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ABSTRACT 

Endocrine-disrupting chemicals (EDCs) have become a significant environmental concern, 

prompting extensive research and interest within the scientific community. Endocrine-

disrupting chemicals (EDCs) present a considerable threat to the enduring viability of both 

human and wildlife populations. Even at minimal concentrations, these compounds can disrupt 

endocrine system function, resulting in persistent and severe biological effects, including an 

elevated prevalence of hormone-related cancers, developmental anomalies, and reproductive 

dysfunction. Therefore, the effective treatment of wastewater containing endocrine-disrupting 

chemicals (EDCs) is crucial. Conventional wastewater treatment methods often fail to 

eliminate EDCs, as they primarily facilitate phase transfer rather than full degradation. 

Additionally, the transformation of these compounds during treatment can lead to the formation 

of intermediate byproducts that exhibit higher toxicity than the original contaminants. 

Consequently, an optimal treatment approach should be non-selective, ensuring rapid and 

complete mineralization of EDCs to prevent secondary pollution. 

Semiconductors capture light energy and form electron-hole pairs for redox processes, making 

them popular photocatalysts. After absorbing high-energy light, electrons migrate from the 

valence band to the conduction band and generate holes. The charge carriers migrate to the 

surface of the semiconductor, interacting with adsorbed substances, which facilitates oxidation 

and reduction processes. This property improves the efficiency of semiconductor 

photocatalysts for a range of environmental applications, such as the degradation of organic 

pollutants, water splitting, and air purification.   Materials like titanium dioxide (TiO₂) and zinc 

oxide (ZnO) are extensively researched due to their stability, non-toxicity, and strong 

photocatalytic performance under UV or visible light exposure. 

For eliminating contaminants from wastewater, photocatalytic degradation is one of the most 

interesting, affordable, and environmentally friendly methods. Here, we utilize an efficient sol-

gel and microwave method for producing CuS, CdS, MoS2, Cs3Bi2Br9, and doped MoS2/CdS, 

CdS/Cs3Bi2Br9, and MoS2/Cs3Bi2Br9 nanomaterials. Several methods, including UV-visible, 

XRD, Energy Dispersive X-ray Analysis (EDX), and Field Emission Scanning Microscopy 

(FE-SEM), FTIR, will be used to optimize the materials. FE-SEM measurements validated the 

morphology of the produced nanocomposites.  



6 
 

The efficiency of catalytic degradation is evaluated using representative endocrine-disrupting 

chemicals (EDCs), such as 2-chlorophenol, ciprofloxacin, paracetamol, and ibuprofen, under 

optimized reaction conditions. Key parameters, including pH, temperature, catalyst dosage, 

and reaction time, are systematically analyzed to determine their impact on the degradation 

process. 

The outcomes of the present study advance the development of sustainable, cost-effective, and 

high-efficiency catalytic systems for industrial wastewater treatment. The halide-based 

perovskite materials synthesized in this research demonstrate substantial potential for practical 

environmental remediation, aiding in the reduction of the ecological impact of hazardous 

industrial effluents. 
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1.1 CRISIS AND SCENARIO: 

Throughout history, water has been the most important natural resource for the development 

of humanity and one of the most fundamental prerequisites for the existence of all living forms. 

It is also an issue of discussion worldwide. Having constant access to safe and clean water is 

one of the biggest issues facing the current world. There is a big problem for the globe to 

provide a uniform universal volume of water since there aren't enough sources. There is no 

denying the importance of having potable, high-quality drinking water; without it, the safety 

of people's health would be affected [Zubair et al., 2020]. The degradation of effluents carrying 

newly discovered micro-pollutants that are known to remain in diverse water sources is one of 

the many human activities endangering clean and safe water. The sustainability of human 

health, agriculture, industry, and the financial system heavily depends on water [Dhote et al., 

2012]. 

According to recent peer-reviewed studies, the water crisis in India is due to a fast-growing 

population, irresponsible groundwater extraction, climate change, and ineffective water 

management [Rakkasagi et al., 2025; Singh and Kumar, 2021]. India has merely 4% of global 

freshwater resources despite having 17.81% of the global population, which results in the high 

shortage of freshwater in the region and the situation of the so-called Day Zero in cities 

[Katoch, 2024; Rakkasagi et al., 2025]. It is confirmed by satellite data that the groundwater of 

northwest India is being depleted at an alarming rate of approximately 4 cm per year, 

particularly in the states with high rates of agricultural production such as Punjab and 

Rajasthan, where more than 60 -75 percent of blocks are already critically overdrawn [Panda, 

2011; Rakkasagi et al., 202]. The climate variability, unpredictable monsoons, and pollution 

are other factors that worsen the crisis and put food security, citizens' health, and social stability 

at risk [Singh and Kumar, 2021; Halder and Chattopadhyay, 2024]. 

The availability of water per capita has already dropped far below the water-stressed level, and 

it is expected to keep falling as population grows [Rakkasagi et al. 2025; Singh and Kumar, 

2021]. Research has shown that the water withdrawals in India are already beyond the 

sustainable levels in most aquifers and that the depletion of groundwater may jeopardize the 

future agricultural production and livelihoods [Katoch, 2024; Panda, 2011]. There is an urgent 

necessity in establishing robust, fair, and sustainable water governance, with the addition of 

the enhancement of infrastructure, policy, and resource management [Halder and 

Chattopadhyay, 2024; Rakkasagi et al., 2025]. 
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However, several causes, including urbanization, industry, and population increase, are 

severely affecting hydrological resources [UNESCO 2015]. The current state of water shortage 

is being made worse by the eutrophication of rivers and lakes, dead zones in water bodies, 

biomagnification of harmful substances, and the continued use of pesticides and other 

chemicals [Du et al., 2018]. In addition, obstacles to reaching objectives are caused by the 

carelessness with which wastewater is recycled and by the lack of government regulations or 

the non-application of those that do exist. The environment, economics, society, and human 

health and hygiene are all impacted by the scarcity of clean water [Yang et al., 2017]. The 

WHO said in 2017 that 785 million people still do not have access to clean drinking water, 

with 144 million of them mostly dependent on surface water. An estimated 8 million people 

die each year from diarrhoea contracted from tainted drinking water. Additionally, reports 

indicated that by the end of 2025, the majority of the world will be inherent in "water-stressed" 

areas [Anderson et al., 2004]. Water pollution can originate from a multitude of sources, 

including industrial wastes, household, agricultural, and health-related effluents. These sources 

typically include paints, dyes, oil spills from ships, mining, industrial runoff and metallurgical 

leaches, pharmaceutical wastes, pesticides, cosmetic wastes, fertilizers, and other materials that 

contaminate water and make it unfit for human consumption. The whole situation is badly 

impacted by the continuous increase in trash created by anthropogenic activities and their 

subsequent discharge into the environment. The development of analytical methods for 

identifying these substances, even in minute quantities, aids in the elimination of contaminants 

from water bodies. Pharmaceuticals, Endocrine disruptor chemicals (EDCs), and personal care 

products (PPCPs) represent an important class of pollutants at low concentrations. In the past, 

the elimination of medicinal wastes was restricted to avoid unintentional exposure of animals 

or children. As a result, medications were being disposed of in public trash or washed into 

sewage systems. Additionally, as a result of the misuse of popular antimicrobial agents like 

quinolones, the medication and its metabolites are finding their way into all kinds of 

soils, water bodies, debris, and drainage systems at dangerous levels [Hirsch et al., 1998]. The 

signs of these pollutants' slow release into the environment started to appear. Numerous 

pathways for environmental infiltration have been investigated, including the flushing of bodily 

wastes, the discarding of expired goods, the leaching of chemicals from landfills, the use of 

agricultural wastes, and chemical runoff. Hignite and Azarnoff examined the findings of 

numerous metabolites of drugs in sewage treatment facilities (influent and effluent systems), 

including salicylic acid. Since then, several studies have been conducted on the existence of 

medicinal products and their byproducts in water, as indicated by the references. Since then, 
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extremely sensitive analytical methods (ppb and ppt levels) have been developed for the 

quantitative measurement and identification of pharmaceutical compounds existing in 

organisms and the environment, eliminating these wastes from the earth. Daughton and Ternes 

first used the name "PPCPs" to describe this class of compounds, which are found in everyday 

items, including cosmetics and pharmaceuticals. Among the substances that are classified as 

PPCPs are butyl acetate, diethanolamine, triclosan, musk xylene, musk ketone, carbamazepine, 

acetaminophen, and acetylsalicylic acid, among others. Chemicals, whether indirectly or 

directly, have evolved into an essential component of the goods we consume daily and are, as 

a result, contributing to the environment in several ways. The removal of environmentally 

persistent pharmaceutical pollutants (EPPPs) cannot be achieved entirely by wastewater 

treatment technologies. They may also find their way into aquatic systems through wastewater 

treatment plant effluent. Table 1.1 is a list of some of the popular medications that have been 

discovered in wastewater, along with information on how they affect human health. 

Table 1.1: Adverse effects of popular pharmaceuticals present in wastewater. 

Pharmaceuticals 

in wastewater 

Adverse effect 

on humans 

Structure of pharmaceuticals 

Ofloxacin  Headache, 

nausea, 

sleeplessness, 

and neurological 

illnesses 

 

 

Ibuprofen  Drowsiness, 

hypertension, 

and myocardial 

infarction 

  

Ranitidine  Lightheadednes

s, sleeplessness, 

tremors, 

irregular 

heartbeat, and 

liver failure 
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Diclofenac  Headache, 

feeling dizzy, 

and fatigue 

 

 

Sulfamethoxazol

e 

Anorexia, rashes 

on the skin, 

nausea, and 

vomiting 

 
 

Ciprofloxacin Headache, 

tremors, 

tendinitis, and 

long-term 

carcinogenicity 

 

 

Acetaminophen Adverse effects 

on the liver, 

bronchitis  

 
 

Metoprolol Arrhythmias, 

hypotension, 

and bradycardia 

 
 

 

 

1.2 ENDOCRINE DISRUPTING CHEMICALS (EDCs):  
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On the other hand, endocrine-disrupting chemicals (EDCs) are a family of substances that 

mimic hormonal functions and inhibit the normal operation of the endocrine system 

(Hormone fabrication and management) [Daughton et al., 1999]. These disruptions may result 

inbirth defects, cancerous tumour, developmental disorders such as learning disabilities in 

children, cognitive child development, severe attention deficit disorder, problems with brain 

development, deformities in body parts like limbs, cancer (breast, cervical, prostate, thyroid, 

etc.), problems with human sexual development such as de-feminization of female gonads or 

de-masculinization of male gonads, etc. Environmental degradation products (EDCs) have 

entered the ecosystem from natural, man-made, or both sources [Lucaccioni et al., 2020]. The 

majority of them are pharmaceutical goods, which include dichlorodiphenyltrichloroethane 

(DDT), polychlorinated biphenyls (PCBs), dioxins and their derivatives, and a few additional 

insecticides, Di(2-ethylhexyl) phthalate, plasticizers (BisphenolA) and phytoestrogens 

(derived from plants) [Saggioro et al., 2019] In current times, studies have been conducted to 

examine the cytotoxicity resulting from the photodegradation by-products of 17β-estradiol, 17α 

ethynilestradiol, and Bisphenol A; instances of the suppression of estrogenic activity in cellular 

cultures have been reported. Metal cans, soaps, detergents, plastic bottles, food items, fire 

retardants, cosmetics, pesticides, and toys are just a few of the materials that are constantly 

being introduced into the environment. According to recent studies, there may be a significant 

risk associated with EDCs throughout the prenatal and early postnatal stages of organ and 

neural system development (NIEHS) [Dodson et al., 2012]. A summary of several prevalent 

EDCs and their negative effects may be observed in Table 1.2. 

Table 1.2: The harmful effects of prevalent EDCs on human health 

Origin Class Chemical example Effect  

Industry 

washings and 

surfactants 

 

 

Alkylphenols Nonylphenol influences pregnancy 

by mimicking female 

hormones 

 

Incineration, 

Leaches 

Polychlorinated 

Compounds 

2,3,7,8-

Tetrachlorodibenzodioxin 

Central 

nervous system 

damage, diabetes, 

effects on the 
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immune system,  

Thyroid disorders 

Atmospheric 

transport 

/Agricultural 

runoff  

Organochlorine 

pesticide 

 

DDT, 

1,2,3,4,10,10 

hexacholoro-

1,1,4a,5,8,8a-Hexahydro 

1,4:5,8-

dimethanonaphthalene 

  

Hepatocarcinogenicity 

and Neurotoxicity 

 

Industrial effluent Phthalates Dibutyl phthalate, Diethyl 

phthalate 

Increases Quantity 

of damaged DNA in 

sperm motility, 

reduces male 

fertility 

Agricultural 

chemicals 

Insecticides Fipronil Thyroid Tumors 

Municipal 

effluents 

Natural 

Hormones 

(Produced 

naturally by 

animals) 

Estradiol Ovarian cancer, 

endometrial cancer, 

and Breast cancer 

via sewage 

networks and 

household 

garbage  

 

Cosmetics, 

personal products 

Methylparaben interferes with 

hormone function, 

raises the risk of 

reproductive damage, 

and breast cancer 

 

Pulp mill 

effluents 

Phytoestrogens 

(found in plant 

material) 

Genistine Tiredness, rashes, 

anaphylaxis, itching, 

and 

 Nausea 

Plasticizers in 

plastic products 

Plastics 

(Bisphenol A) 

4,4'-(propane-2,2-diyl) 

diphenol 

Infertility 
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Contraceptive 

pills (added 

through 

municipal wastes 

or industrial 

effluents from the 

pharmaceutical 

industry) 

Synthetic steroids Estrone Abnormal sexual 

development in 

teenagers and the 

functioning of the 

prostate 

 

1.3 CLASSIFICATION OF ENDOCRINE DISRUPTING CHEMICALS: 

Due to the toxic and environmental persistence, triclosan (TCS), nonylphenol (NP), and 

Bisphenol A (BPA) are three EDCs from the environment that have drawn the most attention. 

This section provides an overview of these developing contaminants' uses in daily life as well 

as their harmful impacts on the environment and biological systems. Furthermore, a brief 

discussion of estrone (E1), a natural oestrogen, is also included. 

Bisphenol (A) 

Bisphenol A is used in the creation of polycarbonate plastic and epoxy resin, as well as in a 

variety of packaging for food and beverage materials, dental sealants, and infant bottles 

[Staples et al., 1998]. Strong endocrine disruptors like BPA can lead to the development of 

cancer. Despite the knowledge that BPA is dangerous, it is nonetheless frequently utilized. As 

a result, from 2009 to 2012, the worldwide consumption of BPA increased by 5.5% annually. 

According to reports, there are three major ways for a person to be exposed to BPA in the 

environment: by eating, by breathing, and by coming into contact with their skin. Additionally, 

research has demonstrated that BPA can harm aquatic creatures even in situations with BPA 

concentrations below 1 mg/L. Due to the possibility that BPA might progressively be released 

through routine use of infant bottles, children are the major target of public concern over BPA 

[Flint et al., 2012]. Currently, multiple countries have laws that restrict the usage of Bisphenol 

A. For instance, China has outlawed the manufacture of infant bottles containing Bisphenol A. 

In 2008, Canada prohibited the use of polycarbonate plastics in infant bottles that contained 

BPA. Furthermore, papers limiting the use of BPA have been released by the US, Malaysia, 

and the EU [Birkett et al., 2002]. 

Nonylphenol (NP) 

Nonylphenol serves as both the primary raw material and end product for the manufacture of 

NP ethoxylates. Surfactants, including Nonylphenol and its ethoxylates, including NP1EO, are 
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often utilized in commercial, home, and industrial applications. Personal care items, 

detergents, pesticides, and goods frequently used in industry, such as 

defoamers, lubricants, paints, and emulsifiers, are just a few of the everyday items that contain 

nonylphenol endocrine disruptors. Additionally, NP works in the processing of metal and 

textiles [Brooke et al., 2005]. Due to their extensive usage, endocrine disruptors such as 

nonylphenol have entered the environment in increased amounts, increasing human interaction 

with them. Additionally, the tendency for these compounds to build up has sparked increased 

worry. According to the UN Environmental Protection Agency, NP is one of 27 essential 

regulated persistent hazardous pollutants. Environmental NP concentrations are now defined 

in various nations. The U.S. has taken measures to safeguard aquatic life. According to the 

EPA's Ambient Water Quality Criteria for NP, freshwater settings must have an acute exposure 

value of 28µg/L and a chronic exposure value of 6.6µg/L. Furthermore, in seawater, the value 

of chronic revelation is 1.7µg/L, while the severe measure is around 7.0 µg/L [Waltman et al., 

2006]. 

Triclosan 

Along with the renowned endocrine-disrupting chemicals, triclosan is a broad-spectrum 

antibacterial agent, which is typically included in household products, 

including toothpaste, face cleansers, and soap [D'Ascenzo et al., 2003]. TCS is likewise 

employed as a preservative. TCS has been discovered to have a possible estrogenic effect and 

a minimal teratogenic effect. When a TCS-containing product leaks from a drain pipe, the 

sewage system collects it and transports it to a sewage disposal facility. Afterward, the 

untreated TCS eventually reaches the aquatic environment and may endanger the life there. 

Estrone 

In both humans and animals, estrone (E1), a kind of natural oestrogen, is present. The oestrogen 

activity in wastewater settings is thought to be significantly influenced by E1. In addition, 

estriol and estradiol are two more naturally occurring oestrogens, with estradiol being the most 

efficient. The distribution of EDCs in the environment is similar to that of natural oestrogens 

like E1 and E2, as well as synthetic endocrine disruptors like the ones indicated above (BPA, 

NP, and TCS). These contaminants have been found in soil, marine water samples, 

groundwater, surface water, and other ecosystems throughout various countries. According to 

several investigations, municipal sewage treatment plant (MSTP) effluents and water both 

contain EDCs [Tan et al., 2007]. 
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2-Chlorophenol (2-CP) is a chlorinated phenol, which is widely used in the industrial sector, 

in the production of pesticides, and preservation of wood. It is recalcitrant in the environment 

and has been observed in industrial effluents and groundwater exhibiting toxicity and 

endocrine-disrupting properties on aquatic life as a result of its structural homology to natural 

hormones [Diamanti-Kandarakis et al., 2009; Azimi et al., 2022]. 

One of the most common antibiotic agents, ciprofloxacin (CIP), is a fluoroquinolone and is an 

emerging pollutant present in wastewater and surface water because of the high rate of its use 

in medicine and agriculture. It is persistent and not fully eliminated even after wastewater 

treatment, resulting in residual effects on the environment, affecting microbial communities 

and possibly endocrine system disruption in aquatic life [Azimi et al., 2022; Li et al., 2023]. 

The commonly identified pharmaceutical in surface and groundwater is paracetamol (PCM), 

which is released through excretion by humans and inadequate disposal processes. Even though 

PCM and its metabolites are not considered a classical endocrine disruptor, they have been 

shown to exhibit endocrine-related toxicity in laboratory studies, rendering them a significant 

contaminant of emerging importance in ecotoxicological studies [Agarwal, n.d.; 

Yusuf et al., 2023]. 

Ibuprofen is a widely consumed non-steroidal anti-inflammatory drug (NSAID). Although 

partially metabolized in humans, significant amounts are excreted unchanged. Its persistence 

in surface and ground waters has been linked to ecotoxic effects, including altered fish 

physiology and endocrine disruption [Kezzim et al., 2017]. 

Domestic researchers have ruled out four contaminants whose management in China's urban 

sewage treatment facilities should be prioritized, three of which are NP, BPA, and E1 in order 

of the risk to the environment index and oestrogen equivalent. Undoubtedly, in recent years, 

there has been an increasing attention on endocrine disruptors and natural estrogens with potent 

endocrine disruption capabilities. However, it is now difficult to analyze and manage every 

EDC due to the large number of organisms that exist in the environment. The removal 

effectiveness of current sewage treatment procedures and the current status of EDCs in real 

sewage should be considered when determining the priority of management.  

1.4 SOURCE OF ENDOCRINE DISRUPTING CHEMICALS:  

The primary ways that these artificial or natural compounds are exposed to people and animals 

are through open runoff or wastewater discharges from home and commercial wastewater 

treatment facilities, hospital and animal waste, leaching at disposal sites, and agro-industrial 
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effluents, which directly contaminate ground and surface water bodies with EDCs (Figure 1.1). 

The most commonly recorded EDCs in drinking, underground, and wastewater sources are 

phenolic environmental estrogens (EDEs), which have been linked to detrimental health effects 

in humans. Examples of these EDCs include OP (octylphenol), BPA, NP (nonylphenol), DES 

(diethylstilbestrol), and their equivalent ethoxylates [Thacharodi et al., 2023].  

Common Sources of EDCs    

 Drinking Water 

Arsenic, perchlorate, and atrazine are three contaminants that can affect drinking water quality 

and cause endocrine system disruption. One effective way to guard against EDC exposure is to 

use a high-quality water filtration system in the shower or bath as well as at the tap. Surface 

water (rivers and lakes) and groundwater are frequently polluted with Endocrine-disrupting 

chemicals (EDCs) due to septic tanks and treated wastewater, industrial waste, agriculture, oil 

spills, household items, and airborne fallout. The majority of waste treatment facilities release 

EDCs into surface water because they do not filter these compounds out of effluent.  

 Personal Care Products 

Endocrine disruptors, such as phthalates, are frequently found in cosmetics, conditioners, 

shampoos, moisturizers, and other personal care products (PCP). A class of chemicals known 

as phthalates is responsible for the more feminine traits seen in the males of many species. 

Phthalates cause genital malformations, testicular cancer, reduced sperm counts, and infertility 

by interfering with the endocrine systems of wildlife, such as deer, otters, whales, and polar 

bears. Some toothpaste brands contain triclosan, another chemical that disrupts hormones. 

Avoiding EDC exposures can be achieved by switching to natural and/or handmade personal 

care products.  

 Canned Foods 

Despite being proven to be an endocrine disruptor, Bisphenol-A (BPA) is still used by 78 

canned food brands, according to an analysis of 252 products. BPA has been connected to 

several health issues, mostly affecting foetuses, young children, and pregnant women, but also 

affecting adults. In North America, almost 75% of cans are coated with BPA, so if you eat 

canned food, you are probably exposed to a lot of BPA. Since BPS, a chemical that is identical 

to BPA, is frequently used to coat cans, even those labelled as BPA-free are not safe. It is best 

to purchase goods in glass jars and bottles as opposed to plastic or cans. 

Kitchen Products 
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EDCs can also come from non-stick cookware and plastic containers, which are ubiquitous in 

many kitchens. The plastic containers may include BPA or other hormone-disrupting 

substances that can seep into food, particularly when heated. In addition to being hazardous 

and extremely persistent in the environment, poly- and perfluoroalkyl compounds (PFAS), 

which are used to provide nonstick, stain-resistant, and water-repellent surfaces, are also 

harmful to human health. Perfluorooctanoic acid (PFOA) is released by heated non-stick 

cookware and has been connected to infertility, thyroid disorders, and issues with development 

and reproduction. Cookware made of ceramic and enamelled cast iron is a healthier option 

because it is long-lasting, simple to clean (even the most stubbornly cooked-on food can be 

removed with a warm water soak), and entirely inert, meaning it won't emit EDCs.  

Conventionally Grown Produce 

Endocrine-disrupting chemicals may be applied to vegetables and fruits that are conventionally 

farmed with herbicides, pesticides, and industrial effluent. Reduce your exposure to EDCs by 

purchasing and consuming as many organic vegetables and free-range, organic meals as you 

can.  

High-Mercury Fish 

Fish that have excessive mercury and other heavy metal contamination pose a threat since these 

metals may affect the balance of hormones in the body. The most hazardous species include 

swordfish, shark, marlin, monarch mackerel, and tilefish, although dangerously high levels of 

mercury and heavy metal contamination have also been identified in tuna. Furthermore, farmed 

fish dubbed the "CAFOS of the sea" tend to contain more pollutants and should be avoided. 

Little fish, including anchovies, herring, and sardines, are often higher in omega-3 fats and 

lower in pollutants when it comes to seafood.  

 CAFO Meat, Poultry, and Dairy Products 

Antibiotics, hormonal substances, and other industrial chemicals are frequently present in 

animals maintained in concentrated animal feeding operations (CAFOs), which may cause 

endocrine disruption. Seek out animal products that are produced on small, local farms using 

organic farming practices, free-range practices, and with no possible EDCs. 

 Cleaning Products 

Potential EDCs can be found in commercial cleaning products used to clean windows, 

floors, ovens, and toilets. For example, nonylphenol ethoxylates (NPEs), a ubiquitous chemical 

in all-purpose cleansers and laundry detergents, are known to be a strong endocrine disrupter 
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that can cause fish to morph into females. NPEs are banned in Europe. Using various mixtures 

of baking soda, vinegar, coconut oil, and essential oils to make cleaning solutions is 

surprisingly simple [Ashraf et al., 2019]. 

 

Figure 1.1 Different sources of endocrine-disrupting chemicals 

1.5 EFFECT OF ENDOCRINE DISRUPTING CHEMICALS: 

The principal concern regarding endocrine disruptors lies in the disturbances they may induce 

in humans or animals by modifying hormonal levels within the body, attributable to their 

mechanisms of accumulation in both biological tissues and the surrounding environment 

[Heindel et al., 2015]. 

1.5.1. EFFECT ON HUMANS: 

Endocrine disruptors target several human organs and associated glands, including the 

pancreas, thymus, adrenal gland, thyroid, parathyroid, hypothalamus, and gonads (testes and 

ovaries), as Figure 1.2 reveals. 
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Figure 1.2: Illustration of the primary endocrine glands that Endocrine Disrupting Chemicals 

target 

 

Even in humans, EDCs have antiandrogenic properties. Additionally, as demonstrated by both 

in vivo and in vitro tests, they resemble estrogenic activity [Montano et al., 2020]. The 

reproductive system can serve as a sentinel organ for environmental stressors, as demonstrated 

by the increased attention being paid to it. Compared to blood, human semen is a valuable 

source of early indicators for determining the influence of the environment on human health, 

as confirmed by the most current research and epidemiological data [Montano et al., 2016]. 

