signal in terms of 
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oxidation current was weak or negligible with GCE, which later increased with 

TCBN/GCE and become more prominent utilizing the Ag(NP)/TCBN/GCE and 

Au(NP)/TCBN/GCE. Both SMX and SMZ displayed a single oxidative peak at 

roughly Ca 1.04 V excitation potential, which is assumed to involve two electrons 

process. Due to absence of reverse reductive peak, the process is inherently irreversible 

in nature. Further, the DPASV technique was employed for the detection of these two 

micro-pollutants utilizing the Ag(NP)/TCBN/GCE and Au(NP)/TCBN/GCE. The 

optimized pH, deposition potential, and time was found to be 4.0, -1.2 V, and 210 s 

(for SMX) and 180 s (for SMZ), respectively. Detection limit for SMX was obtained 

as 0.022 mg/L and 0.036 mg/L for Ag(NP)/TCBN/GCE and Au(NP)/TCBN/GCE, 

respectively. Similarly, for SMZ, the LOD were found to be 0.027 mg/L and 0.035 

mg/L using Ag(NP)/TCBN/GCE and Au(NP)/TCBN/GCE, respectively.   The 

presence of two times of several co-cations had no discernible effect on SMX 

detection. Furthermore, surface run-off water spiked SMX studies revealed that SMX 

detection recovery was within 93.08 - 103.7%. Similarly, the SMZ detection was 

investigated in spring water spiked with 0.5 mg/L, 5.0 mg/L and 10.0 mg/L which gave 

apparent recovery between 92.47 and 106.65%. However, the studies on effects of 

high concentrations of electroactive metal ions on SMZ determination, showed that 

the presence of Cu(II)  and Zn(II) affected the detection of sulfamethazine. The 

interference occurred in presence of Cu(II) was primarily due to the competition of 

analytes and Cu(II) towards the surface-active sites on the electrode surface. 

Moreover, the oxidation potential of sulfamethazine was found almost at same 

potential region.  

 Finally, the limit of detection (LOD) obtained for As(III), Pb(II), Cd(II), 

sulfamethoxazole and sulfamethazine using various modified electrodes are compiled 

and presented in Table 4.1. The LOD values are compared with the permissible 

maximum contamination level (MCL) suggested by the World Health 

Organization (WHO) and United States Environmental Protection Agency (US EPA) 

in drinking water. Observations from the given table clearly revealed that the estimated 

LODs with this investigation are significantly lower than the MCL of each pollutant. 

Hence, the current analytical approach is found to be greater practical implacability of 

future device development employing these novel materials. In addition, the newly 
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fabricated electrodes offer cost-effectiveness, green impact, and simplicity, as well as 

outstanding selectivity and sensitivity. 

 

Table 4.1. Comparison of LOD values of various pollutants obtained with modified 

electrodes and MCL values given by WHO and US-EPA guidelines. 

 

Sl.no Pollutant Working Electrode LOD 

(µg/L) 

MCL 

(µg/L) 

1. 

 

Arsenic (III) TCBN/CPE 0.0036 10 

2. Lead (II) Ag(NP)/TCBN/GCE 0.68 10 (WHO) 

15 (US-

EPA) Au(NP)/TCBN/GCE 0.78 

3. Cadmium (II) Ag(NP)/TCBN/GCE 0.80 5 (WHO) 

3 (US-

EPA) 

4. Sulfamethoxazole Ag(NP)/TCBN/GCE 22.50 No fixed 

MCL 

Au(NP)/TCBN/GCE 36.10 

5. Sulfamethazine Ag(NP)/TCBN/GCE 27.00 No fixed 

MCL 

Au(NP)/TCBN/GCE 35.50 
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     ABSTRACT 

 

The contamination of water bodies due to rising human activities has led to a 

crisis of safe drinking water supplies across countries. Many manufacturing industries 

are responsible for contamination of various heavy metal toxic ions in water bodies. 

Although many heavy metals are reported to be essential at trace concentrations, 

however, an elevated amount of intake resulted a negative effect on living organisms. 