Using very sensitive transactivation experiments using Chinese hamster ovary cells, pesticides 

were evaluated for their ability to bind to the human androgen receptor (hAR). Out of the 200 

pesticides studied, the results revealed that 66 of them had antiandrogenic action. Numerous 

studies have been conducted in the literature that provide evidence of the hazardous effects of 

endocrine-disrupting chemicals on the endocrine system as well as their intricate regulatory 
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mechanisms [Quesada et al., 2002]. Organochlorine pesticides have been used for many years 

all over the globe. It is well known that they are capable of bioaccumulation in the atmosphere, 

notably in the food chain, when they eventually make their way into the human body. As a 

result, they are frequently found in population screenings and are linked to several disorders 

[Kojima et al., 2004]. Indeed, the 1993–1997 Agricultural Health Study found a cross-sectional 

connection between OCP use and the risk of hyperthyroidism and hypothyroidism in female 

partners (n = 16.529) in North Carolina and Iowa, United States of America.  Breast milk 

residues of various OCPs, including hexachlorocyclohexanes, were shown to be substantially 

correlated with intake of cow milk and beef, as well as menstrual features, in Taiwan. 

Additionally, a connection was found between β-and γ-hexachlorocyclohexanes and the 

reproductive disorders that plague Taiwanese women, suggesting that dietary practices may 

have an impact on exposure to these EDCs [Martyniuk et al., 2020]. Significant correlations 

were found between thyroid dysfunctions like hyperthyroidism and hypothyroidism, and the 

usage of the fungicides benomyl, OCPs chlordane, and herbicides paraquat and 

maneb/mancozeb. These findings point to a possible synergistic interaction between fungicides 

and organochlorines in the pathogenesis of thyroid disorders in women. Numerous 

epidemiological studies have examined the potential link between exposure to the herbicide 

glyphosate (which is widely used) and elevated risk of unfavourable birth defects and 

reproductive outcomes in the offspring. These studies have demonstrated that women who are 

exposed to glyphosate are more likely to experience spontaneous abortions and a reduction in 

fecundability. Additionally, this revelation throughout pregnancy is linked to higher 

testosterone levels in the female, longer anogenital distances in both sexes, and an array of 

abnormalities in the reproductive and developmental parameters of the offspring, including 

fetal skeletal retardation [Goldner et al., 2010]. Some EDCs, including phthalates, have been 

linked to reproductive harm in both animals and humans. A large number of these compounds 

are anti-androgenic, and they can lead to male reproductive issues like infertility. Due to their 

greater susceptibility to exposure, even throughout prenatal life, they are more harmful to little 

children. In Mexican male newborns, there was a statistically significant and adverse 

correlation found between exposure to Phthalates (including monobutyl, monobenzyl 

phthalates, and monoethyl) and anogenital distance, penis breadth, and length [Muñoz et al., 

2021]. When it comes to human health, Bisphenol A poses several risks, particularly for 

women. Even at extremely low doses, Bisphenol A can serve as a reproductive toxic substance 

and disrupt fertility due to its estrogenic action, binding to α-and β-estrogen receptors. Recent 

research [Bustamante-Montes et al. 2008] has confirmed the presence of Bisphenol A in all 
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infertile women diagnosed with polycystic ovarian syndrome. Furthermore, recent studies 

[Calaf et al., 2021] indicate that endocrine disruptors also impact the balance of energy 

metabolism. These substances can negatively affect adipose tissue by increasing the size and 

number of fat cells and altering their endocrine regulation and adipocytokine production. This 

can lead to disruptions in hunger and satiety regulation and a decrease in the basal metabolic 

rate. Early life exposure to these substances, known as "obesogens," heightens the risk of these 

harmful health effects as well as a tendency to acquire weight even when food and exercise are 

balanced appropriately [Street et al., 2018]. The diencephalic system serves as a representative 

target for hormone-disrupting substances. EDCs may imitate the effects of neurotransmitters 

in addition to their association with endocrine receptors, which might change how the central 

nervous system functions normally. Furthermore, some EDCs have an impact on the 

pathophysiology of diabetes, such as Bisphenol A, polychlorinated biphenyls, phthalates, and 

organochlorine pesticides. Variations in exposure to these compounds may also be a factor in 

racial/ethnic and economic inequalities [Gore et al., 2010]. Multiple studies have revealed an 

association between exposure to endocrine disruptors and various conditions such as attention-

deficit hyperactivity disorder, communication problems, intellectual impairment, global 

developmental delay, autism spectrum disorder, etc. Specifically, it is indicated that a number 

of EDCs, including Bisphenol A, hexachlorobenzene, and polybrominated diphenyl ethers, 

provide a significant risk for the development of neurodevelopmental disorders [Sargis et al., 

2019]. In addition, early development exposure to endocrine-disrupting substances generated 

from plastic (such as dibutyl phthalate, Bisphenols, and bis (2-ethylhexyl) phthalate) may 

modify the development of the embryo and placenta, thereby affecting the result of a pregnancy 

[Basak et al., 2020]. Indeed, exposure to EDCs during early development, that is, when 

hormones are regulated by cell modifications to generate tissues and organs, can have far more 

harmful consequences. Lower dosages of EDCs than those needed for effects in adults during 

a tissue's developmental programming may cause alterations in tissue development that may 

not be noticeable at birth but may manifest later in life. Long-term research is still required to 

fully understand the impact of these detrimental effects on postnatal health and fetal 

development. Regulatory toxicology generally considers EDC concentrations to be dangerous, 

although aquatic environments often contain lower quantities of these substances. However, 

low concentrations of these specific compounds may be harmful. These factors suggest that, to 

more fully assess the consequences for human health, studies on the effects of prolonged 

exposure to low concentrations of EDCs should be conducted. 
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1.5.2.  EFFECT ON ANIMALS:  

EDCs are thought to be responsible for several wildlife issues, including the sex changes 

in shellfish and fish, the decrease of some species (such as the potential rise in sterility in 

American alligators), and other issues [Hayes et al., 2011]. Indeed, several pesticides 

(including chlorogenic, thiocarbamates, imidazoles, triazines, and triazoles) have been shown 

to have an antiandrogenic effect. This is evidenced by the alterations in observations of sexual 

characteristics in aquatic animals at a macroscopic level, especially those exposed to fungicides 

and herbicides: demasculinization in fish and rats, frogs' manufacture of hermaphroditism and 

estrogens, and various progressive abnormalities in alligators of male gonads [Grilo et al., 

2017]. For instance, research on Daphnia Magna has demonstrated that endosulfan sulfate 

interferes with the juvenile hormone activity (which controls the gender ratio) and 

ecdysteroidal system (which controls processes like embryonic development and molting) of 

crustaceans [Guillette Jr et al., 1994; Palma et al., 2009]. Numerous studies have demonstrated 

that EDCs, even at extremely small doses (parts per trillion and ppb), can have negative effects 

on animals, including gene repression and activation [Vom Saal et al., 2016]. Bosveld reported 

on how organohalogens impact hormone metabolism, reproductive outcomes, and steroid 

concentrations in fish-eating birds. Research has shown that exposure to PCBs and PBDEs can 

lead to thyroid abnormalities and reproductive failure in various animals, including seals, fish, 

whales, and others [Lemaire et al., 2004]. According to certain studies conducted on the brains 

of zebra fish, diethylhexyl phthalate, especially at very low concentrations (0.02 mg/L), may 

cause an adverse modulation of appetite stimuli in the organism. This was additionally 

confirmed through real-time quantitative reverse transcription PCR analysis of key molecules 

associated with appetite regulation. Furthermore, estrogenic feedback can be changed by 

pesticides like dichlorodiphenyltrichloroethane (DDT) because they block receptors, 

preventing hormone action and their function [Combarnous et al., 2017]. Pesticide interactions 

with wildlife's hormonal (endocrine) systems have frequently resulted in reduced fertility and 

a slow reduction in the population of several species. It influences the endocrine system in 

various ways, such as causing feminization and demasculinization of male vertebrate gonads, 

affecting the neurohormones released from the eyestalk of the crab Neohelice granulata that 

regulate ovarian development, and inducing long-term histofunctional alterations in the thyroid 

gland of the crocodilian species Caiman latirostris during embryonic growth [Galoppo et al., 

2020]. Various animals have exhibited signs of endocrine disruption from pesticides and their 

metabolites, like dialkyl phosphates [Yang et al., 2019]. Hormonal imbalances affecting 

homeostasis were observed in the hypothalamus-pituitary-thyroid axis in zebrafish, the 
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hypothalamus-pituitary-gonad axis in rats, and the hypothalamus-pituitary-adrenal axis in rats. 

[Wu et al., 2018]. The aforementioned effects have been documented in animals (such as rats) 

that are either utilized as human models or are likely to be visible to EDCs. The majority of 

them have something to do with sexual dysfunctions that may be detrimental to the survival of 

animal species.            

1.6 MECHANISM OF ACTION OF ENDOCRINE DISRUPTIVE CHEMICALS:  

Endocrine-disrupting chemicals have the potential to directly or indirectly affect the endocrine 

system. To disrupt the hormonal balance, estrogen receptors (ERs), androgen receptors (ARs), 

progesterone receptors, retinoid receptors, insulin receptors (IR), thyroid receptors (TRs) are 

among the nuclear hormone receptors that EDCs directly act as an antagonist on [Diamanti-

Kandarakis et al., 2009]. The binding of EDCs on hormone receptors resulted in either 

activation or inhibition of the downstream biological route in target cells (Figure 1.3). EDCs 

have the potential to negatively impact endogenous hormone control through the binding or 

stimulation of hormone receptors, modification of hormone concentrations, or alteration of the 

turnover of hormone-binding receptors. EDCs have nine different ways of acting on the 

endocrine system (Figure 1.4).  

 

Figure 1.3 Endocrine Disrupting Chemicals exposure in humans and its molecular effects 
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Negative impacts on human health could result from EDCs activating or binding hormone 

receptors inappropriately. During the developing stage, some of the aforementioned endocrine-

disrupting chemicals incorrectly stimulate the estrogen receptor, leading to infertility in both 

sexes [Golub et al. 2004]. Dichlorodiphenyltrichloroethane (DDT) binds to estrogen receptors 

alpha (ERα) and beta (ERβ), affecting their transcriptional activation and cell proliferation. 

DDT also enhances the synthesis of cAMP by binding to GPCRs and the receptors for the 

hormone that stimulates growth [Mazur et al., 2015]. EDCs suppress or block the natural 

hormone by acting as receptor antagonists. Additionally, DDT prevents androgen from binding 

to the androgen receptor (AR), which further stops humans from experiencing androgen-

dependent AR transactivation. The number of receptors and the way hormones behaved in 

specific circumstances dictated the concentrations of each hormone. Endocrine-disrupting 

chemicals (EDCs) influence the expression, degradation, and internalization of hormone 

receptors. Di (2-ethylhexyl) phthalate inhibited the expression of the aldosterone receptor. 

Conversely, the production of testosterone was positively modulated by the aldosterone 

receptor [Wadzinski et al., 2014].  

 

Figure 1.4 Mechanisms of action of endocrine-disrupting chemicals  



40 
 

Hormone binding to a receptor and target cell characteristics specific to a particular tissue set 

off an intracellular reaction. EDCs have the ability to modify the transmission of signals via 

intracellular and membrane hormone receptors. Nuclear steroid hormone receptors and cell 

surface membrane receptors are the two types of receptors that fall under these categories. 

Hormones alter the epigenetic process, which affects differentiation and development [Gore et 

al., 2015]. The EDCs inhibited these cascade activities. Pesticides like methoxychlor also 

enhanced the expression of important essential enzymes.  

It is the nature of hormones (steroid hormones) to passively travel through membranes; they 

include progestogens, estrogens, androgens, and adrenal steroids. EDCs interfered with these 

hormones' ability to travel. BPA at a modest dose inhibited the entry of calcium into pancreatic 

β-cells. According to the composition of the hormones, the transport protein (serum protein) 

usually carries the hormones [Walker et al., 2016; Zhang et al., 2016]. They have the option of 

binding with or without the conjugative protein. In these situations, the hormones are dislodged 

from their transport protein by EDCs, resulting in hormones that are not as effective in the 

target tissue [Zhou et al., 2013].  

Furthermore, proteases break down hormones, rendering them inactive. EDC also influenced 

this mechanism, resulting in different amounts of hormones depending on how well hormones 

were cleared or degraded. Hormones maintained tissue shape through cellular differentiation 

and proliferation. The EDCs changed the stable cell counts in endocrine organs by either 

encouraging or disturbing cell numbers. Well-known EDCs, polychlorinated biphenyls 

(PCBs), have the potential to disrupt thyroid hormone communication and result in aberrant 

endocrine organ morphology [Bansal et al., 2008; Sangeetha et al., 2021]. 

Major objectives of the present Thesis  

In this thesis, semiconductor-based nanocomposite materials are synthesized by the sol-gel and 

Microwave method for photocatalytic degradation of endocrine-disrupting chemicals. This 

thesis focuses on the synthesis and characterization analysis of semiconductor–perovskite-

based nanocomposite materials such as CuS, CdS, MoS2, Cs3Bi2Br9, CdS/Cs3Bi2Br9, 

MoS2/Cs3Bi2Br9, and MoS2/CdS for the degradation of various endocrine-disrupting chemicals. 

This thesis is divided into 5 chapters, which are as follows: 

Chapter –1 Introduction:  
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The introduction of EDCs and their effects on the environment and humans are covered in this 

unit. Additionally, sources, classification, and mechanisms of endocrine-disrupting chemicals 

are also discussed. 

Chapter 2 Review of literature: 

This chapter offers a comprehensive overview and an understandable explanation of the 

elimination of EDCs from effluent through photocatalysis. In addition, the best procedures are 

also explained in this chapter. This chapter concluded with a more thorough explanation of the 

goal and scope of the present research topic. 

Chapter 3 Materials and Methods: 

This unit focuses on material, methods, and techniques. It also explains materials, analysis, and 

instruments for the synthesis of a photocatalyst. 

Chapters – 4, 5, 6, and 7 Results and Discussion: results and discussion are focused in this 

chapter. CuS, CdS, MoS2, Cs3Bi2Br9 nanoparticles and their composites were synthesized by 

Sol-Gel and Microwave methods. As prepared pure and novel composites were confirmed and 

analyzed by FTIR, XRD, UV-Vis, and FE-SEM/EDX. Pure nanoparticles show less 

degradation efficiency as compared to nanocomposites in the visible region.   

Chapter 8 Conclusions:  

This chapter summarizes the results and draws attention to the key conclusions covered in the 

previous chapters. 

 

 

 

 

 

 

 

 



42 
 

 

 

 

 

 

 

 

 

 

 

CHAPTER 2 

REVIEW OF LITERATURE 

 

 

 

 

 

 

 

 

 

 



43 
 

EDCs are hazardous environmental pollutants that can significantly impact human 

health by interfering with the endocrine system, even at relatively low exposure levels. 

Researchers have looked into using catalysts based on nanomaterials to effectively absorb 

pollutants, absorb visible light, produce and consume electrons and holes, and prevent 

their recombination in order to achieve improved performance. Several nanocomposites 

were used for the degradation of different Endocrine Disrupting Chemicals.  

 

2.1. An overview of Endocrine Disruptive Chemicals     

Numerous contaminants of emergent concern (CECs) have been released into the environment 

worldwide as a result of human activity. This category includes many chemicals found in the 

water cycle that was not earlier known to exist, and thus not currently under agency regulation, 

and frequently manifests at extremely low percentage levels [Patel et al., 2020; Richardson et 

al., 2018; Guarino et al., 2020; Ricciardi et al., 2021]. Contaminants of emerging concern 

(CECs) encompass a wide range of organic and inorganic compounds that can impact both 

human health and ecosystems. This group includes industrial chemicals, natural toxins, 

endocrine-disrupting substances, disinfection byproducts, brominated flame retardants (BFRs) 

[Fiorentino et al., 2017], as well as lifestyle-related compounds such as caffeine, artificial 

sweeteners, pharmaceuticals, pesticides, and PPCPs [Bilal et al., 2019; Kasonga et al., 2021; 

Proto et al., 2014; Pironti et al., 2020]. 

Among them are xenobiotics known as endocrine-disruptive compounds (EDCs) sometimes 

known as Endocrine Disrupting Chemicals or basically endocrine disruptors. They are mostly 

found in produced items such as plastic containers, toothpaste, cleanses, children's toys, 

polyvinyl chloride pipes, and cosmetics [Flint et al., 2012]. By binding endocrine receptors to 

body, these substances can inhibit, activate or modify the body's natural processes of 

synthesizing and degrading hormones. These processes happen through a variety of methods, 

which can cause an aberrant or "false" absence of hormone indicators that can either boost or 

decrease normal endocrine activity [Zoeller et al., 2012]. Colborn coined the term endocrine 

disruptor in 1991 [Sharma et al., 2009]. It was later defined as an exogenous substance or 

mixture that alters functions of the endocrine system and consequently causes adverse health 

effects in an intact organism, or its progeny, or (sub) populations by the WHO in 2002 and 

2012 and UNEP (United Nations Environment Programme). An endocrine disruptor chemical 
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is an external substance that can potentially cause endocrine disruption in an organism or its 

offspring. [Colborn et al., 1993]. 

The endocrine disruptors that are most often researched include polychlorinated biphenyls, 

pesticides, phthalates, Bisphenols, and both natural and synthetic hormones [Yilmaz et al., 

2020]. These compounds can be detected in water using chemical analytical techniques such 

as gas chromatography, high-performance liquid chromatography with mass spectroscopy, and 

biological techniques like biosensors. They are typically found in the environment in the range 

of nanograms to micrograms per litre (ng/L and µg/L) [Caliman et al., 2009; Tijani et al., 2016]. 

Herbicides like glyphosate and chlorotriazine (CTs), as well as organophosphorus and 

organochlorine pesticides (OCPs), are frequently used pesticides that function as EDCs. 

Atrazine, a widely used herbicide, has been detected in surface and subsurface water globally, 

along with other banned endocrine-disrupting chemicals (EDCs) [Groger et al., 2020]. The use 

of synthetic pesticides in agriculture harms the environment, human health, and resources, 

despite boosting food production. Bisphenol A, found in plastics and hygiene products, is a 

common EDC that mimics estrogen and is used in women's health products and to accelerate 

the growth of livestock [Yang et al., 2020; Wan et al., 2021]. 

The World Health Organization emphasized in 2013 that control measures for human and 

environmental exposure to these substances are necessary since exposure to them poses a risk 

to both humans and wildlife [Bergman et al., 2013]. 

Not all chemicals are classified as EDC, according to the jurisdictions. Therefore, evaluating a 

chemical's inherent danger is a crucial step in calculating exposures to compounds with EDC 

characteristics. To verify the available proof of its identity, regulatory bodies employ a variety 

of techniques. Researchers have identified key criteria, including latency from exposure age at 

exposure, the significance of mixtures, epigenetic and untraditional response dynamics, and 

transgenerational impacts, to better understand the effects of endocrine-disrupting chemicals 

(EDCs). Furthermore, endocrinologists have proposed that these EDCs have very high lipid 

solubility and low water solubility, which causes them to bioaccumulate in adipose tissue 

[Mukherjee et al., 2021].    

2.2. EDCs consumption and production:  

The growing global population is driving up demand for fresh water. In the modern world, it 

is considered a luxury to use water just once. Sustainable reuse from non-traditional sources, 

such as municipal wastewater, is both technically and financially possible [Basile et al., 2011]. 
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Both humans and the aquatic ecosystem are negatively impacted by the manufactured 

contamination of the water. Every year, a large number of innovative and expensive 

pharmaceutical treatments are introduced onto the market for both the prevention and treatment 

of illnesses or other bodily dysfunctions in people and other animals, especially farm animals, 

as a result of the world's population growth and medical advancements. Due to the high demand 

for various medications for both human and animal usage, the pharmaceutical industry is 

expanding quickly. As per Grand View Research (2020), the pharmaceutical manufacturing 

industry had a global value of around USD 324.42 billion in 2019. Pharmaceutical drug factory 

effluents have been shown to have high levels of pharmaceuticals, which vary from 90 to 

31,000lg/L [Larsson et al., 2007]. In Putrajaya, Malaysia, pharmaceuticals with concentrations 

ranging from 0.14 to 0.32ng/L have been found in tap water. Controlling the discharge of 

various medications into the environment from all of these sources needs further focus 

[Praveena et al., 2021].  

India's economy has expanded rapidly in recent years, with a total GDP of US$3.12 trillion in 

the year 2021–2022, but at a significant environmental cost. Numerous environmental and 

social issues, such as increasing depletion of natural resources, greenhouse gas emissions, and 

an increase in the amount of several manufactured chemical substances in the water resources 

and atmosphere, have been brought on by India's rapid economic transition, rapid 

industrialization (especially of the country's chemical industry), and urbanization. Over the past 

twenty years, India's yearly cost of damage from pollution and natural calamities has increased 

from $14 to $80 billion, or about 6% of GDP. Despite only taking into account a small portion 

of EDCs and related health effects, estimates of the burden and disease cost of EDCs in the US 

and the EU reached up to $340 million and €163 million, respectively. For India, no 

comparable computations have been performed. Nonetheless, incomplete information on EDC 

concentrations in Indian environmental and human samples indicates that the pressure from 

these pollutants is comparable to that in the US and Europe. Furthermore, India is expected to 

be particularly vulnerable to the severe social and health effects of EDCs due to the country's 

high rate of poverty, hunger, illiteracy, poor living circumstances, and restricted access to 

healthcare for a sizable portion of the population [Sharma et al., 2023]. 

Data on priority EDCs (such as lindane, polychlorinated biphenyls (PCBs), 

dichlorodiphenyltrichloroethane (DDT), etc. revealed higher amounts in the Indian 

environment and people when compared to other countries, particularly growing economies 

like China [Sharma et al., 2014]. According to a recent global investigation conducted by WHO 
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and UNEP, Indian women and newborns are among the highest exposed to some EDCs 

(namely, DDT) in breast milk [Bornman et al., 2017].In another investigation, phenolic EDCs 

such as Bisphenol-A (BPA), triclosan, and parabens were found in quantities similar to those 

found in populations from industrialized nations like Spain and Japan, with a focus on pregnant 

mothers and their offspring from Southern India [Dutta et al., 2015; Xue et al., 2015].       

India is home to around 18% of the world's population and has a fast-evolving socioeconomic 

environment. Industrially processed food and intensive food production systems are gradually 

replacing traditional agricultural and traditionally prepared food. In India, there is a dearth of 

comprehensive data on human exposure to major EDCs and environmental pollution. The POP-

related findings that are now available have continuously shown excessive contamination 

levels in Indian environmental matrices and human populations. Only a small number of 

researchers have yet have identify EDC concentrations in Indian food baskets, providing a 

groundbreaking but incomplete picture of dietary exposure. There have never been any 

systematic evaluations of the health effects and exposure to numerous important EDCs (such 

as PBDEs) in India. There have never been any systematic evaluations of the health effects and 

exposure to numerous important EDCs (such as PBDEs) in India [Sharma et al., 2021]. 

While a lot of study is done in India on the dispersion of pesticide residues in various 

environmental matrices, less focus is placed on how these residues are distributed in aquatic 

environments. No comprehensive research was conducted to investigate the dispersion of 

pesticide residues in the aquatic ecosystem, despite Vasai's significance, as shown by the 

previously published work [Singare et al., 2016].  As of now, it is difficult to pinpoint the 

precise causes of EDC exposure because they are diverse and differ greatly globally. However, 

as certain EDCs were outlawed decades ago and others more recently, the situation varies 

greatly throughout nations. As a result, individuals such as migrants offer an approach for 

studying exposure start and/or cessation based on initial and novel environments [Mukherjee 

et al., 2021]. Nonetheless, scientists are debating whether or not drinking water kept in plastic 

containers poses a risk. Scientists are paying attention to the problem of effluents 

contaminating the water in these containers. Research has indicated that water from plastic 

bottles contains several pollutants, including antimony, Bisphenol A, and phthalates. 

In Kerala, boiling water before using it and transferring it to bottles before it cools down 

entirely are common practices. As a result, lukewarm water may be filled in plastic bottles. The 
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issue of effluents from plastic water bottles that are used to transport hot water has not yet been 

investigated [Geetha et al., 2021].   

2.3. Removal methods for EDCs from wastewater 

The main advantage of wastewater and current water treatment methods is the decrease in the 

concentration of endocrine disruptors. These technologies include chemical coagulation, 

activated sludge, adsorption, precipitation, membrane, and flocculation processes as depicted 

in Figure 2.1. To minimize the health risks of these substances, even at low concentrations 

(below the LoAEL), sophisticated procedures must remove them completely from 

waterways. A variety of procedures can be used as treatment technologies to achieve different 

removal efficiencies because of the endocrine disruptors' varied physicochemical qualities. For 

the elimination of EDCs, phthalates, parabens, alkyl phenols, pharmaceuticals, primarily 

Bisphenol A, natural and synthetic estrogens, a variety of techniques, including adsorption, 

membrane filtration, biosorption, biodegradation, and advanced oxidation, have been 

researched as viable methods of treatment [Okonkwo et al., 2007; Artham et al., 2012; Vieira 

et al., 2020].  

 

Figure 2.1 Various techniques used for the degradation of endocrine-disrupting chemicals 

Adsorption is a commonly used method for removing EDCs from water due to its high 

efficiency, low operating costs, and minimal byproduct formation. To enhance the 

sustainability of this process, various compounds like carbon nanotubes have been studied 



48 
 

[Djebri et al., 2017], clays [Goyal et al., 2016], zeolites [Zhang et al., 2013], Biochars, 

bioadsorbents, metal-organic frameworks [Maia et al., 2019], graphene oxide [de Souza et al., 

2018], and industrial waste have been investigated as novel non-conventional adsorbents, 

serving as a cost-effective alternative to activated carbon. Since bioadsorbents are plentiful, 

they can be viewed as cost-effective and environmentally friendly substitutes for carbon-based 

adsorbents, which are often utilized in this context. Although the biosorption technique is 

simple to use, affordable, requires little energy, and produces safe byproducts, it has been 

widely employed in the treatment of industrial wastewater and drinking water [Coelho et al., 

2020]. Biosorbents, which are often more selective than traditional adsorbents, are most 

commonly used and include fungus, bacteria, yeast, algae, wood, chitosan, agricultural wastes, 

and biopolymers.  A sulfonated derivative of coffee waste (CW-SO3H) has been proposed as 

an effective biosorbent for removing BPA from water [Sahu et al., 2019]. CW-SO3H has a 

biosorption capacity of 270 mg/g for BPA, which is five times higher than activated carbon. 

Additionally, activated carbon derived from residual bean biomass has shown promise in 

sequestering ibuprofen from water, with a maximum adsorptive capacity of 50.00 mg/g at pH 

4.75 and 50°C [Crini et al., 2019].  

However, membrane filtering techniques (ultrafiltration, microfiltration, reverse osmosis, and 

nanofiltration) use the unique physicochemical properties of the material from which the 

membrane is produced to effectively reject a broad range of endocrine disruptors [Ahsan et al. 

2018]. A combination of ultrafiltration with advanced technologies such as ozonation, 

chlorination, and sophisticated oxidation processes can increase the effectiveness of 

ultrafiltration. Si et al. combined ultrafiltration and ozonation to eradicate up to 99% of EDCs 

(Bisphenol A, estriol, 17β-estradiol, and 17α-ethynylestradiol), compared to 46% and 70% 

removal rates with ozonation or ultrafiltration alone. Membrane bioreactors are commonly 

paired with reverse osmosis or nanofiltration to improve pollutant removal of substances like 

carbamazepine, Alkylphenols, and Bisphenol A [Rodriguez-Narvaez et al., 2017]. 

The removal of endocrine disruptors also commonly involves the use of biological processes 

(both anaerobic and aerobic), such as fungal bioreactors, anaerobic digester systems, and 

activated sludge treatment [Si et al., 2018]. These processes are especially useful when 

combined with other tertiary treatments to increase their efficacy. Different enzymatic 

processes, such as accumulation and adsorption, allow bacteria, fungi, and microalgae to digest 

EDCs more effectively in mixed populations than in individual microorganisms [Kamaz et al., 

2019]. In this regard, nonylphenol (NP) may be eliminated from contaminated aquatic 



49 
 

environments by marine microalgae species such as N. oculata, P. globosa, P. subcordiformis, 

and D. salina via biodegradation, biotransformation, or biosorption, with removal efficiencies 

ranging from 43% to 91% [Schmidt et al., 2017; Hu et al., 2002]. White rot fungi produce 

extracellular ligninolytic enzymes that can effectively degrade endocrine-disrupting chemicals 

such as nonylphenol and Bisphenol A in wastewater. Removal efficiencies range from 60–

100% for BPA and 65–90% for NP, depending on the specific fungus, incubation period, and 

initial pollutant concentration [Roccuzzo et al., 2021]. Due to their extremely active enzymatic 

systems, fungi had the greatest results when it came to biologically removing EDCs from water. 

In the literature, many investigations on advanced oxidation processes (AOPs)—ozonation, 

Fenton, UV/peroxide, and photocatalysis are established. Typically, these studies are combined 

to yield superior outcomes. For instance, the combination of ozone–UV is more effective than 

ozone alone at removing EDCs from water, such as Bisphenol A, 17β-estradiol, and estriol. On 

the other hand, chlorine oxidant yields many byproducts without lowering the estrogenic 

impacts of EDCs. In addition to lowering toxicity from 73% to 30%, the Fenton procedure 

combined with biological treatment employing an up-flow anaerobic wastewater blanket 

reactor demonstrated a 99% initial EE2 elimination (1000 µg/L of these chemicals were 

injected in the samples daily) [Grelska et al., 2020]. The use of EDC therapies depends on the 

different quantities and complexity of EDC chemicals; thus, proper and reliable methods for 

collecting, determining, extracting, quantifying, storing, and preserving must be followed 

[Varma et al., 2020]. The properties of each EDC pollutant may be taken into account while 

choosing the best removal strategy; in certain situations, separate treatment approaches are 

required for distinct EDC contaminants. In actuality, the membrane filtering procedure is a 

successful means of eliminating EDC without the need for further treatment. However, the 

membrane filtrations are not able to eliminate emerging contaminants as much as other EDC 

treatment techniques. However, there are green alternatives to employing waste items, thus 

even if the process necessitates the regeneration or disposal of the sorbent, adsorption may be 

a useful procedure with a broad range of dependability and low cost. Additionally, a range of 

95% to 100% was demonstrated using the photo-Fenton technique for the removal of phenolic, 

PPCP, pesticide, and medicinal compounds [Kohantorabi et al., 2019; Hu et al., 2018]. 

However, these procedures were limited by the unsuitability of iron ion regeneration and the 

need to treat wastewater to fulfill discharge regulations for iron concentrations. Thus, the 

application of the treatment procedures from the degrading pathways and the byproducts 

created was impacted by the overall factor of limits and obstacles in endocrine-disrupting 

compounds treatment systems, such as hydrophilicity, solubility, polarity, and degradation. 



50 
 

Table 2.1 compares the most popular approaches for removing EDC from water, taking into 

account the types of EDC and the sources of the water. It also highlights the benefits and 

limitations of each treatment, offering a possible future for EDC treatment approaches in the 

treatment of wastewater and water systems. 

Table 2.1: Comparing the methods used in wastewater and water systems for the removal and 

treatment of endocrine disruptors. 

Strategies for 

Removal 

 

EDC type/water 

source  

 

Adventures 

 

Constraints 

 

Biological process − Estrogenic 

compounds: EE2, E2, 

17α-acetate, 

pentachlorophenol, 

4tert-octylphenol, 

triclosan;  

− Water and 

wastewater: no 

hazardous chemicals 

 

-High biodegradation 

up to 90% 

—no byproducts 

—cheap prices 

 

- Efficiency linked to 

many enzymatic 

processes  

- Time spent 

incubating − Sample 

preparation as the 

starting pollutant 

concentration 

 

Membrane filtration -Wastewater 

-Rising chemicals, 

include triclosan, NP, 

E1, E2, EE2, BPA, 

PPCPs, and 17β-

estradiol-17-acetate 

 

-Broad range of 

activities  

-Ultrafiltration 

techniques capable of 

eliminating a 

significant amount of 

all endocrine 

disruptors 

 

-Expensive 

−Byproduct of toxic 

waste −Concentrates 

(brine) are mostly 

released into surface 

water  

−Post treatments 

−Difficulties in 

treating and releasing 

the pollutants 

accumulated 

throughout the 

process  

 

Adsorption - Pesticides, naproxen, 

triclosan, ibuprofen, 

trimethoprim, 

- Excellent 

effectiveness − 

Minimal operating 

Regeneration or 

disposal of the sorbent  
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acebutolol, 

ketoprofen, diltiazem, 

and diazepam are 

present in drinking 

water and wastewater. 

 

and maintenance 

expenses  

− No waste products 

− Simple to use  

− Low energy use 

 

− Utilizing 

unconventional 

adsorbents improves  

− Sufficient dose and 

contact duration 

impact the 

performance  

- Low propranolol and 

carbamazepine 

elimination 

 

Advanced oxidation 

processes 

− Water and 

wastewater  

− Antibiotics 

(including 

amoxicillin, 

ciprofloxacin, 

sulfamethazine, 

and sulfathiazole), 

nonylphenol deca-

ethoxylate, 

carbamazepine, 

hormones, phenolic, 

pesticide, PPCPs, and 

pharmaceutical 

chemicals 

 

Broad range of 

effectiveness  

Elimination of up to 

80% of EDC 

chemicals − 

Enhanced level of 

sensitivity 

 

Exorbitant expenses− 

Active substance 

regeneration− Water 

after treatment− 

Byproducts 

 

 

 

We need to develop advanced, environmentally friendly technologies that can reduce or 

eliminate contaminants and provide clean alternatives. Alternatively, a long-term fix for the 

issue should exist. 

2.4. Role of Nanomaterials and nanotechnology for remediation of Endocrine-disrupting 

chemicals 

Water is a vital but limited resource, with only 1% of it usable by humans. Over 1.1 billion 

people lack access to clean drinking water due to factors like population growth and 
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environmental issues. Contaminants in fresh water supplies pose a major challenge. 

Conventional treatment methods need to be more effective in addressing new pollutants and 

meeting water quality standards. Current wastewater treatment methods have drawbacks such 

as high energy consumption and inadequate pollutant removal [Ferroudj et al., 2013].                       

Enhancing the amount and uniformity of water can be done more affordably and consistently 

with the use of nanotechnology. This technological area is anticipated to see an increase 

in industrial and commercial uses for lowering energy consumption and production costs, as 

well as improving quality and environmental controls. Successful uses of nanomaterials have 

been documented in several domains in the past, such as catalysis and medical research. 

Researchers have recently observed that nanomaterials are a superior method of treating 

wastewater because of their unique properties, which include large surface area, 

nanoscale, solid, mobility solution, highly reactive, strong mechanical properties, 

hydrophilicity, porosity characteristics, and dispersibility [Patil et al., 2016]. Several 

nanomaterials have been effectively used to remove hazardous bacteria and toxic elements, 

including Mo, Pb, and other inorganic and organic contaminants [Mohammad et al., 2019]. 

Due to their distinctive chemical and structural characteristics, nanoparticles have sped up 

research on the knowledge-based economy. 

Significant technical advancements, such as the ability to arrange particles into distinct nano-

shapes with sizes of less than 100 nanometers, are the source of all of this knowledge [Goh et 

al., 2016]. Since nanotechnology has the potential to be employed in a wide range of sectors, 

it is successful in wastewater treatment and a wide range of industrial processes. Due to the 

ability to regulate and modify materials at the nanoscale or dwarf size, this kind of technology 

presents a feasible option for improved wastewater treatment. Several studies have discovered 

that due to their special characteristics (such as their massive surface area) and distinctive 

properties (like reactivity, transferable atomicity, and low size-specific surface energy), 

nanocatalysts are effective at purifying alternative water sources. These characteristics may aid 

in the advancement of nanotechnology for the efficient removal of contaminants from drinking 

water and enhanced methods for treating wastewater [Jain et al., 2013]. 

Various government and commercial sector endeavors have been initiated to promote the 

worldwide advancement of nanotechnology development, with a focus on Japan, China, the 

United States, and Germany. Presently, a multitude of experts are doing diverse tests and 
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investigations about the application of nanotechnology in the purification of water and 

wastewater [Appelbaum et al., 2016].  

Researchers are paying close attention to nano-catalysts, particularly those made of inorganic 

materials like metal oxides and semiconductors, for use in wastewater treatment. For the 

purpose of treating wastewater, a variety of nano-catalysts are used, including Fenton-based 

catalysts, photocatalysts, and electrocatalysts, which enhance the chemical oxidation of organic 

pollutants and have antibacterial properties [Anjum et al., 2019].  

The photocatalytic reaction is an environmentally friendly method of treating waste that breaks 

down pollutants in water when it is exposed to light and the right catalyst. It is defined as the 

shift in the rate at which a chemical reaction is initiated under the appropriate ultraviolet, 

visible, and infrared light energy, depending on the catalyst's band [Khan et al., 2013]. This 

energy produces an electron-hole pair (e–/h+), which in turn produces highly reactive reducing 

and/or oxidizing radicals on the conduction and valence bands, respectively. These radicals 

react with organic or inorganic pollutants in contaminated water, degrading them through a 

secondary reaction. Because of their large band gap and visible region, semiconductor 

nanoparticles are a good catalyst for treating wastewater [Tahir et al., 2022].  

2.5. Photocatalysis    

In the 1970s, Fujishima discovered photocatalysis, which became known as the Honda-

Fujishima Effect [Coronado et al., 2013]. They described the photolysis of water using a single 

crystal of titanium dioxide (TiO2) exposed to UV light and subjected to a slight electrical bias 

using a platinum counter electrode. Their finding is a significant advancement in the study of 

photo-induced redox reactions on TiO2 photocatalysts through solar energy conversion. 

Subsequently, there was a surge in interest in photocatalysis using semiconductors for the 

production of solar fuel as well as other photocatalytic reactions, including the degradation of 

organic contaminants [Chimmikuttanda et al., 2022]. 

Photocatalysis is a chemical reaction in which a material is activated by light to change the 

pace of a chemical reaction without the substance being involved. The use of a catalyst to 

change a chemical reaction while light is present is known as photocatalysis. As the catalyst is 

light-active, it is also referred to as a photocatalyst. This addresses the process of 

photosensitization, in which a chemical composition changes as a result of light being absorbed 

by the photosensitizer; however, it does not cover the process of electromagnetic radiation 

accelerating a heat reaction [Fujishima et al., 1972]. One of two methods exists for the 
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photocatalyst to quicken the photoreaction: it can interact with the reaction's byproducts or it 

can interact with the substrate in its excited or original state. Hazardous organic molecules can 

be mineralized into carbon dioxide, water, and basic mineral acids through photocatalytic 

reactions. Photocatalysis reactions can be classified into two categories: 1) Heterogeneous 

Photocatalysis and 2) Homogeneous Photocatalysis. 

2.5.1. Heterogeneous photocatalysis 

The last four decades have seen a remarkable expansion of the science of heterogeneous 

photocatalysis, with several advancements, particularly in the areas of energy and the 

environment. It is the photoreaction's acceleration when a photocatalyst is introduced. The 

catalyst and the reactants in a heterogeneous catalysis reaction are in distinct phases. 

Heterogeneous photocatalysis encompasses a wide range of reactions, such as the partial or 

complete oxidation of organic pollutants, dehydrogenation, and hydrogen transfer, Isotopic 

exchange of 18O2-
16O2, deuterium-alkane, water purification, elimination of gaseous pollutants, 

metal deposition, and more [Linsebigler et al., 1995]. 

2.5.2. Homogeneous Photocatalysis 

Homogeneous photocatalysis occurs when the photocatalysts and reactants are present in the 

same phase. Photo-Fenton systems (Fe+ and Fe+/H2O2) and Ozone are the two homogeneous 

photocatalysts that are most frequently utilized. Although it wasn't utilized extensively because 

of certain restrictions, this photodegradation technology was also one of the most popular in 

advanced oxidation processes. Though it wasn't utilized extensively because of certain 

restrictions, this photodegradation technology was also one of the most popular in advanced 

oxidation processes. Homogeneous photocatalysis employing the Photo-Fenton and 

ferrioxalate reagents was successful in breaking down and mineralizing imidacloprid, a 

systemic chloronicotinoid insecticide [He et al., 2021]. 

2.6. Advanced oxidation process           

Advanced oxidation processes (AOPs) are an eco-friendly method of eliminating nearly all 

kinds of pollutants, including insecticides, dyes, pesticides, volatile organic compounds 

(VOCs), air and water pollutants, aromatics, petroleum-based materials, petroleum 

hydrocarbons, and chlorinated hydrocarbons. AOPs have a brief lifespan since they are reliant 

on the production of reactive oxygen species, such as hydroxyl radicals containing a single 

unpaired electron [Glaze et al., 1987]. This species may be manufactured from water utilizing 

energy sources like solar, electrical, or acoustic energy, or it can be made by simple chemicals 
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like ozone, H2O2, or other molecules with or without the aid of a suitable catalyst. The only 

difference is in the method by which the hydroxyl radicals are created. As a result, they interact 

aggressively and quickly with a variety of chemical species that would be exceedingly 

challenging to break down otherwise. Since oxidation products, including carbon dioxide, 

water, and biodegradable organics, are produced by AOPs, they are relatively superior to other 

traditional techniques [Kurian et al., 2015]. AOPs involve the photocatalysis process, which is 

crucial to a photocatalyst's ability to capture sunlight. Subsequently, in the presence of various 

solar spectrum ranges, these photocatalysts have been successfully employed to address issues 

pertaining to environmental pollution and energy shortages. 

Heavy metals like arsenic and chromium may be removed from municipal wastewater using 

AOPs. Pathogens and pharmaceutical residues can also be removed, and hazardous effluents 

from sources like hospitals and slaughterhouses can be treated using AOPs. Examples of 

industrial effluent treatment include agrochemical, distillery, paper and pulp, oilfield, textile, 

and metal-plating wastes [Wols et al., 2012]. AOPs may be divided into various groups 

according to the mechanism that produces the transient hydroxyl radical, as shown in Figure 

2.2. 

 

Figure 2.2 Representatives of advanced oxidation process (AOP) 
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In AOPs, both homogeneous and heterogeneous catalysts have proven effective. 

Heterogeneous systems have several benefits over homogeneous ones. These advantages 

include the ability to tolerate harsh working conditions, the ease with which the catalyst may 

be separated for reuse from the treated water, and the absence of further treatment for the 

removal of dissolved metals [Nair et al., 2017]. Furthermore, the heterogeneous system works 

well throughout a wider pH range, which includes the typical pH range of 2 to 9 for natural 

water and wastewater. Catalysts that are stable, effective, and active are essential for 

decomposing contaminants in AOPs.  

2.6.1. Advanced chemical oxidation processes  

In chemical AOPs, the transient species are created using combinations of chemical reagents. 

The most common type of oxide is H2O2; however, ozone and air are also occasionally 

employed. 

Fenton’s reagent (Fe2+/H2O2) 

An essential type of chemical AOPs is the Fenton technique, which uses a solution of a soluble 

iron (II) salt and H2O2, sometimes referred to as Fenton's reagent, to break down and eliminate 

contaminants. The technique was first developed by Fenton, who published groundbreaking 

research on the oxidation and destruction of tartaric acid using a combination of H2O2 and Fe2+ 

[Fenton et al. 1894]. Equations 2.1 to 2.5 describe the chain mechanism and complex radical 

that governs the catalytic breakdown of hydrogen peroxide by iron salts [Nogueira et al., 2007]. 

It should be mentioned that while a specific H2O2 concentration promotes the highest rate of 

OH oxidizing species generation, an increase in H2O2 concentration over an ideal value leads 

to higher rates of reaction 2 and other parasite processes.  For example, H2O2 and ⦁OH combine 

to generate HO2
⦁, which has a reduced oxidation potential and reduces the effectiveness of 

pollutant breakdown [Rodríguez et al., 2016]. Numerous pollutants have been thoroughly 

studied in the homogeneous Fenton process, including pesticides, organic compounds such as 

Fe2+ + H2O2 → Fe3+ +   ˙OH + OH−Ea = 39.5kJmol−1k1 = 76M−1s−1 (2.1) 

Fe3+ + H2O2 → Fe2+ +  HO2
• + H+Ea = 126kJmol−1k2 = 0.001 − 0.01M−1s−1 (2.2) 

Fe2+ + HO2
• → Fe3+ +  HO2

−Ea = 42kJmol−1k3 = 1.3x106M−1s−1 (2.3) 

Fe3+ + HO2
• → Fe2+ +  O2 + H+Ea = 33kJmol−1k4 = 1.2x106M−1s−1 (2.4) 

H2O2 + ˙OH → HO2
• +  H2O Ea = 14kJmol−1k4 = 2.7x107M−1s−1 (2.5) 
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chlorophenoxy herbicides, actual effluent water, etc. The Fenton method is advantageous for 

treating water and wastewater since it requires no energy input and operates in a 

straightforward, flexible manner. Its chemicals are also reasonably priced. The application of 

this technology for in situ environmental remediation is, however, limited by significant 

limitations such as acidification to pH 2-4 before treatment, neutralization following treatment, 

and deposit of ferric hydroxide sludge after treatment. 

Heterogeneous Fenton process (Fenton-like reactions) 

The homogeneous Fenton process has several apparent drawbacks, which have led to extensive 

research on heterogeneous solid catalysts for Fenton-like reactions across a broad pH range 

[Bae et al., 2016]. Under such conditions, H2O2 is converted to hydroxyl radicals by the Fe (III) 

species that is trapped inside the catalyst's pores or structure Figure 2.3. This technique stops 

iron ions from leaching into water and causing iron hydroxide to precipitate. Moreover, the 

process offers the benefits of sustained activity spanning several operations and simple spent 

catalyst recovery and separation. A variety of nanomaterials have been tried, with notable 

outcomes due to their high porosity and surface area, which enhance the OH radical generation. 

Recently, a family of heterogeneous Fenton reactions known as Fenton-like reactions 

employing nano-zero valent iron (NZVI) has been identified. As demonstrated in Equation 

2.6, oxidation of NZVI offers an alternate method of generating Fenton reagent in situ. 
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Figure 2.3 Illustration of the process by which Fenton-like nanomaterials break down 

organic compounds. The reactive free radicals that break down harmful contaminants are 

produced by the Fe2+/Fe3+ redox pair. 

  

Materials such as clays, chitosan, and polygorskite composites are typically used to support 

NZVI. It has also been shown that several types of carbon, including activated carbon, doped 

graphene oxide, mesoporous carbon, and biochar, may serve as supports. When combined with 

metals like Cu or metal oxides like Ceria, NZVI nanoparticles function as effective catalysts 

for the breakdown of the targeted contaminants. 

Catalytic wet peroxide oxidation (H2O2/catalyst) 

To produce the transitory oxidant species from water, Fenton-like systems operate in a 

heterogeneous manner using the Fe2+/Fe3+ redox pair. Similarly, OH can be produced via 

standard Fenton-like routes from H2O2 when elements with different valences, like 

nickel, chromium, cobalt, cerium, gold, vanadium, copper, etc, are present. To release 

hydroxyl free radicals from H2O2, a variety of iron-free nanomaterials have been employed as 

heterogeneous catalysts [Ribeiro et al., 2017]. There have also been new reports on catalysts 

based on carbon-containing materials, such as graphitic nanocomposites, carbon nanotubes, 

and magnetic carbon nanocomposites. These materials, despite their neutral pH, promote the 

production of hydroxyl radicals from hydrogen peroxide by means of many processes unique 

to the catalysts employed and their specific composition. 

Perozonation (O3/H2O2) 

Equation (2.7) describes the rapid process that produces hydroxyl radicals when ozone (O3) 

and H2O2 come together to form perozonation [Van Geluwe et al., 2009]. 

 

Potable waters can be disinfected using the perozonation technique because of its benefits, 

which include bactericidal activity and ease of use. At H2O2 to ozone ratios between 0.2 and 

3.0, H2O2 is supplied as an aqueous solution. The poor solubility of ozone in water and its 

susceptibility to several parameters, such as pH, temperature, type of micropollutants, and side 

reactions, restricts the effectiveness of this approach. It has been shown recently that 

O2 + Fe0 + 2H+ → Fe2+ + 𝐻2𝑂2 (2.6) 

O3 + HO2
− → O2 + ˙𝑂𝐻 + O2˙

−  (2.7) 
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nanoparticles operate as active catalysts during the peroxidation process. Perozonation has 

made use of inexpensive metal slags such as Cu–S, Fe–S, Cd–S, Zn–S, and Pb–S, iron slag, 

and zerovalent iron. 

Catalytic ozonation (ozone/catalyst) 

Ozone has a strong oxidation capacity, which makes it useful in water treatment technology. 

However, because it requires complex equipment and has high operating costs, its usage in 

wastewater is restricted. Additionally, ozone reacts selectively with organic contaminants. To 

increase ozonation's reactivity with various organic contaminants under kinder circumstances 

and lower costs, heterogeneous catalysts can be employed. Both homogeneous and 

heterogeneous processes are possible, depending on whether active metal species break down 

ozone or build a complex between the organic component and the catalyst. Equations (2.8) 

and (2.9) describe how O3 and organics chemisorb onto the surface of the catalyst in a 

heterogeneous manner, starting a chain of redox reactions that create the active oxidizing 

species. 

The type and surface characteristics of the catalyst, as well as the pH at which the process is 

operating, determine the process's efficiency. Numerous nanomaterials, including Fe3O4/multi-

walled carbon nanotubes, Co3O4, NiFe2O4, Fe3O4, MgO, and Mn/γ-Al2O3, have been tried and 

tested as catalysts with differing degrees of effectiveness [Wang et al., 2016]. 

Wet Air Oxidation catalyst (O2/catalyst) 

To treat wastewater contaminated by non-biodegradable substances, Wet Air Oxidation uses 

molecular oxygen as an oxidizing agent. To fully degrade pollutants, the indirect technique of 

generating hydroxyl radicals, or active oxygen species, needs high pressure (20–200 bars) and 

temperature (473–593 K). This approach is frequently utilized to address effluents 

characterized by elevated organic content (COD between 10 and 100 g/L) that are not amenable 

to direct biological treatment. The procedure deconstructs intricate compounds into simpler, 

more manageable molecules before their discharge, as demonstrated in Equations (2.10–2.12). 

Typically, with residence times of 15 to 120 minutes, the efficiency of COD removal ranges 

from 75% to 90%. 

 

Fe2+ + O3 → Fe3+ + O3
− (2.8) 

O3
− + H+ ↔ HO3 → O2 + ˙OH (2.9) 
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A major limitation of the WAO process is its inability to completely mineralize organic 

compounds, as certain low molecular weight oxygenated byproducts, such as methanol, 

acetaldehyde, and acetic and propionic acids, are impervious to further degradation into carbon 

dioxide. Additionally, the majority of organic nitrogen molecules are converted to ammonia, 

which is likewise stable under WAO working conditions. Since wastewaters need further 

treatment, usually in a traditional biological treatment facility, the wet air oxidation process is 

regarded as a pretreatment step. Several nanomaterials have been treated using catalytic wet 

air oxidation (CWAO), which aims to lower the operating temperature and pressure and, in 

turn, lower the treatment process's total cost. Examples include carbon-based catalysts, 

ruthenium, manganese, cobalt, and nickel, as well as Pt/TiO2–CeO2, Ru/nitrogen-doped carbon 

nanofibers, (Ce–Fe) O2 mixed oxides, and Cu/clays [Lai et al., 2019].  

2.6.2. Photochemical advanced oxidation processes 

Photochemical AOPs utilize light energy to generate transient reactive species. Compared to 

chemical AOPs, they are generally considered simpler, more cost-effective, environmentally 

friendly, and more efficient processes. They are also capable of disinfecting water. Therefore, 

strong oxidants like O3 and H2O2, as well as catalysts like Fe3+ or TiO2, have been linked to UV 

radiation. The degradation of pollutants can be achieved by three different reactions facilitated 

by these photochemical processes: photooxidation in the presence of H2O2, 

photodecomposition in the presence of O3, and oxidation via photocatalysis. 

Photo peroxidation (H2O2/UV) 

At wavelengths between 200 and 300 nm, absorbed UV light has the ability to photolyze 

hydrogen peroxide [Chong et al., 2010]. Equations 2.13-2.19 provide specifics on the 

sequence of events that result from the homolytic fission of the O-O bond of the H2O2 molecule, 

which produces OH radicals. 

H2O2 + hv →  2˙OH (2.13) 

RH + O2 → R• + HO2 
•  (2.10) 

RH + HO2
• → R• + H2O2 (2.11) 

H2 O2 + M → 2˙OH + M (2.12) 
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˙OH + H2O2 →  H2O + HO2
•  (2.14) 

HO2
• + H2O2 →  ˙OH + H2O + O2 (2.15) 

˙OH + HO2
− → HO2

•  + OH− (2.16) 

2HO2
• → H2O2 + O2 (2.17) 

˙OH + HO2
• → H2O + O2 (2.18) 

2˙𝑂𝐻 → H2O2 (2.19) 

Since UV light may form the free radicals HO2
• and •OH, the reaction rate is higher in alkaline 

media with a pH of more than 10. However, the UV area has a very low molar absorption 

coefficient for H2O2; therefore, high quantities of hydrogen peroxide are required for the 

effective destruction of target contaminants. 