The non-essential heavy metal ions such as As, Pb, Cd, Hg, etc. are highly toxic, and 

non-biodegradable causing major hazards to the environment. These toxic ions are 

readily accumulated in the tissues of the body and cause serious health problems 

affecting the nervous system, skin, liver, kidneys, bones, etc. Because of their acute 

toxicity, World Health Organization (WHO) have mandated the maximum acceptable 

concentration of As, Pb and Cd in drinking water as 10 µg/L, 10 µg/L and 5 µg/L, 

respectively. Wastes from metal plating, mining operations, tanneries, and other 

industrial effluents are particularly responsible for heavy metal pollution to water 

bodies. The agricultural sector is also a big contributor to water pollution. An excessive 

use of fertilizers in farmlands can also lead to the accumulation of various toxic 

chemicals, which eventually contaminating the soil and aquatic environment. 

Moreover, in recent years, there is a tremendous increase in the use of synthetic 

chemicals such as hormones, pharmaceuticals, and personal care products, which are 

known to be emerging water pollutants since these chemicals are very persistent and 

the municipal waste contains high levels of these pollutants. This persistent nature 

imposed high risks of bioaccumulation and even contributed to microbial antibiotic 

resistance. Sulfamethoxazole (SMX) and sulfamethazine (SMZ) are examples of such 

contaminant that has been detected in groundwater, surface water, wastewater sludge, 

and streams. Many of the pharmaceuticals are used in animal husbandry, and the 

overexploitation of these chemicals, particularly the antibiotics lead to serious 

environmental impacts. 

In most cities, wastewater is collected and treated, however, the treatment 

efficiency varies depending on the system used. It is known that most of the potential 

water pollutants are quite persistent and tend to escape from the conventional treatment 
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plants and enter into the natural aquatic systems which may further enter back to the 

food chain. Therefore, new challenges arise for proper waste treatments and proper 

monitoring of the water qualities. The regulatory bodies are enforced to monitor 

efficiently the pollutant concentrations in contaminated water. Although the advanced 

detection techniques viz., inductively coupled plasma mass spectrometry or optical 

emission spectrometry (ICP-OES/MS), atomic absorption spectrometry (AAS), high 

performance liquid chromatography (HPLC), etc. are highly efficient, major 

drawbacks of these techniques include high instrumentation cost, expertise operation 

and most importantly off-site operation only be conducted. Therefore, the newer 

efficient and elective detection techniques are quite inevitable which could allow us to 

detect the pollutants on-site. Compared to the conventional methods, the 

electrochemical technique based on the employment of various electrode sensors has 

received greater attention due to low cost, user-friendly, simplicity in operations, and 

more rapid response, and more importantly on-site detection is performed with high 

precision.  

The introduction of newer materials opens the way for efficient electrodes 

fabrication which enhances significantly the sensitivity and selectivity of detection. 

The sensitivity as well as selectivity of detection through electrochemical methods 

primarily dependent on the electrode material hence, numerous advances took place 

introducing newer and advanced materials, during a couple of decades, to intensify the 

detection signal as well as to improve the selectivity towards target analyte. In a line, 

the nanostructured or advanced materials exhibit catalytic action in the efficient 

detection of analytes. These are mainly composed of two or more types of materials 

so as to produce more stable and sensitive nanostructured surface that can offer 

synergistic effect for enhanced electrochemical detection. Hence, this area of research 

has received much attention during the last couple of decades and introduced variety 

of novel materials ranging from metal nanoparticles, nanocomposites, polymers to 

biological composites obtained from DNA, enzymes, proteins, chitosan etc.  

Further, the urge for the synthesis of materials with minimum cost and toxicity 

has instigated many green/clean pathways of reaction mechanisms and processes. The 

recent research efforts are directed towards biocompatible, non-toxic, simple and 
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greener methods for material synthesis. Therefore, utilizing the phytochemicals as 

reducing and stabilizing agents received greater attention. This involves the natured 

chemistry for material synthesis. The biosynthetic method of nanoparticle synthesis is 

one such example that utilizes green chemicals (phytochemicals) as a reducing and 

stabilizing agent. The phytochemicals in the leaf extract are potentially active to reduce 

the metal precursor ions to zerovalent metals while acting as stabilizing and capping 

agents to prevent the aggregation of the synthesized nanoparticles. Hence, they 

function as green chemical alternative to the toxic and reactive compounds used in the 

conventional synthesis method of nanoparticles. Further, in terms of cost-effectiveness 

and environmental safety, clays are often used in material preparation since they are 

easily available and non-toxic. The role of clay materials is unique due to its wide 

variety of intriguing features (physical and chemical stability, high ion exchange 

capacity in a micro-structured environment, hydrophilic character, etc.), possibly be 

useful electrochemical interface materials to be explored for efficient and selective 

detection of several trace analytes in aqueous wastes. Clays might thus be utilized in 

constructing electrochemically active nanostructured materials with greater sensitivity 

to the target pollutant species due to its ease of modification and accurate 

functionalization with desirable components. 