Photo ozonation (O3/UV) 

In aqueous solution, ozone exhibits a molar absorption coefficient of 3600 L mol⁻¹ cm⁻¹, 

enabling it to absorb UV radiation in the range of 200 to 360 nm, with a peak at 253.7 nm. At 

this wavelength, the εmax of O₃ (18.6 L mol⁻¹ cm⁻¹) is higher than that of H₂O₂, indicating that 

ozone photolysis is a more efficient process compared to H₂O₂ photolysis. According to 

Equations 2.20–2.23, which outline a series of competitive steps, the photolysis of ozone in 

water generates OH radicals, potent oxidizing agents with higher reactivity [Ruppert et al., 

1994]. 

O3 + H2O + hv → 2˙𝑂𝐻 + O2 (2.20) 

O3 + ˙𝑂𝐻 → HO2
• + O2 (2.21) 

O3 + HO2
• → 𝑂𝐻 + 2O2 (2.22) 

˙𝑂𝐻 + HO2
• → H2O + O2 (2.23) 

  

Recently, heterogeneous catalysts for the photoozonation process have been tested using ZnO 

and TiO2 nanoparticles, with intriguing outcomes. Further study may be done on the application 

of heterogeneous catalysts in the photo-ozonation process since these materials were proven to 

be effective catalysts in producing the oxidant species in the presence of photons. 

Heterogeneous photocatalysis 
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In a photo-electrochemical solar cell, water may be divided into hydrogen and oxygen using 

titanium dioxide (TiO2), a photo-excited semiconductor, as shown by Fujishima and Honda in 

1972. Since then, several modifications to this method have been put forth, which have resulted 

in the creation of a new AOP technology based on semiconductor photocatalysis for a variety 

of energy and environmental applications [Fujishima et al., 1972]. 

A valence band electron is driven to the conduction band when a semiconductor is exposed to 

light with an ultraviolet band-gap energy (hυ>Eg), creating a photogenerated hole (h+) in the 

valence band. When pollution is photocatalytically degraded in wet circumstances, e–/h+ 

couples can migrate to the semiconductor's surface and engage in redox processes involving 

hydroxyl radical (•OH), h+, and superoxide ion radical (O2
•) (Figure 2.4). As an oxidant whose 

capacity is dictated by the oxidation conditions and catalyst employed, photogenerated H+ is 

also thought to be capable of directly destroying organic contaminants. In order to achieve 

optimal efficiency, it is essential to have specialized scavengers present to decrease the charge 

recombination rates, since the photo-induced electrons may readily recombine with hÍ in the 

absence of electron or hole scavengers. Equations 2.24 to 2.29 use TiO2 as the model 

photocatalyst and provide the sequence of subsequent reactions. 
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Figure 2.4 The overall process of photocatalysis. Toxic organics completely degrade due to 

the hydroxyl radicals and superoxide anions generated by electron-hole pairs 

 

TiO2 + hv → e− + h+ (2.24) 

h+ + H2O → H+ + OH− (2.25) 

h+ + OH− → ˙𝑂𝐻 (2.26) 

2e− + O2 + 2H+ → H2O2 (2.27) 

e− + H2O2 → ˙𝑂𝐻 + OH (2.28) 

Organic pollutanats + ˙𝑂𝐻 + O2 → CO2 + H2O + other degradation products (2.29) 

In the case of photodegradation processes, titania-based photocatalysis has moved into the 

nanoscale realm. Additionally, titanium nanoparticles have been employed in conjunction with 

other substances as graphene oxide, carbon nanotubes, zeolites, magnetic 

nanoparticles, UVLED, Au–TiO2/SiO2, mp-MXene/TiO2-x nanodots, etc. 
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Apart from titania-based semiconductors, a wide range of semiconductors have been studied 

for photocatalytic destruction of contaminants. These materials show a titania-like process 

wherein holes and electrons develop first, and then free radicals are produced. The second most 

extensively researched photocatalyst is zinc oxide, which has been used in combination with 

other nanomaterials, including FeNi3@SiO2@ZnO, ZnO/CdSe, and ZnO/graphene 

oxide/nanocellulose, as well as for the photoassisted destruction of target pollutants. Additional 

semiconductors that are often utilized are g-C3N4/Bi2O2CO3/CoFe2O4, ZnS, Ag@MnxOy, 

SnO2, MnCo2O4, NiO, bismuth oxychloride, and CdS nanoparticles. 

Photo-Fenton/Fenton-like systems 

Equation 2.30 shows how the photo-assisted Fenton reaction, which was covered in section 

2.6.1, may be used to increase the production of OH radicals by catalyzing the reduction of 

Fe3+ to Fe2+ [Arana et al., 2001]. 

 

Fe3+ + H2O + hv → Fe2+ + H+ + ˙OH (2.30) 

 

The pace at which contaminants are destroyed is greatly influenced by the UV radiation's 

wavelength and intensity. Despite having a comparatively better efficiency than the 

conventional Fenton process, the photo Fenton approach has certain intrinsic disadvantages, 

such as sedimentation after treatment, reduced pH, and the need to collect wasted homogeneous 

catalyst, among other things. Heterogeneous Fenton systems incorporating a variety of 

nanomaterials have been developed. Various iron-containing nanomaterials, including 

Fe/ZSM-5 zeolite, Fe/Ferric hydroxide, iron oxide, NZVI, Fe2O3/kaolin, FeO (OH)/reduced 

graphene oxide, LaFeO3, and Fe-supported bentonite, have been employed as photo-Fenton 

catalysts. A growing number of reports have been made on ferrite-based nanostructures, 

including nickel ferrite; SnMgNd substituted M-hexaferrite, MoS2/MnFe2O4, graphite carbon 

covering hollow CuFe2O4, and DNSA@chitosan@ MnFe2O4.Various heterogeneous photo 

Fentonlike systems have been experimented with varied degrees of success using Fentonlike 

catalysts such as pillared clays, Mg/Ce ferrite perovskites, Ag/AgCl/ferrihydrite, and Bi2WO6. 

Microwave assisted advanced oxidation processes 

owing to its benefits such as a shorter reaction time and a high degrading efficiency and the 

advancement of scale-up microwave reactors, microwave-induced oxidation (MW-induced 

oxidation) has drawn interest as an Advanced Oxidation Process in recent years. 
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Since microwave energy can be hotpot produced to manufacture more radicals and can be 

selectively absorbed by a catalyst, microwave irradiation may significantly improve pollutant 

degradation. Furthermore, the non-thermal impact of the MW raises the rotational and 

vibrational energy levels of the pollutant molecules, boosting their activity [Verma et al., 

2018]. The problem, therefore, is in creating appropriate materials for microwave absorption 

when radiation interaction such as polarization or hot spots causes heating and non-heating 

effects, resulting in the production of reactive oxygen species and/or electron-hole pairs. The 

surface area of the catalyst is a key factor in determining catalytic activity in microwave-

assisted AOPs since H2O2 is mostly activated there. Consequently, a great deal of nanoparticles 

has been created recently to enhance catalytic performance. Examples of these are MnO2, 

CeO2/Co3O4, Cu/Cu2O/CuO, Mn2O3/AC, LaFe0.5M0.5O3-carbon aerogel, Bi2O2CO3, 

NiFe2O4/natural mineral, Fe3O4, and CuOx/GAC. 

Sonochemical advanced oxidation processes 

Wastewater can be purified using ultrasound waves by a physical (direct) method or a chemical 

(indirect) method. High frequencies of sound are produced by the chemical process, which 

involves the homolytic fission of oxygen and water molecules to produce •O, •HO2, and •OH 

radicals. The physical mechanism is the production of expanding and contracting bubbles that 

generate powerful breaking forces at pressures of around 2000 atmos and temperatures of 

approximately 5000⁰ C (Figure 2.5). As demonstrated by Equations 2.31 and 2.32, sonolysis 

of water molecules results in the production of reactive radicals that can react with organic 

chemical species existing in the aqueous media or destroy organic contaminants via pyrolysis. 

 

H2O+))) → ˙OH + ˙OH (2.31) 

˙OH +  Pollutants → Products (2.32) 

 

 

Figure 2.5 Illustration of an indirect sonolysis concept. After going through several cycles of 

growth and collapse, the bubbles create powerful breaking forces at very high pressures and 

temperatures, which cause the sonolysis of water molecules and the production of reactive 

radicals. 
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Due to the enhanced production of OH radicals, the combination of ultrasonic irradiation and 

Fenton (sono Fenton process) and photocatalysis and ultrasonic irradiation 

(sonophotocatalysis) has a noticeable impact on the degradation ratio of organic contaminants. 

It has been found that sonophotocatalysis improves the ratio of hazardous chemical material 

breakdown. Target pollutants' Fenton degradation and photodegradation have been 

demonstrated to benefit from the combined action of ultrasound and other treatments [Reddy 

et al., 2016]. 

2.7. Mechanism of photocatalysis                  

UV light generates a redox environment in the aqueous solution and activates a semiconductor 

photocatalyst in the photocatalytic process. In addition to their electronic structure, which is 

made up of an empty conduction band and a filled valence band, semiconductors serve as 

sensitizers for light-induced redox reactions [Hoffman et al., 1995]. The term bandgap refers 

to the energy difference between the conduction band and the valence band. For a 

semiconductor photocatalyst to generate excited-state conduction band electrons and positive 

holes in the valence band, it absorbs photons with energies that are equal to or exceed its 

bandgap or threshold energy (Eg), thereby promoting electrons from the valence band to the 

conduction band. To use these charge carriers for redox processes involving adsorbed species, 

it is necessary to efficiently avoid their recombination. The charge carriers may follow distinct 

routes to dissipate the input energy as heat. They may recombine non-radiatively or radiatively, 

or they may become trapped in shallow or deep traps (ST or DT). Ultimately, they have the 

ability to react with electron acceptors or donors that are deposited on the photocatalyst's 

surfaces. Indeed, Serpone et al. have demonstrated that trapped holes and electrons are the 

source of every photoredox reaction that takes place at the surface of a particle [Serpone et al., 

2006]. 

Semiconductors absorb light with energy equal to or greater than the bandgap energy (Eg), 

which results in the promotion of an electron from the valence to the conduction band. This 

results in the development of an electronic vacancy or hole (h+) at the valence band edge. It is 

also possible to identify this hole as a chemical substance. This hole may lead to further initiate 

chemical reactions, interfacial electron transfer, or facilitate the diffusion of surface-bound OH‾ 

ions into the bulk solvent or adsorbate. Typically, the hole is in the valence band edge, and the 

photogenerated electron is in the conduction band edge. If the energies of the electron and the 

hole are not equal, electron-hole recombination may not be sufficient to deactivate the catalyst. 

Semiconductors, in contrast to metals, do not have a continuous chain of interband states to 
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promote electron-hole pair recombination [Saravanan et al., 2017]. This guarantees a lifetime 

of electron-hole pairs that is long enough for these species to engage in interfacial electron 

transfer. Accordingly, photoexcitation typically results in the creation of an electron-hole pair 

that is positioned at the valence band and conduction band boundaries, respectively, Equation 

2.33. 

Semiconductor → e− + h+ (2.33) 

 

The electron-hole pairs that were photogenerated in the semiconductor's aerated solution in 

contact with organic compounds start a sequence of redox processes that are described below. 

i) Hydroxyl radicals are produced when photogenerated holes oxidize hydroxyl ions 

and adsorbed water molecules, Equations 2.34 and 2.35.                  

 

H2O + h+ → ˙OH + H+ (2.34) 

OH− + h+ → ˙OH (2.35) 

 

ii) Equation 2.36 describes the reduction of oxygen that is dissolved by 

photogenerated electrons, which results in superoxide anion radicals. These radicals 

then trigger a sequence of redox processes, which yield H2O2, Equations 2.37 to 

2.41. 

 

 

O2 + e− → O2
•− (2.36) 

O2
•− + H+ → HO2

•  (2.37) 

O2
•− + HO2

• → O2 + HO2 (2.38) 

HO2
− + H+ → H2O2 (2.39) 

HO2
• → H2O2 + O2 (2.40) 

2˙OH → H2O2 (2.41) 

 

 

iii) Hydroxyl radicals are produced by gradually degrading the photogenerated 

H2O2Equations 2.42 to 2.44. 

H2O2 → 2˙OH (2.42) 
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H2O2 + O2
•− → ˙OH + OH− + O2 (2.43) 

H2O2 + e− → ˙OH + OH− (2.44) 

 

iv) The holes take part in the oxidation reactions directly. 

v) Generation and involvement in the oxidation of singlet oxygen species. 

 

These O2
•-, and •OH, are essential participants in the degradation of the contaminants. A 

schematic illustration of the several activities that take place on a photocatalyst's illuminated 

surface may be found in Figure 2.6. 

 

Figure 2.6 The mechanism through which a semiconductor is excited at the bandgap 

 

 

 

Given that the adsorbate possesses a redox potential conducive to a thermodynamically 

favourable reaction, a photogenerated hole that arrives at the semiconductor's surface may 

engage in interfacial electron transfer with an adsorbed substrate (Equations 2.45 and 2.46). 
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D + h+ → D•+ (2.45) 

A + e− → A•− (2.46) 

Furthermore, it is possible to diminish an adsorption acceptor by removing an electron from 

the surface, and it is also possible to oxidize an electron donor that has been adsorbed by 

transferring an electron to a hole that has been produced by a photon on the surface. An anion 

radical, A•‾, is produced by electron trapping, while a cation radical, D•+, is produced by hole 

trapping. Such radical ions are involved in various processes. They may participate in bulk 

solution chemical processes by diffusing off the semiconductor surface, or they could react 

chemically with the adsorbates and even themselves. To disperse the excitation energy by a 

method that does not involve radioactivity, they might also recombine through the process of 

reverse electron transfer [Ajmal et al., 2014]. 

2.8.Applications of photocatalyst          

Numerous fields have seen the application of photocatalysts. This section presents a few 

prototype chemical changes that have drawn a lot of interest, in line with our core objective of 

exposing materials-related features of photocatalysts. These include processes like water 

purification, CO2 reduction, and N2 reduction that are thermodynamically uphill.  

2.8.1. Water purification 

The global challenge of clean water scarcity and demand stemming from prolonged droughts, 

population expansion, and fast industrialization has grown. In response to this increasing need, 

several solutions and feasible methods have been used to provide more sustainable water 

supplies. Some short-term solutions include storing rainwater for use in everyday tasks and 

expanding catchment areas to accommodate stormwater runoff. It can be difficult for 

governments and the water industry to find sustainable water supplies in some dry regions with 

plenty of sunshine, little precipitation, and prolonged drought. Millions of people each year 

pass away from serious waterborne illnesses, and an estimated 4 billion people worldwide lack 

access to clean, sterilized water supplies [Malato et al., 2009]. These statistics are anticipated 

to rise shortly as a result of the overwhelming release of pollutants and micropollutants into 

the natural water cycle, which is causing growing water pollution. To prevent the limitation of 

clean water from getting worse, it would be ideal to treat wastewater using cutting-edge, 

inexpensive, and highly effective water treatment technology [Bradley et al., 2002]. 

2.8.2. N2 reduction 
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N2 reduction, occurring at a pace of more than 150 million tons per year, is an artificial reaction 

that is extremely significant to contemporary society [Pattabathula et al. 2016]. According to 

some estimates, it contributes considerably to CO2 emissions and makes up around 3−6% of 

the world's total electric energy usage. Technically speaking, the majority of the reaction is 

conducted via the Haber-Bosch method (N2 + 3H2 → 2NH3), which requires high pressures 

(20–40 MPa), high reaction temperatures (400–600 °C), and a significant amount of H2 that is 

produced by methane stream reforming. As a result, the process faces difficulties such as quick 

catalyst deactivation and low efficiencies. In theory, photocatalytic processes might potentially 

tackle these problems by utilizing photocatalysts to activate N2 by photoexcitation. In fact, 

Schrauzer and Guth claimed groundbreaking work as early as 1977 [Schrauzer et al. 2002]. N2 

reduction has key processes with CO2 reduction and water splitting. Equations 2.47 and 2.48 

demonstrate how photogenerated electrons decrease Nitrogen to create Ammonia (0.057 V vs 

NHE) and how H2O is oxidized by photogenerated holes (1.23 V vs NHE). 

N2(g) + 6H+ + 6e− → 2NH3(g) (2.47) 

2H2O (l) + 4h+ → O2 (g) + 4H+ (2.48) 

The overall reaction (E~1.17V) may be written as  (2.49) 

N2(g) + 3H2O (g) → 2NH3(g) +
3

2
O2(g) 

(2.50) 

 

2.8.3. CO2 reduction 

In general, there are three steps participated in the photocatalytic CO2 reduction method of 

semiconductors: 1) Under light irradiation, electron–hole pairs occur, with the electrons 

moving to the conduction band and remaining holes in valence band after the semiconductors 

absorb input photons with energy greater than or equal to the bandgap energy (Eg). 2) Charge 

recombination occurs concurrently with the movement of charge carriers and spatial separation 

toward the surface of photocatalysts. 3) The holes and electrons produced by photogenerated 

processes interact with the CO2 and H2O reaction agents that are adsorbed on the catalysts' 

surface to initiate the redox reactions. The reduction of CO2 molecules adsorbed on 

semiconductor surfaces to carbonaceous fuels (such as acetaldehyde, methane, and carbon 

monoxide) and the oxidation of water or electron donors constitute the third stage. The total 

activity and reusability of the photocatalytic CO2 conversion reaction depend on the other two 
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processes: desorption of final reaction products and the absorption and activation of CO2 

molecules.  

On the other hand, thermodynamics and kinetics present a combined challenge for 

photocatalytic CO2 reduction. At 750 kJ mol−1, CO2 is substantial bond energy of a stable linear 

molecule. In order to establish the C-H link and form hydrocarbon molecules, breaking the 

C=O bond requires a suitable light-responsive semiconductor, which can be obtained 

thermodynamically through photocatalytic CO2 reduction [Wang et al., 2021].  

 

2.9. Semiconductor as a photocatalyst       

Semiconductors, such as ZnO, Fe2O3, TiO2, CdS, SnO2, ZrO2, ZnS, and WO3, have electronic 

structures that are filled in the valence band and unoccupied in the conduction band, which 

makes them potential sensitizers for light-induced redox reactions [Wang et al., 2014]. A 

semiconductor's lower edge of the conduction band can be thought of as a measure of the 

photoexcited electrons' reduction strength, while the higher edge of the valence band represents 

the holes' oxidation strength. Band energies of several semiconductors are shown in Figure 2.7 

in relation to the electrochemical potentials of hydrogen and oxygen [Maruska et al., 1978]. 

Table 2.2 shows the determined band energy, valence band position, and Conduction band 

position of semiconductors (at pH = 1). 

For the formation of an electron-hole pair, a photon must have an energy greater than the band 

gap energy. Recombination releases the stored energy in an instant of nanoseconds when 

appropriate scavengers are not present [Meng et al., 2002]. Recombination is inhibited, and 

further redox reactions are possible if an appropriate scavenger is accessible to capture the hole 

or electron. In contrast to the conduction band electrons, which are effective reductants 

(+0.5 to − 1.5V vs NHE), the valence band holes, depending on the pH and Semiconductor, 

can be powerful oxidants against the usual hydrogen electrode (+1.0 to + 3.5V). A large 

number of organic degradation processes made use of the holes' oxidizing activity, in either a 

direct or indirect way [Wang et al., 2018]. In bulk semiconductor electrodes, band bending 

results in the availability of only one species, either the electron or the hole, for the reaction. 

On the other hand, both species are present on the surface of extremely tiny suspensions of 

semiconductor particles. As a result, there are potential oxidative and reductive routes. 
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Figure 2.7 Bandgap values of different semiconductors 

If the recombine of electron-hole pairs is as much repressed as feasible, photocatalysis can 

produce chemical products. One way to achieve this is by capturing either a photogenerated 

hole or an electron, or both. According to a literature review, organic molecules can go through 

their first oxidation either directly via the valence band hole before becoming trapped inside or 

on the surface of the particle, or indirectly via a surface-bound hydroxyl radical, which is a 

hole at the surface of the particle that is trapped [Swift et al., 2019]. 

Table 2.2:  Basic semiconductor photocatalysts and their band positions (water at pH 1). 

Semiconductor 

material  

Valence band 

(V vs NHE ± 

0.1 V) 

Conduction 

band (V vs 

NHE ± 0.1 V) 

Eg (eV) Bandgap 

wavelength 

(nm) 

GaAs + 2.2 -1.0 3.0-3.2 413-380 

GaP + 1.0 -0.4 3.9 318 

CdSe + 1.6 -0.1 2.8 440 

CdS + 2.1 -0.4 3.7 336 
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WO3 + 3.0 + 0.2 2.8 343 

ZnS + 1.4 -2.3 2.5 497 

ZnO + 3.0 -0.2 1.7 730 

SnO2 + 4.1 + 0.3 1.4 887 

TiO2 + 3.1 -0.1 2.3 540 

 

There are various intriguing characteristics of particulate semiconductor photocatalysts. For a 

semiconductor particle loaded with metal, each photocatalyst serves as a photochemical or 

a micro photoelectrode diode. They are beneficial for surface reactions due to their huge 

surface area. They have unique photophysical characteristics that are influenced by the 

quantum size effect. Their affordability and simplicity of production render them appealing for 

various real-world uses [Vaya et al., 2020]. Despite TiO2 having low catalytic activity for 

electron transfer reactions, its substantial bandgap energy (> 3.0 eV) makes it an effective 

photocatalyst. It was found that large bandgap semiconductors outperformed low bandgap 

materials as photocatalysts. These ideas have numerous uses in the fields of pollution control 

and environmental chemistry. Photocatalytic water splitting for hydrogen production and 

photocatalytic degradation of pollutants in wastewater are two areas that have attracted a lot of 

attention [Navidpour et al., 2023].  

The choice of copper sulfide (CuS), cadmium sulfide (CdS), and molybdenum disulfide (MoS2) 

in this study was based on their clearly established photocatalytic properties and their 

performance in destroying the environmental pollutants in the presence of visible light. CuS 

has been appreciated due to its chemical stability, low toxicity, and optical qualities that assist 

in the production of reactive species that are essential in the dismantling of the organic 

contaminants. A narrow band gap semiconductor, CdS, is a material that seriously absorbs the 

visible spectrum; thus, it is a good photocatalyst, although its performance is limited by fast 

electron-hole recombination. MoS2 is a two-dimensional material and characterized by high 

surface area and active site catalytic sites, which make it more stable and active as a 

photocatalyst. As heterostructures, e.g., MoS2/CdS, CdS/Cs3Bi2Br9, and MoS2/Cs3Bi2Br, these 

materials can show synergistic effects, which inhibit charge recombination and add more active 

sites, resulting in a much higher pollutant degradation rate. The optical and catalytic 

complementary properties of CuS, CdS, and MoS2, therefore, offer a strong platform of high-
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performance photocatalytic environmental remediation in the presence of visible or sunlight. 

A combination of this kind was made to effectively increase degradation rates and capitalize 

on the advantageous properties of each constituent in sustainable pollutant removals (Sudhaik 

et al., 2022; Liu et al., 2020; Ullah et al., 2023; Tran et al., 2024). 

2.9.1. Role of CdS as photocatalyst  

Cadmium sulfide has attracted much attention because it is a good semiconductor photocatalyst 

under visible light, with a low direct bandgap of 2.4 eV [Li et al., 2015]. The majority of 

photocatalytic processes are best suited for it because of its ideal band locations, which are 

VB at 1.8 eV and CB at − 0.5 eV with regard to NHE. It has a powerful reduction power and 

a broad range of light absorption. However, the quick charge recombination rate is one of its 

limitations. As a result, a lot of research is being done to improve the transfer charge rate and 

retard the charge recombination rate. Additionally, photocorrosion is an issue for CdS, which 

severely limits its use in photocatalysis. It is an irreversible process whereby the holes readily 

oxidize the sulphide ions, forming solid sulfur as a result [Zhao et al., 2016]. 

CdS + 2h+ → Cd2+ + S (2.51) 

Therefore, it is necessary to prevent hole aggregation on the surface and delay the charge 

recombination rate to effectively use CdS as a semiconductor photocatalyst. It may be possible 

to get over these constraints by recombining CdS with oxidation (TiO2, ZnO, BiOI, etc.) or 

reduction (C3N4 or Co9S8) photocatalysts to generate a Z-scheme photocatalyst. When CdS and 

the reduction photocatalyst are combined, the electrons in CdS's CB interact with the holes in 

the reduction photocatalyst's valence band, preserving both the holes and the electrons of the 

reduction photocatalyst. However, the drawback is that CdS holes can still encourage the 

material to corrode itself. Consequently, the prepared photocatalyst's stability is affected. 

Cadmium sulfide-based heterojunction photocatalysts    

The majority of metal sulfides function as reduction photocatalysts because of their negative 

CB locations. Therefore, CdS photocorrosion might be greatly reduced by combining it with 

oxidation photocatalysts, which would maintain both the holes of the oxidation photocatalyst 

and the electrons of CdS. Meng et al. synthesized CdS/InVO4 using a microwave-assisted 

hydrothermal technique and examined how RhB dye degraded in samples of water. When 40% 

InVO4 and CdS were added, almost 93% of the 10 ppm RhB solution could be broken down in 

40 minutes of exposure to visible light (400 nm cutoff filters on a 250 W Xe lamp). Under 
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comparable circumstances, the photocatalytic effectiveness of CdS/InVO4 is five times better 

than that of pristine CdS and InVO4 [Meng et al., 2017]. 

 The hydrothermal synthesis of cadmium sulphide (CdS), which produced well-crystalline 

nanoparticles, was employed as a photocatalyst to degrade the fluoroquinolone antibiotic 

ofloxacin in the presence of visible light. After 80 minutes, about 80% conversion was attained, 

mostly due to the action of •OH. The tetracycline antibiotic's susceptibility to degradation was 

examined in CdS nanoparticles produced under microwave irradiation and electrophoretically 

coated on aluminium plates under simulated daylight irradiation. The deterioration was caused 

by O2•‾ and •OH radicals. Additionally, complicated CdS-based heterostructures have been 

researched. Yang and colleagues produced CdS/MOF-derived porous carbon (MPC) 

composites by pyrolyzing zeolitic imidazolate framework (ZIF-8) and then growing CdS 

photocatalyst in visible light. The structure, in comparison to bare CdS, exhibits much superior 

photocatalytic activity for the decomposition of cephalexin antibiotics by reducing both bulk 

and surface recombination, as reported by the scientists. Hydrothermal synthesis was used to 

produce octahedral CdS/SnIn4S8 nano-heterojunctions at various CdS to SnIn4S8 molar ratios. 

Compared to both CdS and SnIn4S8, the heterojunction with the ideal ratio (0.5:1) demonstrated 

significantly better visible-light photocatalytic activity. This is most likely because the 

photogenerated charges were separated and transferred more effectively. With outstanding 

reusability, this photocatalyst could successfully mineralize actual pharmaceutical effluent 

[Mishra et al., 2023]. 

Recently, Ag/CdS/Pr-TiO2 nanoparticles were able to degrade a 32ppm dye solution by 98%. 

The scientists proposed that a higher quantity of hydroxide ions was adsorbed on the 

TiO2surface to counteract the charge distribution brought about by the addition of Pr3+ ions, 

which is why the photocatalytic effectiveness increased. Moreover, the surface imperfections 

on CdS led to a delayed rate of charge recombination, improving the produced composite's 

photocatalytic performance. Gadore et al. presented a one-pot synthesis method for the 

production of CdS/CeO2 nanocomposite. After 60 minutes of exposure to direct sunlight, the 

produced photocatalyst was able to eliminate 190 parts per million of RB dye [Gadore et al., 

2023]. 

2.9.2. Role of MoS2 as photocatalyst    

For applications including energy production and environmental cleanup, MoS2 has been 

demonstrated to be the perfect catalyst [Gadore et al. 2021]. There are two phases of monolayer 
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MoS2: semiconducting 2H MoS2 and metallic 1T MoS2. The most stable phase of MoS2 that 

occurs naturally is 2H. MoS2 is able to absorb photons in the visible spectrum due to its tiny 

bandgap, which is between 0.9 and 1.9 eV. It is extensively utilized in dye-sensitized gas 

sensors, solar cells, supercapacitors, and photocatalysis. Nevertheless, MoS2's narrow bandgap 

energy limits the photogenerated holes and electrons' ability to interact quickly, thereby 

reducing its photocatalytic activity. Consequently, it is recommended to make changes such as 

doping and producing nanocomposite materials that incorporate additional semiconductors in 

order to postpone charge recombination and enhance light-harvesting capabilities. 

Heterojunction Molybdenum sulphide-based photocatalysts 

Although pure MoS2 typically has a greater charge recombination rate, which retards its 

photocatalytic activity, modifying the prepared samples' morphology and size may be able to 

increase the activity. With a bandgap of roughly 2.15 eV, MoS2/rGO is suited for the 

decomposition of organic contaminants found in wastewater. When compared to pure MoS2 

nanoparticles, MoS2/rGO produced using a hydrothermal approach demonstrated a higher 

surface area and enhanced photocatalytic efficiency. After exposure to visible light for 30 

minutes, the produced nanocomposite had a maximum degradation efficiency of 72% for a 10 

ppm RhB solution, whereas virgin MoS2 only demonstrated 24% degradation under the same 

conditions [Zhang et al., 2016]. 

A simple in-situ hydrothermal technique was used to create a MoS2/CoTiO3 nanorod 

heterostructure with a flower-like appearance. The synthesized MoS2/CoTiO3 heterostructures 

demonstrated photocatalytic performance under solar radiation for the CIP and BPA 

degradation, with the degradation procedure proceeding according to pseudo-first order 

kinetics. Nevertheless, among all the catalysts that were constructed, the 5-MS/CTO 

heterostructure demonstrated the highest photocatalytic performance, outperforming pure 

MoS2 by 15.66 (BPA) and 22.32 (CIP) and pure CoTiO3 by 26.85 (BPA) and 39.97 (CIP). The 

reduced electron-hole recombination rate in heterostructures and accelerated charge carrier 

separation across the interface are attributed to the intimate high contact between MoS2 micro-

flowers and CoTiO3 nanorods, which further improves photocatalytic activity [Dadigala et al., 

2021].  

The successful fabrication of an efficient photocatalyst, C3N4/MoS2 − PANI, was employed 

to degrade BPA. The gC3N4/MoS2 − PANI nanocomposite demonstrated photocatalytic 

rate of degradation that were 1.5 times higher than those of the gC3N4/MoS2 sample in the 
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context of Bisphenol A photodegradation. The improved the degradation efficiency of 

gC3N4/MoS2 − PANI can be attributed to PANI's conductive properties, as well as its 

enhanced surface characteristics and structural morphology [Ahamad et al., 2020]. 

2.9.3. Perovskite as photocatalyst 

The mineral perovskite was named for the Russian mineralogist Lev Perovskite when it was 

first found in the Ural Mountains in 1839. The first reports of organic-inorganic hybrid 

perovskite materials date back to 1978, according to Weber et al. The chemical structure of 

metal halide perovskites is ABX3, with the A-site typically being a monovalent inorganic cation 

like Rb+, Cs+ or an organic cation like Formamidine (FA+, CH, CH2
2+). Generally, the B-site is 

occupied by a divalent metal cation, including , Bi3+, Sn2+, Ge2+, Pb2+, among others. Ions of 

the halide type, such as Br-, Cl-, I- etc, inhibit the X site in most. Due to their favourable 

properties, such as high optical absorption coefficients, tunable emission wavelengths, elevated 

charge carrier mobility, extended carrier diffusion lengths, structural simplicity, facile 

synthesis methods, and mechanical flexibility, these materials are extensively utilized in 

diverse optoelectronic applications, including light-emitting diodes (LEDs), photovoltaic 

devices, photocatalytic systems, and photodetectors. Historically, research on perovskite 

materials has predominantly centered on their electrical transport behavior, magnetic properties 

and structural phase transitions [Zhou et al., 2022]. 

Heterojunction perovskite-based photocatalysts 

Perovskite nanocrystals in the Gamma phase of Cesium Lead tribromide nanocrystals have the 

potential to degrade photocatalytically and exhibit long-term stability. In order to enhance the 

photocatalytic degradation efficiency toward various dye pollutants, suppress the 

recombination of photogenerated electron–hole pairs, and mitigate the toxicity concerns 

associated with gamma CsPbBr₃ nanocrystals, Zhang et al. developed gamma CsPbBr₃ 

NCs/poly (methyl methacrylate) electrospun nanofibrous membranes (ENMs) via 

electrospinning technology. The developed γ-CsPbBr3 NCs/PMMA ENMs exhibit a high 

surface to volume proportion and a multitude of functional assemblies on the ENM surface, 

making them advantageous for putting gamma CsPbBr3 nanocrystals on PMMA ENM 

surfaces. The findings suggest that high photocatalytic degradation efficiencies of 83.89%, 

98.43%, and 99.18% for MV, MG, and MB dyes, respectively, might be revealed by γ-CsPbBr3 

NCs/PMMA ENMs [Zhang et al., 2020].   
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According to Jing et al. LaFeO3/GO composite was effectively developed and utilized as a 

targeted and effective catalyst to activate PS for the breakdown of BPA in wastewater from 

food. It is possible to eliminate almost 97% of BPA in 0.25% of food wastewater, even with 

the highly complicated background of food wastewaters [Jing et al., 2021].  

2.10.  Modifications of Semiconductor Materials    

A semiconductor's performance can be improved in four fundamental ways, which are as 

follows (Figure 2.8): 

• By a confined state that forms slightly higher than the valence band. 

• Incorporating low band gap semiconductors. 

• By forming a confined state directly beneath the conduction band 

• Through band gap development to establish the color center. 

• Via adaptation of the surface. 

 

 

Figure 2.8 Introduction of localized states above the valence band; narrowing of the band 

gap in the semiconductor; formation of localized states below the conduction band; 

generation of color centers within the band gap; and surface alteration  

As a result, the following methods are used in adaptations: 

• Metal and nonmetal doping 

• Codoping using different combinations of materials for the donor and acceptor. 

• Substitution  

• Coupling photocatalysts 

• Miscellaneous 

Photocatalysts with wide band gaps have a high rate of recombination for hole-electron and are 

colorless. The substance's light-harvesting period, the lifetime of hole- electron pairs, and the 
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quantity of reactive sites on the semiconductor all affect photocatalytic activity [Johar et al., 

2015]. 

Doping 

Doping is one type of photocatalyst modification that involves introducing impurity into a 

semiconductor that is otherwise clean in order to decrease the Eg among the conduction and 

valence band. Semiconductors can be doped with both metallic and non-metallic elements, 

each type of dopant imparting distinct modifications to the crystal lattice and influencing the 

material’s structural and electronic properties. Metal and non-metal doping enhances the photo-

responsiveness of photocatalysts to the visible light spectrum by introducing impurity states 

(new energy levels) situated between the valence and conduction bands, that facilitate 

improved charge carrier excitation under lower-energy photons. With the introduction of these 

new levels, the band gap narrows and excited electrons move from the impurity state into the 

conduction band. A hole or an electron is introduced into the photocatalytic semiconductor 

during doping, regarded as a band gap engineering component. Non-metals like P, N, F, S, Si, 

Cl, I, Se, Br, and so on form new bands above the valence band, while metal dopants like Cr, 

Co, W, Zn, Cu, Mo, Mn, Ni, Fe, and so on form new bands below the conduction band. It 

facilitates better electron trapping, which assists in avoiding recombination. Consequently, 

there is an increment in the activity of photocatalytic substances. The surface 

area, morphology, electrical, magnetic, and photocatalytic activity of photocatalytic 

semiconductors are all enhanced by metal dopants [Patil et al., 2013].  

There are three distinct mechanisms by which non-metals can interact with oxide photo-

catalysts. Firstly, the non-metal dopant can directly interact with the photocatalyst oxide, 

leading to the creation of oxygen vacancy states. For example, carbon doping in TiO₂ has been 

shown to induce the formation of Ti³⁺ species, which introduces mid-gap states between the 

valence and conduction bands, thereby modifying the band structure and enhancing visible 

light absorption. The second possibility is that the dopant might stand in for oxygen at that 

location. Finally, the incorporation of doping material at oxygen-deficient sites or within 

oxygen-substoichiometry regions can stabilize these defects and act as a barrier to reoxidation, 

thereby enhancing the structural stability and photocatalytic durability of the material [Rehman 

et al., 2009]. In the TiO2-terminated surface, lower radius types like Nitrogen, Fluorine, or 

Carbon substitute the oxygen atom, while bigger radius types such as Chlorine, Bromine, 

Phosphorus, and Sulphur displace the oxygen in the SrO-terminated surface, as demonstrated 

by Guo et al. 2015. When photocatalyst oxides and non-metal dopants have similar energies, 
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the bandgap of the material (catalyst) constricts, and it becomes more efficient at absorbing 

light in the visible spectrum. The structural, morphological, optical, and 

electrical characteristics of a semiconductor are also changed by the band gap engineering 

method, which has an impact on the redox potential, surface area, charge-carrier mobility, and 

light absorption. According to Le et al., introducing acceptor and donor species has a direct 

influence on the electronic structure of the photocatalyst, which in turn changes its reactivity. 

Doping results in a decrease of the bandgap of the photocatalyst, meaning that the dispersion 

of the photocatalyst's conduction and valence and exhibits a beneficial effect. The absorption 

spectra edge redshift is the outcome of such alteration. A decrease in bandgap or the inclusion 

of an intraband gap state as a result of doping results in this form of bathochromic shift, which 

allows for the extraction of additional photons from visible light. The following factors 

contribute to the improved performance of dopants added to photocatalysts.  

• Electron-hole recombination is prevented. 

• Offers a larger surface area. 

• Might trigger a sample's pore size to expand. 

• Increased crystalline nature 

• Increases sensitivity over a wide range of frequencies. 

 

Codoping 

Codoping techniques using different donor and acceptor species combinations are frequently 

used to modify the electronic band structure, where a narrowed band gap is the result of both 

an increase in the valence band maximum and a decrease in the conduction band minimum. 

The material's responsiveness over a wider spectrum of the sun is improved by this band gap 

narrowing. Furthermore, a number of studies have documented the effective application of both 

metal and non-metal codoping techniques to enhance photocatalytic performance (Figure 2.9). 

Similar to conventional mono-doping with either metal or non-metal elements, codoping can 

successfully address several inherent host material limitations, such as low carrier mobility, 

inadequate absorption of visible light, high electron–hole recombination rates, and dopant 

solubility constraints (Yan et al., 2013). 
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Figure 2.9 Codoping effect 

Despite only slightly changing the conduction band edge, it has been shown that codoping with 

metal/non-metal pairs such as C–Mo, N–W, N–Nb, N–Ta, and Ce–F significantly increases 

photocatalytic efficiency. Huang et al. state that the codoping of Bi₂WO₆ with Ce and F 

modulates both the optical band gap and the microstructure of the material. It has also been 

demonstrated that the addition of a metal (Sm) and a non-metal (N) suppresses charge carrier 

recombination, restricts crystal growth, and prevents the anatase-to-rutile phase transformation. 

Hydrothermally generated zinc sulfide (ZnS) codoped with Ga and Cu showed enhanced 

stability under prolonged irradiation and a 58-fold increase in photocatalytic performance 

compared to undoped ZnS. In a different case, a hydrogel-assisted technique for creating N/F 

codoped anatase TiO₂ with exposed [001] facets showed better photocatalytic activity due to a 

stronger electron-driving force. More efficient electron injection from the dye's lowest 

unoccupied molecular orbital (LUMO) into the semiconductor's conduction band was made 

possible by this enhancement, which was attributed to a positively shifted flat-band potential. 

Additionally, TiO₂ functionalized with non-metal elements and plasmonic metals showed an 

extended photoresponse under solar, UV, and visible light irradiation, making it effective for 

the degradation of a range of organic pollutants (Yu et al., 2014). 

Coupled Semiconductors or Composites/Coupling photocatalysts 
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The creation of semiconductor composites by means of strategic coupling of two or more 

semiconductors represents another efficient way to increase photo-responsivity and extend 

light absorption capacity in the visible light range. The semiconductors chosen for the 

composite preparation must have tunable band gaps. Usually, high band gap semiconductors 

are matched with smaller ones having more negative conduction band levels. Consequently, 

electrons from the conduction band of the narrow band gap semiconductor are effectively 

moved to the conduction band of the wide band gap semiconductor, enabling better charge 

separation and prolonged photoactivity. 

Numerous photocatalyst combinations, including Ag3 PO4/TiO2, CdSe/TiO2, FeTiO3/TiO2, 

ZnO/CdS, CdS/TiO2 , W18O49/TiO2, NiTiO3/TiO2, CoTiO3/TiO2, ZnO/CdS, TiO2/SnO2, 

ZnO/TiO2, and ZnOAg2S have all been coupled. The synergistic effect of such composites 

results in stronger photocatalytic activity than isolated ones. According to a report, Cr2O3 in 

combination with SnO2 has been discovered to demonstrate improved photocatalytic activity 

when exposed to visible light due to its smaller crystal size, excellent crystalline nanoparticles, 

and enhanced reactivity to light. As subjected to visible light for 60 minutes, the sample breaks 

down 98% of the rhodamine B. Doping related photocatalysts with various mixtures of metals 

and non-metals can further improve the photocatalytic activity. Samadi and colleagues used 

Nd3+ and Zr4+ to codoped TiO2 and SiO2 nanocomposite.  

Bhosale et al. investigated the influence of dopant incorporation on the morphology and 

uniformity of TiO₂/SiO₂ thin films. Their findings revealed that doping induces the formation 

of a spongy microstructure and promotes uniform particle dispersion with minimal 

agglomeration. This structural improvement contributes to a more efficient degradation of 

methyl orange, primarily due to the suppression of charge carrier recombination. Additionally, 

semiconductor coupling strategies may involve the incorporation of secondary metal oxides, 

such as TiO₂ or Al₂O₃, onto the mesoporous surface of SnO₂ to further enhance photocatalytic 

activity (Ramasamy et al., 2010). 

Substitution 

The replacement of one metal with another is an additional method to alter the photocatalyst's 

activity. A CaFe2O4-MgFe2O4 bulk hetero-junction (BH) lattice photocatalyst was found to 

have more photocurrent after revealing the addition of Ti4+at the Fe4+position [Borse et al. 

2012]. The Ti ion-doped sample's effective charge separation also resulted in an improved 

quantity quantum yield for the photo decomposition of the H2OCH3OH combination. 
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Wang et al. (2012) examined the alterations in the band gap resulting from the substitution of 

various metals, such as Zr, Molybdenum, Hf, and Titanium, for tungsten in WO3. They said 

that when W in WO3 is replaced by a metal of the same valency, such as Mo or Cr, the band 

gap is lowered by relocating the conduction band edge to the lower side. On the other hand, 

adding metals with lower valency, including Hf, Ti, and Zr, causes the conduction band edge 

to move higher, hence broadening the band gap. Substituting oxygen with sulphur creates 

localized occupied states above the valence band, which causes the band gap to close as the 

conduction band minimum moves upward. Both of these outcomes are beneficial purposes. 

Long et al. also investigated the effect on band edge or electrical properties employing dopants 

of Sn, Ge, Pb, and Si. They noticed that distinct forms of the same dopant, such as rutile or 

anatase, transmit distinct electrical properties. Therefore, the effect on the band gap may be the 

same for different dopants. For example, rutile TiO2 that is Pb-doped, Si-, Ge-, and Sn-doped 

exhibits a band gap reduction of around 0.1 with an approximate value of 0.55eV, while anatase 

form diminishes the band gap by 0.20 and 0.15eV and broadens it by 0.06 and 0.02eV, 

respectively. 

Miscellaneous 

Titanium is a pure crystalline metallic oxide with a band gap above 3.1 eV. Its wide band gap 

enables its application in renewable energy generation and environmental cleanup, as it is 

effective in the ultraviolet (UV) spectrum. During the synthesis of titania by the solution phase 

method, Yaghoubi et al. noted the formation of an energy gap attributed to midgap states. The 

photoreactivity is enhanced by the oxygen vacancy and extensive surface area of the undoped 

mixed-phase TiO2 nanoparticles, which possess a bandgap of around 2.2 eV. 

2.11. Methods used for preparation of nanomaterials:  

Co-precipitation method 

One easy way to make all sorts of nanoparticles is by using this method, which is widely 

utilized.  This method calls for a liquid medium to facilitate the precipitation process.  It is 

possible to create homogenous nanoparticles using this method.  In a nutshell, coprecipitation 

is the process of mixing salts that are soluble in water, often of metal ions with trivalent or 

divalent charges.  Trivalent metal ions are the usual form of salts that are soluble in these.  

These salts that dissolve in water undergo a reduction process and, in the end, produce a salt 

that does not dissolve in water, known as a precipitate.  The reaction conditions and reducing 

agent dictate whether the solution must be stirred continuously or not in relation to the heat 
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conditions.  Particles using this method typically display less crystalline nature.  Using heat 

energy, the particles may be made more crystalline.  Standard reducing agents like sodium 

hydroxide and ammonia solution are employed to maintain the required pH, ensuring that the 

entire process remains in an alkaline medium.   Several factors influence the size of the 

nanoparticles, including the pH of the solution, the salt ratio, the sustained temperature of the 

reaction medium, and the kind of base employed.  Figure 2.10 shows the schematic diagram. 

 Filtration or centrifugation can separate the solvent, which can then be further purified and 

dried.  Another way to make doped ferrites is to add different rare-earth elements to the ferrites.  

Ultrafine nanoparticles are required for use in biological applications.  According to Kolahalam 

et al., this method may also be used to produce biocompatible nanoparticles. 

 

Figure 2.10 Schematic illustration of the co-precipitation method 

Sol-gel method            

Nowadays, nanoparticles are generated and produced through an array of approaches, including 

the vapor phase compression method, the mechanical alloying method, the sol-gel method, the 

plasma process, impact with high-energy pellets, and the electrochemical process. Even though 
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all of the aforementioned technologies may produce large amounts of nanomaterial, the sol-gel 

approach is the most popular and has more practical uses in the business world. Due to its 

unique properties, this technique may be used on an industrial scale to produce nanoparticles 

of consistent size and quality. It is possible to make two or more kinds of nanoparticles 

simultaneously using this method, which involves mixing metal (or metal oxide) precursors in 

certain proportions to generate alloy products. The fundamental distinction between the sol-gel 

technique and other methods, such as the electrochemical and plasma methods, is the latter's 

capacity to synthesize alloy products in a single step, while the former is not as large-scale as 

the latter. Furthermore, extremely homogenous, highly pure (99.99% pure) composites may be 

formed via the sol-gel method. This technique also has the benefit of producing metal and 

ceramic nanomaterials at temperatures between 70 to 320°C because of its lower process 

temperature when compared to traditional techniques. Nanomaterials with temperatures 

ranging from 1400 to 3600 degrees Celsius are produced via the various methods described. 

The sol-gel method is an example of a bottom-up synthesis approach. In this process, the end 

molecules are generated by means of a series of irreversible chemical events. The original, 

uniform molecules (sol) go through these changes to become a gel, which is a continuous, 

heavy, 3D molecule. Figure 2.11 shows the sol-gel process flowchart, from precursor to 

aerogel. 

The formation of binary or tertiary hybrid systems involves the utilization of a wide variety of 

salt combinations, each of which possesses a distinct chemical composition. Reaction rates 

vary among the major salts. Concentration, pH, temperature, and solvent type are some of the 

factors that influence the rate of salt reactions. A 3D structure called the polymer gel is formed 

from the density of the cells when the cavities are linked. Volumetric shrinkage causes the gel 

to solidify and harden as it dries. It is worth noting that by modifying the drying conditions of 

the gel, nanosized permeability may be attained. The main advantages of the sol-gel process 

are the low temperatures required, the homogeneous nanostructure that is produced, and the 

outstanding product purity. We know that there are a lot of steps involved in transitioning from 

sol to gel in the sol-gel process, the most common of which is slowly draining the solvent. The 

gel shrinks as it dries, so making sure the conditions are appropriate to prevent fractures from 

developing is an important part of this process. The sol-gel method may be used to create 

materials that can be used in composites or nanocomposite applications [Bokov et al., 2021]. 

 



86 
 

 

 

Figure 2.11 Diagram representing the several steps of the Sol-Gel process 

 

Hydrothermal method                 

Any heterogeneous reaction that takes place at high pressure and temperature when 

mineralizers or aqueous solvents are present is typically referred to as hydrothermal. 

Autoclaves, which are pressure containers made of steel, may or may not have a Teflon lining 

and are usually used to perform this synthetic procedure (Figure 2.12). The reaction is carried 

out in aqueous solutions under regulated temperature and/or pressure. In order to obtain vapour 

saturation pressure, it is feasible to increase the temperature to a level that is higher than the 

point at which water boils. The temperature and the amount of solution that is provided are the 

primary factors that determine the internal pressure that is created in the autoclave during the 

process. The most crucial factors to consider when choosing an appropriate autoclave are the 

pressure and temperature circumstances throughout the experiment, as well as the solvent or 

hydrothermal fluid's resistance to corrosion within that pressure-temperature range. When 

selecting an autoclave material, corrosion resistance is a crucial consideration if the reaction is 

occurring inside the vessel itself. Strong materials that are resistant to corrosion include high-



87 
 

strength alloys, iron, nickel, cobalt-based superalloys, titanium and its alloys, and stainless steel 

from the 300 series (austenitic). 

The hydrothermal approach has been widely used by researchers to create nanoparticles with 

photocatalytic characteristics. By hydrothermally treating the peptized precipitates of a Ti 

precursor with H2O, for instance, TiO2 nanoparticles can be produced. Titanium butoxide was 

used as a precursor to create the precipitates when tetraalkylammonium hydroxide (a protease) 

was present. With longer alkyl chains, the particle size dropped at the same peptizer 

concentration. The shape of the particles was affected by the proteases and their concentrations. 

In another investigation, WO3 was created using a hydrothermal approach for the 

photoelectrochemical solar water oxidation process as well as the breakdown of an aqueous 

solution of rhodamine B when exposed to sunlight [Medina-Ramírez et al., 2015]. 

 

Figure 2.12 Schematic diagram of the hydrothermal method showing the synthesis of 

nanomaterials 

Microwave method                                     

Microwave (MW) radiation has been the subject of a significant amount of research because 

of its ability to activate energy and promote a wide range of chemical reactions. The utilization 

of this approach has been expanded to involve the formation of a wide variety of inorganic 

materials as a result of the advantages it offers in the field of organic chemistry. These 

advantages include a simpler workup, a cleaner atmosphere (i.e., reactions that do not require 
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the use of solvents), higher yields, and enhanced reaction speeds. An illustration of the 

microwave process is depicted in Figure 2.13 as a schematic diagram. 

There is an ongoing debate over the factors that lead to the amplification of chemical processes 

by microwave radiation, despite the many benefits of using microwave radiation to activate 

energy for chemical reactions. Impacts from both nonthermal and thermal microwave impacts 

are at the center of the controversy. The frequency range of microwaves is 0.3 to 300 GHz; 

reactors intended for chemical processes function at 2.45GHz, a frequency designated for 

heating system purposes. Since MW radiation cannot directly break bonds, it is known that it 

is insufficiently energetic to break covalent or hydrogen bonds. As a result, it is unable to 

trigger chemical processes. All reaction elements (solvents, reagents, containers, etc.) in 

microwave chemistry can interact with or disrupt the electromagnetic field. For microwave-

assisted chemical processes to work, the reaction mixture must be able to absorb microwave 

energy efficiently, and the solvents utilized can have a significant impact on this capacity. The 

loss tangent (δ) is a measure of a solvent's or material's capacity to transform microwave energy 

into heat energy. It is anticipated that compounds (solvents, molecules) with high tan δ values 

will be more susceptible to the thermal effects of microwave radiation since they have a good 

ability to absorb microwave radiation. 

In addition to the clear macroscopic alteration in bulk reaction temperature, Kappe et al. 

conducted an in-depth analysis to elucidate the influence of electromagnetic radiation on a 

chemical alteration. Chemical processes were carried out in a silicon carbide tank, which has a 

high microwave absorptivity, to reduce the impact of the electromagnetic field. In order to 

execute the same reactions under similar reaction circumstances, a vessel that is non-absorbing 

of microwave radiation was employed for the comparison. Based on the collected data, the 

study group concluded that the increases in microwave chemistry are driven by the overheating 

phenomena and that the electromagnetic field has no direct effect on the chemical pathway.  