Therefore, the potential applicability of the bentonite (BN) clay modified with 

silane and further decorated with nanoparticle for trace detection of heavy metals and 

some micro-pollutants from aqueous solutions is presented in this work. Leaf extract 

of Persea americana was utilized for synthesis of silver and gold nanoparticles 

(Ag(NP) and Au(NP)). The UV-Vis spectra for the colloidal solution of Ag(NP) and 

Au(NP) showed the surface plasmon resonance (SPR) peaks occurring at 414 nm and 

550 nm, respectively.  Various phytochemicals are present in the leaf extract which 

are potentially active to reduce the Ag+/Au3+ to zerovalent Ag0/Au0 as well as to 

stabilize aggregation of nanoparticles by capping. Hence, the leaf extract of P. 

americana was studied for different phytochemical tests which confirmed the presence 

of saponins, alkaloids, flavonoids, tannins, polyphenols, glycosides and 

polysaccharides. The biosynthesized nanoparticles were further used to decorate the 

silane grafted bentonite. The silane modified bentonite and nanoparticles modified 

nanocomposites were labelled as TCBN, Ag(NP)/TCBN and Au(NP)/TCBN, 
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respectively. The structure/morphology of the nanocomposite materials were 

characterized by Scanning Electron Microscopy/Energy Dispersive X-ray 

(SEM/EDX), Fourier Transform Infrared (FT-IR), Transmission Electron Microscopy 

(TEM), and X-ray Photoelectron Spectroscopy (XPS). The TCBN material was then 

used for fabricating carbon paste electrode (TCBN/CPE) and employed in As(III) 

detection. Ag(NP)/TCBN and Au(NP)/TCBN were utilized for surface modification 

of glassy carbon electrode (named as Ag(NP)/TCBN/GCE and Au(NP)/TCBN/GCE)  

and used for efficient detection of pollutants (lead, cadmium, SMX and SMZ). The 

fabricated electrodes were electrochemically characterized using cyclic voltammetry 

(CV) and electrochemical impedance spectrometry (EIS) techniques using the 

Fe(CN)6
3-/Fe(CN)6

4- (prepared in 0.1 mol/L KCl) redox probe. Further, the 

electrochemical detection of the selected pollutants – As(III), Pb(II), Cd(II), SMX and 

SMZ were performed using CV, linear sweep voltammetry (LSV) and differential 

pulse anodic stripping voltammetry (DPASV) techniques. Extensive parametric 

studies viz., pH, depositional potential, and time, potentially interfering ions, as well 

as applicability in real water samples were studied for each pollutant. 

From CV studies at different scan rate, a plot of oxidative peak current against 

the square root of scan rate was recorded for each electrode. The plots showed 

diffusion-controlled system behavior and the line obtained was utilized for calculating 

the electroactive surface area using the Randles-Sevcik equation. The estimated areas 

were 0.244 x 10-3 cm2, 0.503 x 10-3 cm2, 1.19 x 10-3 cm2, 0.269 x 10-3 cm2, 0.404 x 10-

3 cm2, 0.418 x 10-3 cm2, 0.539 x 10-3 cm2 and 0.674 x 10-3 cm2 for CPE, BN/CPE, 

TCBN/CPE, GCE, TCBN/GCE, Ag(NP)/TCBN/GCE and Au(NP)/TCBN/GCE, 

respectively. Further, EIS studies showed that interfacial charge transfer resistance 

(Rct) was significantly decreased using the TCBN nanocomposite compared to the bare 

CPE i.e., 3.00 kΩ to 6.34 kΩ. Similarly, the bare GCE's high Rct value (16.5 kΩ) was 

dropped significantly to 6.21 kΩ and 5.28 kΩ for the BN and TCODS/BN modified 

GCEs, respectively. Further, the Rct value obtained for Ag(NP)/TCBN/GCE and 

Au(NP)/TCBN/GCE showed further and remarkable decrease i.e., 3.20 kΩ and 3.13 

kΩ, respectively.  