Several publications on the fabrication of composite-ternary materials by the use of microwave 

irradiation have also been published in the appropriate literature. For instance, the 

photocatalytic activity of a composite called (RGO)-BiVO4 (RGO: Reduced graphene oxide) 

was assessed in relation to the breakdown of ciprofloxacin. The MW approach is regarded as 

an easy, quick, economical, and clean way to produce photocatalytic compounds. Furthermore, 

minor adjustments to the reaction variables can readily enhance the materials' physicochemical 
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characteristics. Different sizes, forms, and morphologies of photocatalytic materials have been 

synthesized. These materials can be used in many different ways. 

 

Figure 2.13 Diagram for the microwave-irradiation technique 

2.12. Photocatalytic remediation of organic pollutants    

The ecosystem has experienced numerous natural disasters. However, the greatest threat has 

occurred in the last 50 years, during which time air and water contamination levels have 

peaked. The most significant environmental factor that exists today is the "water age," and 

some people believe that future conflicts will take place on the water. There may soon be a lack 

of clean water due to the growing threat that organic contaminants pose to water resources. 

This is a result of population, urbanization, and industrialization growth that is out of control 

[Jing et al., 2013; Liu et al., 2017]. However, a large number of organic substances, including 

fertilizers, surfactants, solvents, synthetic pigments, and dyes, come from a variety of 

industries, including plastic, textile, pharmaceutical, leather, food, and farming. These 

compounds are stable and have a hard time decomposing naturally, which means they can harm 

people and animals over long or short periods. They may cause vomiting, Nausea, dizziness, 

anxiety, excessive perspiration, effects that are mutagenic and cancer-causing effects, 

dementia, kidney failure, high blood pressure, and other problems. As a result, it is necessary 

to create new technologies to safeguard the environment and public health. 

To encourage the elimination or decomposition of contaminant species by redox processes, 

advanced oxidation processes have been established based on the elimination of contaminants 
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in wastewater. The Advanced Oxidation Process (AOP) has stood out for its exceptional 

performance and great efficiency. By using both direct and indirect methods, these procedures 

effectively remove persistent organic contaminants by utilizing •OH radicals and other active 

oxidizing agents. Among the most potent oxidizing agents, •OH has an extremely high standard 

potential [E°(H2O/˙OH = 2.80V/SHE]. From its initial nonselective reaction with various 

pollutants to the subsequent breakdown of those products into water, carbon dioxide, and 

inorganic ions, it can yield hydroxylated or dehydrogenated compounds [Akerdi et al., 2017; 

Byrne et al., 2018]. 

 

Phenols    

The issue of water pollution has grown more serious in recent years, and the phenomenon of 

inadequate industrial wastewater discharge is progressively endangering the environment and 

public health, particularly when it comes to industrial wastewater that contains phenols and 

their derivatives. The state has designated wastewater containing phenol as an essential control 

organic pollutant due to its wide range of contaminants, complex structure, and difficulty in 

degrading. Phenols and phenolic compounds are common pollutants of the aquatic system. 

Phenol is one of the most prevalent and hazardous phenolic chemicals found in wastewater. 

Huang et al. reported the development of a new visible-light-reacting BiOI/Bi2WO6 hetero -

junction photo catalyst by a hydrothermal procedure. The photocatalytic activity of 

BiOI/Bi2WO6 heterojunctions was greater than that of pristine BiOI and pristine Bi2WO6, with 

BiOI/Bi2WO6  exhibiting the greatest efficiency for phenol. The effect of the BiOI and Bi2WO6 

molar ratio on heterojunction photo-catalyst activity was investigated in this work [Huang et 

al., 2021]. Zhang et al. have studied how photocatalytic degradation causes the phenol solution 

to mineralize over BiPO4.After a 5-hour photocatalytic reaction, over 95% of the phenol (10 

ppm, 100 ml) was mineralized, which is better than TiO2 under the same conditions. 

Modestor and Lev investigated the photo-catalytic efficiency of TiO2 in suspension and on 

supported systems, as well as the photo-catalytic oxidation of 2, 4-dichlorophenoxyacetic acid 

using TiO2. Using  TiO2 and activated carbon in combination, [Herrmann et al., 2010] tried 

photocatalytic degradation of 4-chlorophenol.    

Cláudia et al. synthesize zinc oxide nanomaterials incorporated with gold nanoparticles through 

a double impregnation approach. The Au-loaded catalysts showed higher activity when 

compared to bare ZnO; this was measured using the pseudo-first-order kinetic constant and 
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phenol degradation. The Au-loaded ZnO samples made by thermal breakdown of zinc acetate 

(Zn ac) (kapp = 5.6 min-1 mg-1Au for both materials) and chemical vapour deposition had the 

best activity, with mineralization of 82% and 92%, respectively.      

The highest visible-light photocatalytic efficiency was demonstrated by ZnO nanorods with 

large surface flaws, which degraded 10 ppm phenol aqueous solution by 50% in 2.5 hours. This 

degradation rate was nearly four times faster than that of nanorods with smaller surface defects. 

Several photocatalytic byproducts, including carboxylic acids, benzoquinone, resorcinol, and 

catechol, evolved at different stages during the mineralization process of phenol during 

degradation, which was also studied [Jamal et al., 2016]. 

Dyes  

Synthetic dyes represent a significant category of pollutants prevalent in contemporary 

wastewater due to their widespread use in industries such as textiles, printing, food and 

beverage, and medicines. These dyes, which often possess hazardous and carcinogenic 

properties, can block sunlight from penetrating water bodies, thereby disrupting aquatic 

processes such as biodegradation and photosynthesis [Sima and Hasal, 2013]. Commonly, dyes 

considered in photocatalysis include methylene blue, methyl orange, and Rhodamine B. The 

transformation of complex organic dyes in the environment can yield aromatic amines as 

intermediates, which are extremely toxic to marine life and must be removed before 

environmental discharge [Hickman et al., 2018]. Conventional wastewater treatment methods 

are generally inadequate for degrading these dyes due to their non-biodegradable and persistent 

nature.  

Photocatalysis has become a successful method for the degradation of dyes. This process 

begins with hydroxyl radicals (·OH) attacking the weak bonds in the dye compounds, like the 

azo bond (–N=N–), leading to the destruction of the conjugated structure. Subsequently, 

intermediates undergo radical chain reactions with oxygen, ultimately breaking down into 

water and carbon dioxide. Dye photodegradability is often lower for dyes with more 

complicated structures, as the degradation mechanism is sensitive to the chemical structure of 

dyes. The adsorption characteristics of dyes can also be affected by the existence of functional 

groups, which have been investigated by numerous scholars under visible and UV light 

(Khataee and Kasiri 2010). Though extensive research has been conducted on dye removal via 

photocatalytic degradation, studies focusing on real effluent are limited. Isari et al. (2018) 

examined the effect of various anions on the photo-catalytic elimination of rhodamine B using 
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FeTiO2/rGO photocatalysts. The existence of sulfate, chloride, nitrate, and phosphate anions 

reduce elimination efficacy to 57%, 73%, 78%, and 48% respectively. Chloride and sulfate 

were found to adsorb quickly onto the photocatalyst, competing with dye molecules for 

radicals, whereas nitrate and phosphate showed less attachment. The application of the same 

photocatalyst in the treatment of real textile wastewater resulted in a total organic carbon 

reduction from 930-310mg/L, achieving a 66.6% decrease. Additionally, the chemical oxygen 

demand was reduced from 1550-634mg/L, reflecting a 59.1% reduction after a treatment 

duration of three hundred ninety minutes.  

Conversely, Touati et al. found that titanium dioxide didn't have a significant impact on the 

degradation of dyes in textile effluent. Total organic carbon and color elimination efficiencies 

were comparable under UV irradiation and hydrogen peroxide, both with and without titanium 

dioxide. The addition of hydrogen peroxide and cerium ions to the titanium dioxide system 

significantly enhanced its performance, increasing total organic carbon removal from twenty-

seven percent to forty percent and improving color elimination from around thirty percent to 

fifty-five percent after 24 hours of treatment. In order to identify chemicals in actual textile 

effluent, gas chromatography-mass spectrometry was employed [Jorfi et al., 2018]. Among the 

most important organic chemicals that were discovered were palmitic acid, fluoroacetamide, 

quinolone, dimethylquinoline, methylisoquinoline, and linoleic acid. A 300-minute 

photocatalytic treatment at pH 3 using a Manganese, Molybdenum, and La-doped TiO2 catalyst 

supported on activated carbon (Mn, Mo, La/TiO₂/AC) resulted in the formation of additional 

oxygenated organic compounds, including acetamide, phenyl benzoic acid, and isoindole. This 

indicated the need for further oxidation of intermediates for complete conversion to non-toxic 

substances. In addition to TiO2, ZnO that is commercially and organically generated was also 

investigated as a bulk photocatalyst in actual textile wastewater. In contrast, ZnO showed 

comparatively less decolorization (64.41%) after 150 minutes of UV light exposure than TiO2 

(95.29%). Amornpitoksuk et al. 2016 demonstrate that the precipitation solution at pH 6 

yielded Ag3PO4 powders with a multifaceted structure and the best activity for decolorizing 

RhB and MB solutions when exposed to visible light. AgBr/Ag3PO4 powders were synthesized 

utilizing a one-pot ion-exchange technique with success.  

 

Pesticide Degradation      
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Currently, one of the main causes of water contamination is pesticides. These are a combination 

of materials used to eradicate, prevent, or control pests. These include species of animals 

and plants that cause harm at any point in the production, storage, processing, or marketing of 

wood, wood products, food, animal feedstuffs, agricultural commodities, or that may be given 

to animals to control arachnids, insects, or other pests on their bodies. They can also include 

vectors of diseases that affect humans or animals. In addition to preventing degradation during 

storage or transportation, pesticides are employed as ripening regulators, defoliants, desiccants, 

growth regulators, and fruit thinning agents. They are sprayed on crops either prior to or 

following harvest. Numerous academic publications discuss various pesticide types, including 

nematicides, herbicides, fungicides, insecticides, and rodenticides. In terms of chemical 

composition, pesticides can be categorized as substituted urea, carbamates, organophosphates, 

and organochlorines (OCs). Organic contaminants (OCs) are regarded as persistent and 

harmful pollutants that pose a serious risk to the ecosystem [Vaya et al., 2020]. 

According to Nguyen et.al, Cu was added to the ZnO lattice in order to widen its responsiveness 

to visible light and narrow its band gap. In order to fabricate the CuZnO/gC3N4 Z-direct 

arrangement photocatalyst for enhanced atrazine elimination, the obtained CuZnO was 

constantly combined with gC3N4. Consequently, compared to single gC3N4 or Cu-ZnO 

materials, the as-prepared CuZnO/gC3N4 exhibited higher photocatalytic atrazine degradation 

[Truc et al., 2019]. Ahmad et al produced Ag − doped STO/gCN heterojunction, and the 

resulting heterostructures have been described. The pesticide Dicofol was broken down, and 

hydrogen was produced photocatalytically using the nanocomposites that were synthesized. 

Ag(3) STO/gCN was discovered to have a hydrogen generation rate of 645.62 µmolg−1h−1, 

which is approximately two times as high as that of pristine STO/g-CN. The produced 

nanocomposites demonstrated ultrafast photocatalytic activity, as evidenced by the data, which 

showed that 92.2% degradation occurred in less than 60 minutes.    

To enhance the photocatalytic degradation of chlorpyrifos (CP), a widely used agricultural 

pesticide, composite photocatalysts were synthesized by integrating cobalt-aluminum layered 

double hydroxides (Co − Al LDH), graphitic carbon nitride, and cobalt ferrite (CoFe2O4). 

These Co − Al LDH/gC3N4 −  CoFe2O4 nanocomposites demonstrated significantly improved 

photocatalytic performance compared to pure g-C₃N₄. This enhancement was primarily 

attributed to more efficient separation of photogenerated electron–hole pairs, which reduces 

recombination losses and boosts photocatalytic efficiency (Sheikhpoor et al., 2021). However, 
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[Yadav et al., 2019] demonstrates that the ZnO/SnO2 nano-composites were produced by the 

co-precipitation technique and were used for disintegrating Triclopyr, a persistent pesticide, 

with different Sn concentrations. Compared to pure ZnO or SnO2, ZnO/SnO2 nanocomposites 

exhibit greater activity towards the photodegradation of triclopyr. The development of 

heterojunctions, which in turn reduces charge carrier recombination and increases photo-

degradation efficiency, is primarily responsible for the increased activity in ZnO/SnO2 nano-

composites.   

Pharmaceutical compounds     

Pharmaceutical waste often enters aquatic environments due to improper disposal, particularly 

from manufacturing facilities, hospitals, and residential areas. Although these pharmaceutical 

compounds are typically present in trace amounts, their continuous release into the 

environment leads to chronic exposure [Teixeira et al., 2016]. Common pharmaceuticals found 

in wastewater include macrolides, sulphonamides, quinolones, diclofenac, and ibuprofen. Due 

to the complex aromatic structures and environmental persistence of many pharmaceuticals, 

conventional wastewater treatment methods are generally unsuccessful at removing them. As 

a result, photocatalysis has emerged as a promising technique for degrading these complex 

compounds. The photodegradation mechanism for pharmaceutical residues is similar to that of 

dyes, with hydroxyl radicals playing a key role in the mineralization process. During this 

process, various intermediates are generated through dehydroxylation, deamination, and ring-

opening reactions, which are eventually further mineralized into less persistent and more 

biodegradable by-products [Deng et al., 2018]. 

Recent research has been concentrating more and more on the question of whether or not it is 

possible to remove pharmaceutical chemicals in actual wastewater by employing 

photocatalytic techniques. An assortment of wastewater samples has been gathered from 

various sources, including rivers, municipal treatment plants, and pharmaceutical production 

sites. In India, Talwar et al. coupled aerobic biological processes and photocatalysis for 

pharmaceutical factory wastewater. A total of 96.5% COD was removed, of which 67% was 

due to photocatalysis with a commercial TiO2 photocatalyst and the remainder to the RBC 

(rotating biological contactor). Teixeira et al. assessed the photocatalytic degradation of 

pharmaceutical medicines in a wastewater treatment plant in Germany using commercial ZnO 

and TiO2 photocatalysts. The study found that ZnO could degrade 14 categories of 

pharmaceutical complexes in the effluent by about 95% within 40 minutes under UV 
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irradiation, while TiO2 required over 6 times longer to achieve a similar elimination efficacy 

under identical conditions. This suggests that ZnO is more effective in utilizing the light source. 

Lofrano et al. observed significant seasonal variability in the concentration of the macrolide 

spiramycin (SPY) in an Italian WWTP, with winter concentrations averaging 35μg/L compared 

to 5μg/L in summer. Photolysis removed more than 99.9% of SPY in summer within eighty 

minutes, and complete removal occurred in five minutes after adding 0.1g/L titanium dioxide 

photo catalyst. In winter conditions, a removal efficiency of 91% was achieved within 80 

minutes of treatment. Additionally, a study conducted in China demonstrated that combining 

ultrafiltration with ozonation could eliminate up to 99.9% of macrolide antibiotics, including 

spiramycin (SPY). Wajahat et al. (2019) compared the energy demands of various advanced 

oxidation processes, specifically photocatalysis, ozonation, and photolysis, for the removal of 

ciprofloxacin (CIP) from pharmaceutical wastewater. Their results showed that photocatalysis 

using 1g/L of commercial TiO₂ achieved a 99.1% removal rate within 30 minutes. Although 

this was comparable to ozonation, which achieved a 98.7% removal rate, the energy 

consumption for photocatalysis was considerably lower at 8.7 kWh/m³ compared to 36.8 

kWh/m³ for ozonation. It is worth noting, however, that the study did not assess additional 

costs such as operational or material expenses.  

Oils       

Hydrocarbon oil compounds are characterized by varying carbon chains and functional groups 

and are extensively utilized as solvents and raw materials across industries such as petroleum, 

petrochemicals, pharmaceuticals, and cosmetics [Emam and Aboul-Gheit, 2014]. These 

compounds can result in significant environmental impacts when released as effluents or during 

oil spills, including disruptions to aquatic photosynthesis and reductions in dissolved oxygen 

levels, leading to ecosystem imbalances. Aromatic hydrocarbons are generally more toxic than 

their aliphatic counterparts. In contrast to aliphatic hydrocarbons, which can be either saturated 

or unsaturated, aromatic compounds are characterized by the presence of a stable benzene ring 

or rings. The number of fused rings in an aromatic compound's structure affects its 

photodegradation resistance. For photocatalysis to work, these rings must be cut in order to 

convert the compounds into inert byproducts. Benzene rings are difficult to photodegrade due 

to their high stability; longer chains cause carbon dioxide degradation to occur at a slower rate 

[Kaneco et al., 2006]. After enough time has passed under the radiation lamp, the intermediates 

are dissolved into the carbon dioxide and water. 
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Traditional oil spill treatment methods, such as oil recovery, oil booms, oil absorption, and 

skimming, are not only costly but also require significant manpower [Hsu et al., 2008]. Thus, 

the alternative method, photocatalytic degradation, has been proposed. In the treatment of oily 

industrial wastewater characterized by an initial chemical oxygen demand of 1298 mg/L, the 

application of TiO₂ in conjunction with hydrogen peroxide (H₂O₂) and ferrous ions (Fe²⁺) 

resulted in a COD removal efficiency exceeding 80%. The pH of the solution played a pivotal 

role in the photodegradation process, with the highest removal efficiency observed at the point 

of zero charge (PZC) of the TiO₂ photocatalyst. This behavior is attributed to the non-ionic 

nature of oil, which minimizes electrostatic interactions, thereby enhancing photocatalytic 

activity near the PZC. Both acidic and basic conditions impeded the photocatalysis process. 

Furthermore, self-decomposition of H2O2 occurred at greater temperatures in this investigation, 

even though temperature generally increases the collision between pollutant molecules and the 

photocatalyst. 

Shivaraju et al. investigated the treatment of real-time wastewater from automobile service 

stations in India using coated polyscales fabricated from nitrogen-doped TiO2 (N −

TiO2) particles embedded in ceramic beads and thermocol, facilitating easy separation and 

recovery of the photocatalyst after treatment. Being less dense than water, these polyscales 

floated on the surface, interacting with the floating oil and grease. With less than 24 hours of 

natural sunlight irradiation, oil and grease removal efficiencies were 86.57% ± 2 with 

thermocol beads and 95.28% ± 29 with ceramic beads. Chemical oxygen demand was 

condensed from 10,400 to 1396 mg/L with thermocol beads and attained 490 mg/L with 

ceramic beads, likely due to the advanced porosity and surface area of the ceramic beads, which 

enhanced interaction with oil molecules. Conversely, Saien and Shahrezaei demonstrated that 

petroleum refinery wastewater with a comparatively reduced chemical oxygen demand of 

approximately 200 mg/L attained a 78% degradation efficiency following just 2 hours of UV 

irradiation. 

Endocrine-disrupting chemicals    

Freshwater is essential to the long-term, sustainable growth of wildlife as well as humans. The 

availability of safe and affordable drinking water has become a significant global 

environmental concern, with rapid urbanization and industrialization posing serious challenges 

to water supply. One major source of aquatic pollution is still the discharge of wastewater that 

has not been treated or has not been sufficiently treated [Nasrollahzadeh et al., 2021]. 
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Pharmaceuticals and personal care products (PPCPs), dyes, heavy metals, pesticides, 

endocrine-disrupting chemicals (EDCs), and other organic and inorganic contaminants are 

among the many contaminants that are introduced into natural water bodies as a result of such 

inappropriate disposal [Schwarzenbach et al., 2006; Huang et al., 2014; Al Sharabati and 

Sabouni, 2020; Abhinaya et al., 2021]. These substances are known to be toxic and to be a 

significant risk to human and environmental health. They can cause endocrine system 

disruptions, liver, lung, and brain disorders, as well as carcinogenic effects and reproductive 

dysfunctions. Consequently, many international organizations and countries have imposed 

restrictions on the usage of these hazardous compounds, leading to intensified research on 

effective removal methods. Table 2.3 shows various semiconductor-based heterojunction 

nanocomposites for photocatalytic degradation of EDCs. 

An important environmental concern is the existence of endocrine-disrupting chemicals in 

water bodies, which include sewage, drinking water, and groundwater. EDCs are exogenous 

chemicals or chemical mixtures that disrupt endocrine functions in organisms [van der Meer et 

al., 2021]. These substances can be synthetic or natural and are released into the ecosystem 

through several sources, including domestic sewage, landfill leachates, livestock waste, and 

industrial effluents. There is an urgent need for efficient and cost-effective water treatment 

methods to address endocrine-disrupting chemicals, employing physical, chemical, and 

biological techniques. Traditional methods such as coagulation/flocculation, photocatalysis, 

separation membranes, ion exchange, adsorption by activated carbon, and AOPs are frequently 

used for wastewater treatment. While these conventional techniques offer various benefits, they 

often face limitations, such as low removal efficiencies, complex procedures, high operational 

costs, and the formation of toxic sludge or by-products. Advanced tertiary treatments (ATTs) 

have appeared as valid alternatives to address these challenges and improve treatment efficacy 

[Al Sharabati et al., 2021]. 

Repousi et al developed a range of photocatalysts by incorporating small amounts (0.5 wt.%) 

of noble metals, specifically platinum (Pt), ruthenium (Ru), palladium (Pd), and rhodium (Rh), 

onto commercial TiO₂ (P25) using a wet impregnation technique. These metal-doped catalysts 

were then evaluated for their effectiveness in breaking down Bisphenol A (BPA) under 

simulated sunlight. Among the different formulations, the Pt-loaded TiO₂ showed the most 

effective photocatalytic performance. Interestingly, the Rh/TiO₂ catalyst demonstrated a 

notable enhancement in BPA degradation when humic acid (HA) was present at a concentration 

of 20 mg/L, achieving about 2.5 times the activity compared to tests conducted in ultrapure 
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water. Additionally, when HA was included in the reaction medium, the rate at which BPA 

degraded increased steadily as the amount of catalyst used was raised from 50 to 400 mg/L. 

The zirconium and silver codoped TiO₂ nanoparticles were synthesized for the effective 

degradation of two hazardous organic pollutants: AB-52 (Acid Black–52) and17α-ethinyl 

estradiol (EE2). The degradation pathways and potential intermediate compounds were 

analyzed using LC–MS. To assess the phytotoxicity of the middle products generated during 

the photodegradation process, toxicity tests were conducted using two different seed types, 

Phaseolus vulgaris and Vigna radiata. The toxicity analysis indicated that the metabolites 

formed during degradation were less toxic compared to the original compounds, EE2 and AB-

52 [Naraginti et al., 2016]. To facilitate the photocatalytic destruction of Bisphenol A (BPA), 

several anatase TiO2@MIL101Cr were produced by the solvothermal approach by [Tang et al. 

2020]. The composites were characterized and found to have an octahedral structure 

resembling that of MIL-101(Cr), but with a reduced particle size of around 300–500 nm. Under 

ideal circumstances, 59%  TiO2@MIL101Cr might attain 99.4% bisphenol A remediation in 

240 minutes under UV exposure. The quantity and surface area of TiO2 in the composites both 

affected the photocatalytic degradation [Tang et al., 2020].      

Audrey et al demonstrate that an inventive "domino" method was created for the remediation 

of endocrine-disrupting substances in highly concentrated aqueous effluents. An arene 

hydrogenation phase precedes a photocatalytic step in this method. The innovative aspect of 

this two-step treatment is based on the use of TiO2-supported zerovalent Rh nanoparticles as 

multicatalytic materials (MCMs) for diethyl phthalate. This model aromatic pollutant is 

commonly found in the aquatic system. This novel nanocomposite material showed activity in 

the subsequent processes, the reduction of the aromatic ring, and the photodegradation step. It 

was simply manufactured using a green, wet impregnation technique. When it comes to 

photoresistive substances, this environmentally friendly method presents some interesting 

options., Jianan et al explored a novel approach to removing stubborn endocrine-disrupting 

chemicals by creating nitrogen-doped hydrochars (NHCs) from pinewood biomass. These 

materials were applied as carbocatalysts to activate peroxymonosulfate (PMS) in the 

degradation process. Mechanistic analysis revealed that the presence of graphitic nitrogen 

played a key role: it encouraged the generation of oxygen-centered persistent free radicals 

(PFRs) from structural imperfections, supporting a radical-driven degradation pathway. At the 

same time, graphitic nitrogen also enhanced electron transfer, enabling PMS activation through 
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a non-radical mechanism. Importantly, the PMS/NHC system not only showed strong pollutant 

degradation capability but also maintained good stability, making it suitable for practical water 

treatment applications. 

Table 2.3:  Photocatalytic degradation of various Endocrine Disrupting Chemicals by 

Semiconductors Heterojunctions  

Photocatalyst  EDCs Efficiency  Reference  

ZnO Bisphenol A 97.5% [Alikarami et al., 2019] 

Cu2O/BiOI Bisphenol A 99.9% [Ponnaiah et al., 2019] 

TiO2@ACD@RGO Bisphenol A 85% [Wang et al., 2021] 

Ag2CO3/ BiOBr/CdS Tetracycline  99% [Perumal et al., 2023] 

CMCD-Fe3O4@TiO2 PCBs 83% [Khammar et al., 2020] 

α-Fe2O3 Dibutyl phthalate 

 

93% [Liu et al., 2018] 

TiO2 Phenol  99.48% [Zulfiqar et al., 2019] 

Ag3PO4/TiO2 2,4-

dichlorophenoxyacetic 

acid 

98.4% [Amiri et al., 2021] 

BiOBr/Bi4O5Br2/PDI  Bisphenol A  

17α-ethynyl estradiol 

(EE2) and 17β-

estradiol (E2) 

90% 

100% 

[Wang et al., 2022] 

CoFe2O4-GO 

 

Bisphenol A 100% [Görmez et al., 2022] 

TiO2@ZnFe2O4/Pd Diclofenac 86.1% [Ahmadpour et al., 2020] 

C/N-codopedTiO2  Resorcinol 96% [Al-Hajji et al., 2020] 
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β-CD-CoFe2O4/PMS Bisphenol A 99.23% [Ahmed et al., 2021] 

ZnO/WO3/Pt Estriol (E3) 86% [Yasir et al., 2022] 

N-Bi2O3@SnO2 Endocrine-disrupting 

pesticides 

96% [Choudhary et al., 2022] 

Bi2O3/TiO2@rGO Di(2-ethylhexyl) 

phthalate (DEHP) 

89% [Zhang et al., 2021] 

APTES-modified 

BiVO4 

17α-Ethinylestradiol 

(EE2) 

91.27% [Pi et al., 2021] 

PLA/TiO2/HNT  17α-Ethinylestradiol 

(EE2) 

71.6% [Ali et al., 2024] 

Gd3+/BiVO4 Bisphenol A 

Bisphenol S 

Bisphenol AF 

77.02% 

44.36% 

74.11% 

[Orona-Návar et al., 

2021] 

 

2.13. Research Gap and Objectives of the Present Thesis  

Research Gap 

Although there has been considerable progress in wastewater treatment technologies, effective 

elimination of benevolent endocrine-disrupting chemicals (EDCs) has been a key 

environmental issue of concern because of their complicated chemical structures, low 

biodegradability, and the negative ecological and human health impacts. Photocatalytic 

degradation has been proposed as a novel green technology that can serve to mineralize EDCs 

by the irradiation of visible light using the generation of reactive oxygen radicals, thereby 

providing a green substitute to the traditional methods. Nevertheless, some of the drawbacks 

that exist with the photocatalysts include low visible light absorption, a short recombination of 

the photogenerated charge carriers, and inadequate surface-active sites, which limit their ability 

to degrade a variety of EDCs such as 2-chlorophenol, ciprofloxacin, ibuprofen, and 

paracetamol. 

This thesis has filled these gaps through a new combination of transition metal sulfide-based 

catalysts, including copper sulfide (CuS), cadmium sulfide (CdS), and molybdenum disulfide 

https://www.sciencedirect.com/topics/chemistry/bisphenol
https://www.sciencedirect.com/topics/chemistry/bisphenol
https://www.sciencedirect.com/topics/chemistry/bisphenol
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(MoS2), with complementary optical and catalytic characteristics. These materials in isolation 

and as heterostructures have more visible light absorption, better charge separation, and more 

reactive sites, which greatly enhance the photocatalytic degradation of the selected EDCs. This 

study enhances the design of effective and sustainable photocatalytic systems that can be 

adapted to the degradation of difficult pollutant molecules common in Indian water bodies by 

incorporating these advanced catalysts.  

 

 Objectives  

1. Synthesis of transition metal nanoparticles by conventional and microwave processes. 

2. Fabrication of cesium-based perovskite materials and their modification by transition metal 

nanoparticles. 

3. Structural characteristic analysis of functional perovskite materials. 

4. Endocrine-disrupting chemicals degradation by transition metal nanoparticles-based 

perovskite functional materials from industrial aquatic waste. 
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3.1 MATERIALS:      

The synthesis of nanoparticles can be done using a variety of techniques, including chemical 

co-precipitation, Microwave method, sol-gel method, chemical and physical vapour 

deposition, etc. This work is related to two synthesis-related methods: Sol-Gel and the 

Microwave method for the preparation of nanocomposite materials. This chapter discusses 

many approaches that have been utilized to examine recently synthesized materials CuS, CdS, 

MoS2, CdS/Cs3Bi2Br9, MoS2/CdS, and MoS2/Cs3Bi2Br9 that are being exploited for 

photocatalytic degradation. Numerous spectroscopic methods are used to examine and describe 

the elements, functional groups, and oxidation state of the materials. Microscopic methods 

were used to characterize the lattice fringes, crystalline structure, and surface appearance of the 

as-synthesized materials. 

3.1.1. Chemicals Required: 

Cesium acetate (Sigma Aldrich), Cadmium acetate, sodium sulfide, thiourea, sodium 

molybdate dihydrate, thioacetamide, oxalic acid, diethylenetriamine pentaacetic acid (DTPA), 

bismuth tribromide, purchased from Loba Chemi PVT. Ltd India. 

3.1.2. Reagents Required:  

N, N-dimethylformamide (DMF), dimethyl sulfoxide (DMSO), ethanol, diethyl ether, and 

distilled water are used for synthesis and stock solution preparation.  

3.1.3.  Stock solutions of 2-chlorophenol, paracetamol and ciprofloxacin 

The 2-chlorophenol, Paracetamol, Ciprofloxacin, and Ibuprofen were made individually by 

dissolving 0.1 gram of each organic component in a 100 milliliter volumetric flask with 

distilled water to produce a 100 mL or 1000 ppm stock solution. By dilution, various working 

concentrations of 2-chlorophenol, Paracetamol, Ciprofloxacin, and Ibuprofen were created 

from their corresponding stock solutions.  

3.2. Preparation of Catalyst  

3.2.1. CuS nanoparticles synthesized by sol-gel method  

Copper chloride (CuCl2) and sodium sulfide (Na2S) are the precursor substances utilized for 

the production of CuS nanoparticles. Dissolve 13g of CuCl2 in 100 milliliters of distilled H2O 

to get a 1M solution. After that, the solution is agitated for 30 minutes at 100 to 150 rpm at 

room temperature. The following step in the synthesis is the gelation process. This is achieved 

by combining sodium sulfide with copper chloride solution. A 1M solution of sodium sulfide 

(Na2S) is obtained by dissolving 8g of Na2S in 100 milliliters of distilled water. At room 

temperature, the mixture was stirred between 450 and 500 rpm. After 10 to 15 minutes of 
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constant stirring, the liquid solidified into a gel. After that, this gel was allowed to precipitate 

for 2 to 3 hours without being disturbed. The precipitate was subsequently dried out in a 

vacuum oven at 100 °C for an additional period. Following drying, the material was ground 

into a powder that would be used for future experiments. 

3.2.2. CuS nanoparticle manufacturing via the wet chemical coprecipitation method 

The present study employed the wet chemical co-precipitation approach to synthesize copper 

sulfide nanoparticles using CuCl2 and Na2S as raw materials. A standard synthesis involved 

making 1M CuCl2 (13g) in 100 ml of distilled water, adding 1M sodium sulfide (8g) solution 

drop by drop, and continuously swirling the mixture on a magnetic stirrer at 70°C and pH 7. 

CuS nanoparticles are the end product of this process. Filtration was used to gather the 

nanoparticles, then washing and configuration separation at 2000 rpm for five minutes were 

used to further purify the final product see scheme 1. 

 

Scheme 1 Schematic diagram for synthesis of CuS nanoparticles 

3.2.3. Synthesis of CdS nanoparticle by Sol-gel method 

50 milliliters of aqueous solutions of (0.1 M) Cd (ac) and (0.1 M) Na2S were prepared in order 

to produce CdS nanoparticles utilizing the Solgel method. The freshly prepared 0.1 M Na2S 

aqueous solution was vigorously stirred for 20 minutes while being added drop by drop to the 

0.1 M Cd (ac) solutions. The NaOH (1M) solution was added drop wise into the above 
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suspension under continuous stirring at 60°C until pH raised to 10–11. The mixture gradually 

changed color as the reaction started, going from translucent to light yellow or cream, and then 

turning dark yellow after the reaction was finished. After being repeatedly washed with ethanol, 

the precipitates were centrifuged and vacuum-dried for four hours at 70°C.  

3.2.4. Synthesis of CdS nanoparticle by Microwave method 

Microwave synthesis of CdS is used in the present study. In 50mL of distilled water, add 13.32g 

of Cd (ac), 3.9g of Na2S, and 3.8g of thiourea. Stir for 20 minutes. The solution was 

microwaved at 80W for 5 minutes. The yellow precipitate was washed with ethanol or distilled 

water and oven-dried for six hours at 55°C, Equation 3.1. 

Cd(CH3COO)2 + Na2S → CdS(s) + 2NaCH3COO (3.1) 

 

3.2.5.  Synthesis of MoS2 nanoparticle by Solgel method 

MoS2 was synthesized by sol sol-gel method. Take 0.2g of sodium molybdate dihydrate in 8ml 

of deionized water, add 0.4g of thioacetamide, dissolve it properly on stirring, and then add 

0.05g of diethylenetriamine pentaacetic acid (DTPA) and keep for heating at 180◦C for 22h. 

The crystals were kept for drying in an oven for 6 h at 80◦C. 

3.2.6.  Synthesis of MoS2 nanoparticle by Microwave method 

Pure MoS2 nanocomposites are synthesized using a microwave-assisted technique. After 

dissolving 1.33 M of thioacetamide and 0.17 M of Na2MoO42H2O (sodium molybdate 

dihydrate) in 15 milliliters of distilled water and stirring for 20 minutes, oxalic acid (0.22 M) 

is added dropwise to this homogeneous solution. After that, the combined solution is poured 

into a 500-milliliter beaker. The solution is heated to 160 °C and subjected to 360 W of 

microwave radiation for ten minutes. The nanomaterial is washed with ethanol and cooled to 

room temperature overnight. The crystals that have been rinsed should be dried in an oven at 

80°C for a period of 10 hours. 

3.2.7. Synthesis of MoS2/CdS nanocomposite by Solgel method 

Dissolve 1M Cd (ac), sodium sulfide, and thiourea in 50 milliliters of deionised water. Stir the 

mixture until a homogeneous solution (Solution A) is formed. Dissolve 1M sodium molybdate 

dehydrate, thioacetamide, and Dpta in 15 milliliters of distilled water. Stir the mixture until a 

homogeneous solution (Solution B) is formed. Mix the Solution A and Solution B. Stir the 

combined solution at 60 degrees Celsius for 30 minutes until a gel is formed. Filter the gel 

using a suitable filter apparatus. Wash the obtained solid with ethanol several times to remove 
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impurities. Dry the washed solid in an oven at 60 degrees Celsius for 6 hours. The dried 

material is the MoS2/CdS composite. The various catalyst composites labeled as 1:1M 

MoS2/CdS, 1:2M MoS2/CdS, and 2:1M MoS2/CdS are shown in Scheme 2. 

 

Scheme 2 Schematic diagram for the Synthesis of MoS2/CdS nanocomposite 

 

3.2.8. Synthesis of Cs3Bi2Br9 nanoparticle by Microwave method  

The synthesis of Cs3Bi2Br9 by the Sol-Gel method. Take Cs (ac) (7.245M) and BiBr3 (1.65M) 

into a round-bottom flask in DMF/DMSO4 (7/3 volume) solvent. The mixture was kept in a 

microwave at 350 W for 10 minutes. To get rid of any remaining DMF, the solid was then dried 

and rinsed three times with water and diethyl ether. For later usage, store the resulting powder 

in the dark. 

3.2.9. Synthesis of CdS-Cs3Bi2Br9 nanocomposites by Microwave method 

For the microwave method of producing the CdS/Cs3Bi2Br9 nanocomposite. In 7/3 volume of 

N, N-dimethylformamide (DMF)/ dimethyl sulfoxide (DMSO4), combine 2.475M of Cs(ac), 

1.65M of BiBr3, and CdS. After 20 minutes of stirring, put the mixture in a microwave set at 

560 watts for 10 minutes. After repeatedly washing the composites with diethyl ether and 

water, it was dried out for six hours at 55 degrees Celsius. The generated products at several 

Cs3Bi2Br9 doped percentages (1%CdS, 5%CdS and 10%CdS) were classified as 

1%CdS/Cs3Bi2Br9, 5%CdS/Cs3Bi2Br9 and 10%CdS/Cs3Bi2Br9 see scheme 3. 
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Scheme 3: This is a schematic design for the synthesis of nanocomposites 

3.2.10. Synthesis of MoS2-Cs3Bi2Br9 nanocomposites by Microwave method 

For the synthesis of MoS2/Cs3Bi2Br9 nanocomposite using the microwave method. Take 2.475 

M Cesium acetate, 1.65 M BiBr3, and add MoS2 in a 7/3 volume in N, N-dimethylformamide 

(DMF)/ dimethyl sulfoxide (DMSO4). After 20 minutes of stirring, put the mixture in a 

microwave set at 560 watts for 10 minutes. After repeatedly washing the composites with 

diethyl ether and water, it was dried out for six hours at 55 degrees Celsius. The resulting 

products at several Cs3Bi2Br9 doped percentages (1% MoS2, 5% MoS2 and 10% MoS2) were 

designated as 1%MoS2/Cs3Bi2Br9, 5% MoS2/Cs3Bi2Br9 and 10% MoS2/Cs3Bi2Br9 see scheme 

4. 



108 
 

 

Scheme 4 Schematic Diagram for synthesis of MoS2, Cs3Bi2Br9, and MoS2@Cs3Bi2Br9 

nanocomposites. 

 

3.3. Catalytic Characterization Analysis: 

To establish a connection between the physicochemical characteristics of the materials and 

their catalytic activities, it is imperative to consider the physical, chemical, and 

structural aspects of catalysts. The produced and doped catalysts were characterized using 

various techniques, including FTIR, XRD, UV-vis, and FESEM/EDS. In this work, the 

following methods of physicochemical characterization have been explored. 

3.3.1. Fourier Transform Infrared Spectroscopy Analysis  

Fourier transform infrared spectroscopy is a multidisciplinary analytical method that provides 

insights into a material's structure. It may also be utilized to verify surface properties like 

acidity and isomorphism replacement by other material constituents. Infrared light is absorbed 

by molecules in the far-infrared spectrum, changing the vibrational energy of the molecule. 

This process is known as Fast Fourier analysis (FT-IR). When recognizing organic compounds 

with strong charge separation and polar chemical bonds like OH, NH, CH, etc., it is a useful 

and powerful technique. The IR spectra may be thought of as the fingerprints of each functional 

group because each one has a distinct vibrational energy. As-synthesized and calcined 
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materials' IR spectra were captured using the KBr pellet method on an FT-IR spectrometer 

(Nicolet Avatar 360). A hydraulic press was used to turn the mixture, which contained around 

10 mg of the sample and 70 mg of spectral grade KBr, into a pellet. This pellet was utilized to 

record the infrared spectra in the 4000-400 cm-1 band by scanning it 50 times at a resolution of 

4 cm-1. Figure 3.1 represents the FTIR spectroscopy. 

 

Figure 3.1 Schematic representation of FTIR spectroscopy 

 

3.3.2.  X-Ray Diffraction Analysis  

The primary purposes of patterns obtained from XRD were to determine the catalyst's unit 

cell parameter, degree of crystallinity, crystallographic phase content, and crystallite size. 

High-energy electrons are launched into a target to create the traditional X-ray source. 

Typically, X-ray sources include CuKα, CoKα, FeKα, and MoKα. Generally, the X-ray 

source utilized is CuKα radiation, characterized by a wavelength of 0.154 nm and an energy 

of 8.04 keV. The X-ray diffraction technique studies how the atoms of a periodic lattice 

interact with the incident monochromatic X-ray. X-rays are effectively dispersed in the 
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directions indicated by Bragg's rule in Equation (3.2) by atoms arranged in an ordered 

lattice. 

nλ= 2dsinθ (3.2) 

 

Where θ is the Bragg's angle, d is the distance between two lattice planes, λ is the X-ray 

wavelength, and n = 1, 2, 3... is the order of reflection. This rule establishes a relationship 

between the wavelength of electromagnetic radiation and the lattice spacing and diffraction 

angle in a crystalline sample. Numerous thousands of distinct reflections can form crystal 

formations; this unique arrangement is known as the diffraction pattern. It is possible to 

designate indicators (hkl) to every reflection, signifying its location within the spectrum of 

diffraction. The crystalline lattice and the unit cell in actual space are related to the pattern via 

a reciprocal Fourier transform. 

Several significant and helpful details about the material were made available by the X-ray 

diffractogram. 

• Whether the substance being examined is crystalline or amorphous. 

• Alterations in the dimensions and form of the unit cell concerning the peak's location 

in an XRD profile. 

• The process by which a substance crystallizes during synthesis. 

• When a synthetic sample's fingerprints match those of a recognized sample, the 

presence of an impurity phase can be detected. 

• By applying Scherrer Equation (3.3), one may ascertain the crystallite size (D) of a 

solid sample based on the corrected line broadening (β). 

D = Kλ/cosθ (3.3) 

Where λ is the X-ray wavelength (1.54 Å), D is the catalyst's crystal size, K (equal to 0.89) is 

a constant, E is its full width at half maximum (FWHM), and θ is the Bragg angle (shown in 

Figure 3.2 and Figure 3.3). The Bruker D8 advanced powder X-ray diffractometer was 

employed to record the low-angle X-ray diffraction patterns of the materials in the 2θ range of 

-0.5-6⁰, with a step size of 0.01⁰ and a step time of 5s. CuKα (λ=1.5418 Å) was deployed as the 

radiation source. 
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Figure 3.2 X–Ray Diffraction technique 

 

 

Figure 3.3 Braggs law and Geometrical drawing of crystal planes 
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3.3.3. Scanning Electron Microscopic Analysis   

A scanning electron microscopy may be used to determine the exterior morphology of a 

material over a range of micrometers to nanoscale. Utilizing a high-energy electron beam, 

the sample's surface was examined. Inside the target lens are two electromagnetic coils that 

enable SEM scanning. One pair deflects the beam along the sample in the "x" direction, 

while the other pair deflects it in the "y" direction. For scanning to be controlled, an 

electrical signal must be received by at least one set of scan coils for the beam to reach the 

sample on one side of the lens's central axis. The beam is slightly deflected by employing 

an alternative set of coils (in this example, the y coils), which results in the beam being 

scanned again using the x coils. This is accomplished by varying the electrical signal sent 

to the current pair of coils (x coils) about time, after the first scan. When an electron beam 

contacts a material, it releases three distinct electrical signals: backscattered electrons, 

secondary electrons, and auger electrons. To get sample imaging, backscattered electrons 

were employed. When auger electrons are created, electrons in the visible X-ray region are 

de-excited. The quick mobility of the beam causes the whole sample surface to be often 

exposed to beam radiation. The image of the sample is produced by a detector's output. 

Studying materials that transmit electricity is simpler. Metallic coatings composed of gold, 

palladium, or platinum can be deposited over non-conductive samples to make them 

conductive for use in SEM applications. Figure 3.4 and Figure 3.5 depicts the SEM 

instrument image and principle of SEM instrument. 
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Figure 3.4 Illustration of SEM instrument 

3.3.4. Energy Dispersive Spectra Analysis  

The natural composition of a tiny cubic micron of material may be ascertained using energy 

dispersive X-ray spectroscopy (EDS), a potent yet essential instrument. For the purpose of 

getting natural data about the material under study, the hardware is connected to the SEM.EDS 

operates by identifying X-rays that an electron beam produces from a test set. The test's atoms are 

powered by the electron bar, which releases a lot of energy in the form of X-rays through emission. 

The ability to precisely regulate the electron pillar and gather EDX spectra from a particular spot 

or particle on the test allows for the examination of several cubic microns of material. However, 

the bar is visible in a selected set of tests to determine the elements at that place. 
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Figure 3.5 Principle of Scanning electron microscopy (SEM) 

3.3.5.  UV- Vis Spectroscopy Analysis  

E-spectroscopy is UV-VIS spectroscopy. Visible (400–800 nm) and ultraviolet (200–400 nm) 

absorption spectroscopy measures light beam attenuation following penetration or reflection 

with a substance. Figure 3.6 shows a schematic illustration of a UV-Vis spectrophotometer. It 

makes use of visible, neighbouring near-UV and near-infrared (NIR) light spectrums. 

Molecules experience electronic transitions in this area of energy space. Higher energy levels 

of outer (valence) electrons can be achieved by promoting them with visible and ultraviolet 

light. The three forms of electron orbitals that include valence electrons are non-bonding 

orbitals (n-lone pair electrons),  bonding orbitals, and  bonding orbitals. The bonding orbitals 

of sigma () are generally less energetic than those of () bonding orbitals, which are less 

energetic than non-bonding orbitals. The anti-bonding or empty orbitals (* and *) have the 

highest energy. Electronic transitions are shown in Figure 3.7, an energy level diagram. Only 

the two lowest energy transitions the leftmost and blue-colored ones among the six are possible 

with the energies present in the 200–800 nm range. An excited state is the outcome of 

energetically advantageous electron promotion, which typically occurs from the highest 

occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO). 
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Figure 3.6 Schematic illustration of a UV-Vis spectrophotometer 

UV-Vis spectroscopy is especially useful for finding conjugated systems with higher 

absorptions due to its ability to discriminate transitions ( → *) and n → * involving lone 

pairs and orbitals. Additionally, compounds that need energy in the UV/Vis range to remove 

an electron from one atom and place it on another may give rise to absorption bands. The term 

"charge transfer excitation" refers to this procedure. Chromophores are defined as molecules 

that may display any of the above-mentioned kinds of electronic transitions. A chromophore is 

a unique functional group that stands alone, not connected to any other group, and it exhibits 

remarkable absorption in the visible or ultraviolet spectrum. The most dominant ones are 

(C=O) and (C=C), which demonstration the transitions ( → * and n → *, respectively. A 

set of chemicals will typically absorb light at almost the same wavelength if they all share the 

same functional group and no other complicating variables are present. Therefore, it is easy to 

see that a compound's spectrum may be a highly useful tool in identifying the functional groups 

included in the molecule when it is connected with information from the literature for known 

compounds. 
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Figure 3.7 Energy level diagrams 

 

3.3.6. Thermogravimetric Analysis  

The thermoanalytical approach measures the change in sample weight while heating the sample 

steadily in an air or nitrogen environment. This method works well for quantitative 

investigation of thermal processes including mass changes brought on by dehydration, 

desorption, evaporation, decomposition and gas adsorption. It is common practice to 

investigate the structural stability of molecular sieves using Thermogravimetric analysis 

(TGA). It offers details on the range of temperatures needed to release adsorbed water, break 

down blocked organic cations, alter the structure of molecular sieves, and undergo phase shifts. 

The sample and the reference material were simultaneously heated or cooled at a constant rate. 

The measurement of transition or reaction temperatures was then done as a function of the 

temperature differential between the reference and sample. It gave important details on the 

materials' high-temperature endothermic and exothermic behaviours. Thermogravimetric 

analysis (TGA) graphic illustrations are shown in Figure 3.8. TGA of the materials (Perkin 

Elmer Diamond series) was carried out using 10 mg of the sample in the 50–800 ºC temperature 

range, under N2 environment and at a heating rate of 10 °C min–1. 
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Figure 3.8 Thermogravimetric analysis (TGA) graphic illustrations 

 

3.4. Photocatalytic degradation activity test/ Methodology of Various EDCs  

To enable the photocatalytic degradation of pollutants at varying pH levels, all samples were 

subjected to the same amount of visible light (Xe lamp) in a thermostatically controlled water 

bath. The pH of the solution was maintained at a consistent level with a glass electrode, along 

with 0.1N NaOH and 0.1N M HCl. To examine the comparative degradation of pollutants, a 

30 mL polluted solution containing 10 mg of catalytic material was subjected to UV-visible 

light at a shaking speed of 60rpm for 3 hours, respectively. The contaminated solution was 

filtered using Whatman filter paper after 3 hours of light irradiation, and absorbance was 

recorded at the peak wavelength of 243 nm using a UV-visible spectrophotometer. Equation 

3.4 was employed to ascertain the % degradation efficiency of the contaminated solution. The 

identical methodology was employed in the batch experiment to photodegrade 2-chlorophenol, 

paracetamol, ciprofloxacin, and ibuprofen solutions by as-prepared photocatalysts under 

irradiation of light. 
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Percent degradation = (
𝐶0 − 𝐶𝑡

𝐶0
) × 100 

 

(3.4) 

C0 represents the beginning concentration of 2-chlorophenol, paracetamol, ciprofloxacin and 

ibuprofen while Ct is the concentration of Paracetamol remaining in solution at time t. 

 

 

 

 

Scheme 5 Schematic diagram of the experimental set up for degradation of various EDCs  
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Chapter-4 

Synthesis and characterization studies of CuS nanoparticles synthesised via the wet 

chemical coprecipitation method and their photo-degradation application of 2-

chlorophenol 

4.1. Introduction  

In recent years, the increase of process industries utilizing significant pollutants, including 

nitrophenols, dyes, herbicides, and pesticides, has occurred due to population growth and urban 

development [Kumar et al., 2018]. According to Gaurav Sharma et al., one of the primary 

issues is the presence of extremely dangerous and deadly chemicals in the water and 

wastewater that the chemical factories release. Due to the severe bioaccumulation, persistence, 

and toxicity, chlorophenol substances, which are increasingly utilized in agriculture, 

manufacturing, and medical treatment, are being released into the environment in greater 

quantities. This hurts both human’ health and the environment [Diao et al., 2020]. Additionally, 

CPs show toxicity towards the development and metabolism of microorganisms. Trace 

chlorophenol is ineffective in eliminating these compounds from water sources and drinking 

water, and it is crucial to acknowledge the risk to water quality safety posed by microbial 

leakage [Olaniran et al., 2011]. Physical adsorption facilitates the rapid transfer and 

concentration of chlorinated phenol contaminants, in contrast to the decomposition and full 

mineralization of pollutants, which may lead to secondary pollution [Alkaram et al., 2009; 

Zhou et al., 2010]. The primary way for diminishing CP pollutants is the traditional chemical 

reduction-oxidation process; yet, this technique experiences high operational costs and 

stringent requirements for the reaction apparatus. This procedure often produces by-products 

and is challenging to fully mineralize. Removing pollutants from water is a challenging issue 

[Yin et al., 2012]. Recently, Suman et al. demonstrated that ZnO and La-doped ZnO 

photocatalysts were employed to investigate the degradation of 2-chlorophenol (2-CP) under 

optimal pH, irradiation duration, and catalytic dosage. At an optimum pH of 2, ZnO and La-

doped ZnO exhibited maximum degradation efficiencies of 75.85% and 83.92%, respectively, 

utilizing a catalytic dose of 10 mg and an irradiation duration of two hours. 