Comparison of electrochemical response of As(III) was investigated using the 

carbon paste electrodes (CPE), BN/CPE and TCBN/CPE showed that increased 
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response was achieved with the TCBN/CPE. The concentration dependent studies of 

As(III) (0.5 to 20.0 µg/L) using the linear sweep voltammetry showed reasonably good 

linearity between the concentration of As(III) and anodic peak current values and 

detection of limit (LOD) for As(III) was determined to be 0.0036 µg/L. Similarly, the 

electrochemical detection of Pb(II) conducted with Au(NP)/TCBN/GCE showed using 

DPASV at optimized preconcentration conditions (pH 4.5, deposition potential -1.2 V 

and deposition time of 180 s) show very low detection limit of 0.817 µg/L throughout 

a large linear calibration range of 1.0-60.0 µg/L. Moreover, the simultaneous detection 

of Pb(II) with Cd(II) was performed with  Ag(NP)/TCBN/GCE within the 

concentration range of 5.0-60.0 µg/L and LOD of 0.79 µg/L for Cd(II) and 0.88 µg/L 

for Pb(II) was achieved. In addition to the heavy metal toxic ions, the micro-pollutants, 

SMX and SMZ were detected using Ag(NP)/TCBN/GCE and Au(NP)/TCBN/GCE. 

For DPASV measurements, the optimized pH, deposition potential, and time was 

found to be 4.0, -1.2 V, and 210 s (for SMX) and 180 s (for SMZ), respectively. 

Detection limit for SMX was obtained as 0.022 mg/L and 0.036 mg/L for 

Ag(NP)/TCBN/GCE and Au(NP)/TCBN/GCE, respectively. Similarly, for SMZ, the 

LOD were found to be 0.027 mg/L and 0.035 mg/L using Ag(NP)/TCBN/GCE and 

Au(NP)/TCBN/GCE, respectively.    

The detection of the pollutants was studied in presence of high concentrations 

of several co-existing ions, which may be potentially interfere with the detection of the 

target analyte at the fabricated electrodes. The presence of some cations and anions 

could not affect the detection of As(III). However, the presence of Cu(II) and Mn(II) 

impacted the detection of As(III). In presence of several metal cations viz., Cu(II), 

Fe(II), Ca(II), Mn(II), Hg(II), Zn(II) and Cd(II), the nanocomposite sensing platform 

could efficiently detect Pb(II). Similarly, these co-existing ions appear to have no 

effect on the detection of Pb(II) and Cd(II) simultaneously. The presence of Zn(II), 

however, revealed an extra and well-separated oxidative peak. However, the studies 

on effects of high concentrations of electroactive metal ions on SMX and SMZ 

determination, showed that the presence of Cu(II)  and Zn(II) affected the detection of 

these micro-pollutants. These interferences are primarily due to the competition of 

analytes and interferent towards the surface-active sites on the electrode surface. 
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Moreover, proximity of the oxidation potential of the analytes and interferent within 

the operating potential window could also affect the detection.  

Finally, to assess the practical implacability of fabricated electrodes for 

sensitive and efficient measurement of the pollutants, investigation of the 

electrochemical experiments was performed in real water samples. The water samples 

were collected from river, spring, and surface run-off waters in different localities of 

Aizawl City, Mizoram, India. Before electrochemical measurements, samples were 

filtered and physico-chemical parametric studies were like pH, conductivity, 

resistivity, salinity, oxidation-reduction potential, and total dissolved solids, NPOC 

(Non-purgeable Organic Carbon) and IC (inorganic carbon) were conducted for these 

water samples. The samples were also analyzed for various elements present as 

impurity using the AAS. The water samples were then spiked with known 

concentrations of the pollutant solutions. The selectivity of As(III) was successfully 

accomplished using a water sample from the Tlawng river spiked with As (III). 

Similarly, the actual matrix and spiked concentration analysis of Pb(II) using river and 

spring water using Au(NP)/TCBN/GCE revealed that Pb(II) recovery varied from 91.6 

to 98.2%. The detection technique using Ag(NP)/TCBN/GCE in the simultaneous 

detection of Cd(II) and Pb(II) in spring water samples also show a cadmium detection 

recovery of 93 to 108% and a lead detection recovery of 99 to 113% . Surface run-off 

water spiked SMX studies revealed that SMX detection recovery was within 93.08 - 

103.7%. Similarly, the SMZ detection was investigated in spring water spiked with 0.5 

mg/L, 5.0 mg/L and 10.0 mg/L which gave an apparent recovery between 92.47 and 

106.65%. These results further indicated that the detection of As(III), Pb(II), Cd(II), 

SMX and SMZ  is not noticeably affected in the real water samples hence, this proved 

the practical applicability of the proposed method in the detection of these pollutants  

in real-world samples.  
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