The Advanced oxidation processes, including photo-Fenton technology, are currently proposed 

as effective methods for the degradation of chlorophenol contaminants [Della-Flora et al., 

2020]. The photo-Fenton process offers a promising approach to effectively eliminate organic 
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pollutants by harnessing the power of accelerated electron transfer between H2O2 and iron- or 

copper-based photocatalysts under light stimulation. This process has the potential to generate 

even more active species like ⦁OH [Dong et al., 2019]. The photo-Fenton method provides 

additional advantages such as cost-effectiveness, mild reaction conditions, high catalytic 

efficiency, and operational simplicity, effectively addressing the limitations of traditional 

techniques for eliminating chlorophenol pollutants [Han et al., 2020]. The field of photo-Fenton 

reactions has seen a surge in research on conventional Fe-based catalysts. Most photo-Fenton 

reactions exhibit a limited pH range (2.8-3.5), with the degradation efficacy significantly 

diminished at elevated pH levels due to the formation of iron hydroxide precipitates and the 

delayed reduction of Fe3+ to Fe2+ [Al Kausor et al., 2021]. Furthermore, it is important to note 

that these catalysts tend to pay higher costs, as they predominantly rely on UV radiation instead 

of utilizing sunlight or visible light. Researchers consistently seek innovative approaches to 

modify the catalysts to effectively tackle the previously mentioned challenges. Metal sulfide 

nanoparticles in the II–VI group of semiconductors have attracted a lot of interest as crucial 

materials for lithium-ion battery [Liou et al., 2004], solar cell [Li et al., 2017], light-emitting 

diode and antibacterial activity [Xu et al., 2014], electrocatalytic H2 evolution [Gupta et al., 

2014], and photocatalytic applications [Ayodhya et al., 2018]. Recently, there has been 

considerable interest in photocatalysis as a promising approach to tackle the various challenges 

related to aqueous environmental pollution. Among the challenges we face are the effective 

decomposition of detrimental substances such as dyes, insecticides, and antibiotics when 

subjected to sunlight [Seo et al., 2017; Sharma et al., 2018]. In addition, a class of metal sulfide 

nanomaterials has been designed for pollutant degradation in a range of shapes and sizes 

(flowers, rods, ribbons, etc.) due to their large surface-to-volume ratio and the quantum 

confinement effect, which gives them their distinctive structure, electrical, magnetic, and 

optical properties [Shahi et al., 2018; Chandrasekar et al., 2015]. Recent years have seen a 

surge in interest from the theoretical and experimental communities in the production of 

nanostructures. These materials have been the subject of substantial study because of their 

unique chemical and physical properties. The materials with nanostructures were created using 

copper sulfide nanostructures using various processes. Some examples of these methods are 

chemical bath deposition, sonochemical analysis, hydrothermal treatment, wet chemical 

treatment, and solvothermal treatment. A p-type semiconductor, such as copper sulfide (CuS), 

is inexpensive, non-toxic, environmentally benign, and has a narrow energy gap (1.63-2.5 eV) 

[Ayodhya et al., 2016]. The CuS nanoparticles display fascinating chemical and physical 

properties based on their size and structure. It can be triggered by visible light, significantly 
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enhancing the light's effectiveness for application and priming it for a Fenton-like catalyst. The 

implementation of CuS as a Fenton catalyst in practical scenarios remains challenging. 

Initially, CuS nanoparticles exhibit a tendency to agglomerate, hence diminishing their capacity 

for reusability as a catalyst. Furthermore, diminished catalytic degradation efficiency results 

from inadequate photogenerated carrier separation efficiency and low quantum yield [Zhang 

et al., 2023]. Ultimately, light exposure induces the rapid corrosion and oxidation of CuS 

nanoparticles.  

This study estimated the photodegradation activity of the produced CuS nanoparticles by 

calculating the elimination efficiency of 2-CP in an aqueous solution under visible light. 

Researchers have looked at how catalyst crystallinity, optical absorbance, pH of the solution, 

and catalyst concentration all play a role in photodegradation. 

 

4.2. Results and Discussion 

4.2.1. Characteristics studies 

Fourier transform infrared spectroscopy Analysis. 

FTIR spectroscopy was employed to ascertain the presence of functional groups of vibration 

bands in the synthesized materials. Figure 4.1 illustrates the FTIR spectra of the synthesized 

CuS nanoparticles, recorded at ambient temperature within the wavenumber range of 4000-500 

cm-1. An evident absorption band at 3500–3000 cm-1, indicative of the associated hydroxyl 

groups, is observable in the FTIR spectra of each sample. The residual peaks, situated between 

1630 and 1500 cm-1, signify moisture-laden water and are linked to the stretching vibrations of 

a hydroxyl group. The stretching bands of CuS nanoparticles are shown by the peak observed 

between 750 and 500 cm-1 [Lai et al., 2019]. A comparative comparison of both approaches 

reveals analogous peaks for Cu-S within the range of 750 to 500 cm-1.  
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Figure 4.1 FTIR spectra of CuS nanoparticle 

 

X-ray diffraction Analysis 

The X-ray diffraction (XRD) analysis of CuS semiconductor nanoparticles confirmed their 

crystallization in a hexagonal phase. Distinct diffraction peaks were observed for CuS 

nanoparticles synthesized via wet chemical co-precipitation (CuS WCP) and sol–gel (CuS SG) 

routes at 2θ values of 27.51°, 31.46°, 32.26°, 39.54°, 49.11°, 53.15°, and 57.12°. These peaks 

correspond to the lattice planes (101), (102), (103), (106), (110), (108), and (203), in agreement 

with the standard JCPDS card no. 78-0876, thereby confirming high crystallinity (Figure 4.2). 

The slight broadening of the peaks and reduction in intensity are indicative of the nanoscale 

dimension of the particles. In addition, the presence of a few extra peaks can be attributed to 

moisture adsorption on the precursor surface during synthesis or during measurement 

[Ayodhya et al., 2019; Patil et al., 2023]. 
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Figure 4.2 X-ray diffraction of CuS nanoparticles produced via sol-gel and wet chemical co-

precipitation techniques 

  

TGA/DSC 

The CuS nanoparticles' thermal stability was investigated using TGA measurements, which 

were carried out in the range of 30 to 1000˚C at a heating rate of 10˚C/min (refer to Figure 

4.3). According to Gupta et al., this method entails manipulating a sample's temperature in a 

controlled environment and then measuring the resulting mass change. Understanding a 

material's moisture content, degradation behaviors, thermal stability, and chemical 

transformations requires this technique. The samples' TGA curves show many distinct mass 

loss phases, which correspond to the gradual breakdown and destruction of the unreacted 

molecules. These steps start with the desorption of adsorbed atmosphere components and 

continue all the way to the production of absolute ash. A small decrease in mass is seen at 

around 272°C. The reduction in concentration is because some of the CuS is reduced to Cu2S. 

At the same time, there is another peak in the -weight loss direction, which indicates that the 

water content of the sample has been removed. Near 380°C, there is also a noticeable 

exothermic peak and a small subsequent mass increase. The presence of oxysulfate and copper 
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sulfate compounds in the CuS sample is indicated by this. This peak's exothermic properties 

suggest that heat is being released during the transformation. Insights into the CuS material's 

thermal stability, phase transformations, and chemical reactions during heating are provided 

by these detailed thermal profiles acquired through TGA. In order to optimize the material's 

processing conditions and determine its suitability for various applications, it is crucial to 

understand these thermal behaviours [An et al., 2015]. 

 

Figure 1.3 TGA/DSC of CuS nanoparticle (wet chemical co-precipitation method) 

UV-Visible Spectroscopy 

According to Riyaz et al., the band gap was determined to be 2.89 eV by applying the Solgel 

method and extrapolating the data.  In contrast, our method for analyzing the UV-visible 

absorbance spectra of CuS nanoparticles produced by wet chemical co-precipitation (200 to 

800 nm) allows one to use the spectra to determine the optical band gap using the Tauc equation 

(Equation 4.1) [Li et al., 2017; Nafees et al., 2012].  The anticipated bandwidth value of 2.1 

eV is in good agreement with the previous finding in Figure 4.4.  Our method minimizes the 

bandwidth gap, which allows it to find better outcomes than the present methodology.  

(αℎv) A (1/n) = (hn - Eg) 

 

4.1 

 

For directly permitted transitions, where n = 1/2, the coefficient of absorption is denoted by α 

= -lnT, hv is the photon's energy, A is the optical transition-dependent constant, and ν is the 
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incident beam's frequency, the intercept (Eg) is obtained by extending the linear segment of 

the curve until it intersects with the x-axis.  Tauc's plot shows a direct relationship between 

αhv/2 and hν, and the band gap for direct transitions is given by its intercept on the X-axis. 

 

Figure 4.4 Tauc plot of CuS nanoparticle (wet chemical co-precipitation method) 

SEM/EDX Spectrum 

The morphology of the sample was investigated using a scanning electron microscope (SEM). 

Using its magnifications, the corresponding images show that the CuS nanoparticles are 

uniformly dispersed and have a spherical shape. In contrast, scanning electron microscopy 

(SEM) images of CuS produced using the sol-gel method reveal a larger particle size compared 

to CuS produced using the wet chemical co-precipitation method. In Figure 4.5. As you can 

see from the spectrum, Energy-dispersive X-ray spectroscopy (EDX) was used to conduct the 

elemental analysis. Figure 4.6 shows the EDX spectra, which confirm the sample's Cu, S, and 

O concentrations. The elements found in the CuS nanostructures are graphically represented 

and subjected to quantitative analysis [An et al. 2015]. 
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Figure 4.5 FESEM of CuS nanoparticle wet chemical co-precipitation and Sol-Gel method 
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Figure 4.6 EDX spectrum of CuS nanoparticle (wet chemical co-precipitation method) 

4.2.2. Photocatalytic degradation of 2-CP 

Impact of pH 

The degradation rate of 2-chlorophenol by copper sulphide nanoparticles was studied under 

visible light to determine the effect of pH. The elimination effectiveness of 2-CP rises with 

increasing pH values up to 6, as demonstrated in Figure 4.7, but then falls as pH increases to 

10.0. The surface becomes positively charged, and an electrostatic repelling shift occurs in the 

direction of the cationic moiety when the pH of the photocatalyst material is acidic (pH 6). By 

changing the electrostatic repulsion between anionic molecules and making the photocatalyst's 

surface material negatively charged, the light power increases by 100 to 200 W at an alkaline 

pH. The photocatalytic elimination of 2-CP was enhanced from 27% to 77% and 30% to 80% 

using CuS nanoparticles made using the Sol-Gel method (CuS-SG) and the wet chemical 

coprecipitation method (CuS-WCP), respectively. Due to the considerable lowering of the 

bandgap from 2.89 to 2.1 eV, wet chemical co-precipitation displays the highest degradation 

of 2-CP when compared with the Solgel approach. The degradation of 2 chlorophenol utilizing 

different materials as a photocatalyst at different pH values is compared in Table 4.1 with CuS 

[Ba-Abbad et al., 2016]. 
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Figure 4.7 Effect of pH on degradation of 2-CP, reaction volume; 30 mL, Conc. of 2-CP; 100 

mg/L, pH; 6, Temperature; 30⁰C catalyst dose; 10 mg, irradiating time; 2 h 

Table 4.1: Treatment of wastewater with CuS and hybrid materials for photocatalytic 

destruction of organic contaminants 

Material Method  pollutant % Degradation Reference 

CuS/Fe3O4/GO Solgel/hydrothermal  Methylene Blue 90.3% [Dustgeer et al., 

2021] 

rGO/CuS facile co-precipitation 

technique 

Malachite Green 97.6% [Nasseh et al., 

2021] 

CuS Hydrothermal  4-nitrophenol 

nitrobenzene 

25.6% 

19.4 % 

[Saranya et al., 

2015] 

CuS  CV 

MB 

RhB 

85% 

100% 

81% 

[Ajibade et al., 

2021] 
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CuS/rGO chemical reduction 

process 

Cr (VI) 98% [Pal et al., 2015] 

CuS/CoFe2O4  Hydrothermal method Methylene blue 

Rhodamine B 

100% 

 

72% 

[Bano et al., 

2020] 

CuS-CdS Simple method Rhodamine B 

Methylene blue 

 

96% 

 

94.7% 

[Siadatnasab et 

al., 2018] 

CuS-WO3 Solution method Rhodamine B 

 

49% [Pandit et al., 

2020]  

FeNi3/SiO2/CuS  tetracycline 100% [Song et al., 

2020] 

CuS–MoS2 Hydrothermal 

technique 

Hydroquinone 83% [Nasseh et al., 

2018] 

 

CuS@CNs 

 

In situ 2,4-DCP 96% [Chen et al., 

2021] 

 

Co-doped 

ZnO/CuS 

Hydrothermal method MO 

phenol 

 [Li et al., 2018] 

CuS Wet chemical co-

precipitation process 

2-CP 83.2% Present work 

CuS Solgel process 2-CP 75% Present work 
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Effect of Time 

The reaction process was examined by means of a kinetic examination employing CuS (SG) 

and CuS (WCP). In about 2 hours when exposed to visible light, 2-CP was catalytically 

removed, with CuS (SG) nanoparticles removing about 75% and CuS (WCP) nanoparticles 

removing about 83% (15ppm), respectively (Figure 4.8). The elimination of 2-CP catalytically 

followed the pseudo-first order kinetic model (Figure 4.9) with statistical significance (R2 > 

0.906 and R2> 0.943) as shown in Equation 4.2. 

 

lnC0

Ct
= ak ∗ t 

 

4.2 

 

The above equation states that the concentrations at time t, C0, and Ct, are expressed in mg/L. 

The response rate constant k (min−1) is shown in Table 4.2, which is formed by plotting 

In(C0/Ct) against time in a linear fashion. Ayodhya et al.  and Dustgeer et al.  found that the 

rate constant grows as the initial 2-CP concentration increases. 

Table 4.2: Pseudo first order rate constant for 2-CP 

Material 2-CP (mg/L) k (min-1) R2 

CuS (WCP) 15 0.722 0.943 

CuS (S.G) 15 0.645 0.906 
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Figure 4.8 Effect of reaction time, Conc. of 2-CP; 100 mg/L, pH; 6, Reaction volume; 30 

mL, catalyst dose; 10 mg, irradiating time; 2 h, Temperature; 30⁰C 

 

Figure 4.9 Pseudo ist- order kinetics. Conc. of 2-CP; 100 mg/L, reaction volume; 30 mL, 

irradiating time; 2 h, catalyst dose; 10 mg, pH; 6, Temperature; 30⁰C 
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 Catalyst dosage effect 

A significant amount of the photocatalyst boosts the generation of e-/h+ couples, which in turn 

enhances the photocatalytic degradation process of 2-CP [Song et al., 2017]. To find the 

optimal photocatalyst dose, the CuS nanoparticle material was varied from 0.01 to 0.2 g/L in 

30 mL of 2-CP (100 mg/L) under 100 W of light intensity on a pH value of 6.0 for two hours. 

Figure 4.10 shows that with an increase in photocatalyst concentration from 0.01 to 0.05 g/L, 

the photocatalytic removal efficiency of 2-CP for CuS (SG.) increased from 37% to 69.5% and 

for CuS (WCP) from 43% to 72.8%. However, the removal effectiveness was not further 

enhanced by adding 0.2 g/L to the dose of CuS nanoparticles. Due to the photocatalyst's 

increased suspension, light penetration was found to be diminished with a high photocatalyst 

addition [Nasseh et al., 2021]. 

 

Figure 4.10 Effect of catalyst dosage, Conc. of 2-CP; 100 mg/L, pH; 6, reaction volume; 30 

mL, irradiating time; 2 h, Temperature; 30⁰C 
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Effect of H2O2 concentration 

Hydrogen peroxide improves photocatalytic elimination by increasing the quantity of 

accessible •OH radicals by the formation of vivid intermediates during the photocatalytic 

reaction. Figure 4.11 shows the influence of hydrogen peroxide on the photocatalytic removal 

of 2-CP by CuS (SG) and CuS (WCP), with hydrogen peroxide levels affected by 0.001% to 

0.4%. Without hydrogen peroxide, the photo-degradation efficiency was 72.8%. In contrast, 

increasing the hydrogen peroxide concentration from 0.001 to 0.1% resulted in an 84.4% rise 

for CuS (WCP) and a 75.2% increase for CuS (SG) in the photocatalytic removal of 2-CP. 

However, increasing the concentration to 0.4% caused a 42.6% decrease. The combination of 

hydroxyl radicals and abundant hydrogen peroxide acts as an inhibitor, which explains this 

decrease. By capturing photoinduced e-ions with hydrogen peroxide, the linked e-/h+ can be 

stabilized. The •OH radicals can be generated by reacting hydrogen peroxide with e or O2
•-. It 

was therefore hypothesized that 2-chlorophenol may be more effectively removed by 

incorporating hydrogen peroxide into the photocatalytic reaction system. Since the additional 

hydrogen peroxide caught the created •OH radicals to make weaker oxidant HO2
• radicals, the 

quantity of •OH radicals available for 2-CP elimination reduced as the concentration of added 

hydrogen peroxide increased [Pandit et al., 2020]. 

 



135 
 

Figure 4.11 Effect of H2O2 (%), Conc. of 2-CP; 100 mg/L, reaction volume; 30 mL, pH; 6, 

irradiating time; 2 h, catalyst dose; 10 mg, Temperature; 30⁰C 

 

Photocatalyst Regeneration 

By reusing the photocatalyst that was produced for 'n' cycles, the financial viability of the 

catalyst will be improved. The employed photocatalyst was treated with a solution of thirty 

percent hydrogen peroxide for one hour while being agitated. This was done in order to renew 

the photocatalyst. The efficiency of 2-CP in eliminating the substance was 42.7% up until the 

fifth cycle, and it continued to decrease as the number of regeneration cycles rose (Figure 

4.12). [Ba-Abbad et al., 2016] found that the hydrogen peroxide treatment can free the active 

sites and form a negatively charged surface, which in turn functions as a new photocatalyst 

CuS nanoparticle. This is accomplished by oxidizing the surface-trapped molecules to water 

and carbon dioxide. 
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Figure 4.12 Regeneration of CuS (WCP) photo-catalyst (reaction condition: 2-CP 

concentration; 100 mg/L, catalyst dose; 10 mg, reaction volume; 30 mL, H2O2; 0.01%, pH; 

6.0, temperature; 30⁰ C) 

 

4.2.3. Batch absorption experiment 

Spiking process/ Photodegradation of 2-Cp from aquatic wastewater 

The sample of wastewater was collected from the sewerage treatment plant located at Lovely 

Professional University Phagwara, Punjab, 144411. The wastewater samples were analyzed 

using standard analytical methods as soon as they were collected, which was shortly after 

receiving them. The pH of wastewater is 7.8, its color is yellowish, its total soluble solids (TSS) 

is 164 mg/l, its total dissolved solids (TDS) is 231 mg/l, and its conductivity is 1.11 Ohm-1m-1 

During the photocatalytic process, one of the most important variables is the dose of the 

catalyst. The optimum value is to optimize photocatalytic activity (PCA) at the lowest feasible 

catalyst dose. This means that the creation of hydroxyl radicals is connected with an increase 

in catalyst concentration up to a certain point. On the other hand, agglomeration might take 

place after that point, and the PCA might fall as a consequence of the decreased light 

penetration. Both the likelihood of a higher electron-to-hole pair recombination rate and the 

probability of agglomeration from higher doses than the optimal value could be factors that 

contribute to the decrease in degradation rate that is brought about by increasing the catalyst 

dose. This could, in the end, lead to a reduction in the amount of light that penetrates [Singh et 

al., 2009]. For the purpose of determining the optimal concentration for the maximal 

degradation of 2-CP, CuS (WCP) nanoparticles were utilized at a variety of concentrations 

ranging from 0.01 to 0.2 g/L. It was discovered that a lower concentration of photocatalyst had 

no discernible impact on photodegradation. On the other hand, increasing the concentration of 

the catalyst increased the rate of degradation, reaching up to 72.8%, 64%, and 67.2% for 

wastewater, spiking, and synthetic solution degradation, respectively, at the optimal value of 

the catalyst (Figure 4.13). 
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Figure 4.13 Effect of catalyst dosage, Conc. of 2-CP; 100 mg/L, pH; 6, reaction volume; 30 

mL, Temperature; 30⁰C, irradiating time; 2 h 

4.2.4. Schematics mechanism of CuS for 2-CP degradation 

The formation of photogenerated charge carriers, namely holes and electrons, transpired when 

photons of light impinged upon the photocatalytic material CuS compound [Borthakur et al., 

2021]. Figure 4.14 demonstrates that the degradation process encompasses both electrons and 

holes. Reduction transpires in the presence of electrons, whereas oxidation occurs in the 

presence of holes. Superoxide radical anion and other highly reactive species are produced on 

the surface of the active catalyst [Lai et al., 2019]. The low electrode potential of hydroxyl 

radicals renders them highly reactive species. Two pathways are feasible for the breakdown of 

2-chlorophenol (2-CP). In mechanism-I (M-I), an electron in the conduction band interacts with 

2-CP, resulting in the elimination of the chlorine group as a radical and the formation of phenol 

as an intermediate. In mechanism II (M-II), the reactive OH radical and conduction band 

electrons assault the Ortho-position, substituting the Cl group with the OH group to yield the 

catechol intermediate. The conduction band electron subsequently decomposed catechol to 

yield phenol. Numerous investigations have demonstrated that the OH radical targets the 

aromatic rings of phenol owing to its electrophilic nature. This leads to the production of 

fumaric acid and maleic acid, which then decompose into the simpler molecule acetic acid 



138 
 

[Turchi et al., 1990]. Consequently, at the end of the process, 2-CP completely mineralizes into 

CO2 and H2O. 

 

 

Figure 4.14 Mechanism of CuS (WCP) nanoparticles used for degradation of 2-CP  

 

Chapter-5 

Photocatalytic Degradation of Ciprofloxacin Using Microwave-Assisted CdS/Cs₃Bi₂Br₉ 

Nanocomposite in Industrial Aquatic Waste  

5.1.Introduction  

The increasing prevalence of persistent pharmaceutical chemicals in aquatic environments is 

mainly due to the extensive use of antibiotics and the inadequacies of traditional water 

treatment methods [Agladze et al., 2007] Fluoroquinolones (FQs), a prevalent class of 

antibiotics, have been consistently identified in environmental samples [An et al. 2010] FQs 

demonstrate significant stability, with more than 70% of the molecule being excreted unaltered 

or as active metabolites, underscoring their potential for environmental persistence [Barros et 

al., 2014]. 
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Antibiotics belonging to the β-lactam category are commonly employed in the treatment of 

infectious diseases in both animals and humans.  The antibacterial action against both Gram-

positive and Gram-negative bacteria is exhibited by the β-lactam antibiotic family, which 

comprises amoxicillin (AMX).  AMX has a greater rate of absorption in living organisms 

compared to other β-lactam antibiotics, and it blocks the synthesis of peptidoglycans, the main 

component of bacterial cell walls.  Its persistent usage in biological fluids and animal feed is a 

direct outcome of its widespread usage, which in turn causes certain harmful consequences on 

people.  One of the side effects of antibiotics is colitis, which can also cause rashes, nausea, 

and vomiting.  Finding any trace of it in foodstuffs and bodily fluids is, hence, of the utmost 

importance [Nosuhi et al., 2017].  Metoclopramide (MCP) is a famous dopamine antagonist 

with antiemetic and analgesic effects; it is especially useful for a variety of gastrointestinal 

problems. MCP is a derivative of 4-aminobenzoic acid and substituted benzamide.  Not only 

does it alleviate GERD and gastroparesis, but it also reduces labor pain and migraine attacks, 

acts as a local anesthetic and alleviates hiccup symptoms, prevents nausea and vomiting after 

surgery, eliminates vomiting caused by chemotherapy, and speeds up the emptying of the 

stomach.  Due to its short half-life of a few hours and efficient absorption, approximately 80% 

of an oral dose of MCP (in its unmodified molecule and conjugate form) is eliminated in the 

urine within 24 hours.  N-4 glucuronide and metoclopramide-N-4 sulfate account for less than 

2% of MCP discharged in urine.  According to Fazaeli et al, individuals with renal disease have 

a decrease of at least 30% in their ability to eliminate MCP. 

Ciprofloxacin (CIP) is an efficient fluoroquinolone antibiotic that is commonly administered 

to treat bacterial infections.  Because of its inappropriate disposal in direct drainage and 

wastewater effluents, however, it has contaminated the environment due to its extensive use.  

Consequences of CIP contamination in human water include lowered immunity, 

gastrointestinal distress (vomiting, nausea, and vomiting), headaches, and skin and mouth 

problems (stomatitis, eczema, and other dermatological difficulties) [Brillas et al., 1995].  

According to Martínez-Huitle et al, CIP also has phytotoxic effects, which mean it hinders 

plant growth and development, damages DNA, stops higher plants like spinach from making 

photosynthesis, and causes morphological abnormalities. 

Research conducted by Pérez et al. found that treated waterways and groundwater can include 

amounts of up to mg L-1 of CIP, whereas hospital effluents can contain values ranging from 

ng L-1. Because CIP degrades slowly, it can remain in solution at high concentrations for a 

long time. Activated sludge treatment and sludge digestion can get rid of CIP, but even then, 



140 
 

over 70% of the chemical is still in the treated effluent sludge [Cotillas et al., 2019]. As a result 

of residue detection in sewage effluent, CIP experiences secondary environmental harm as a 

result of phase transfer during sewage treatment, according to studies [Cotillas et al., 2018]. 

Several strategies have been devised to eradicate CIP from the environment in order to lessen 

these environmental repercussions and the emergence of resistance bacteria [Shanmugaraj et 

al., 2023]. 

According to Chankhanittha et al, several methods have been used to eliminate organic 

pollutants. These include coagulation, chemical precipitation, adsorption, ozone oxidation, and 

electrochemical strategies. Another biological option for reducing antibiotic contamination of 

water is biodegradation, which is a process that bacteria and fungus can do [Cheng et al., 2018]. 

To further remove contaminants, non-biological techniques such hydrolysis, oxidation, and 

reduction have been employed [Huang et al., 2019]. Nevertheless, the practical use of these 

procedures is limited due to their high costs, low stability, and limited efficiency, among other 

constraints. As a result, there is an urgent and fascinating need to find new techniques to remove 

contaminants, especially antibiotics, from the environment. 

Recent decades have seen semiconductor-based (heterogeneous) photocatalysis emerge as the 

gold standard for AOPs. This technology is widely recognized as safe, cost-effective, 

ecologically friendly, and capable of rapidly decomposing a wide range of organic compounds 

with potential toxicity. This method relies on the production of powerful hydroxyl radicals and 

superoxide radical oxidants by exposing a semiconducting material to intense ultraviolet or 

visible light. Chemical pollutants can be targeted by these radicals, which can then break them 

down into smaller bits and convert them into water and carbon dioxide. The main problem with 

this method, according to Derikvandi et al, is that photogenerated electron-hole (e−/h+) pairs 

recombinate, significantly diminishing the efficacy of photodegradation. 

Hence, many methods have been used to reduce the level of e-/h+ recombination. With the 

nano-sized method, the photoinduced e-/h+ couples no longer have to travel the full length of 

the semiconductor from its bulk to its surface. The outcome is a faster transit time to the surface 

for the e-/h+ couples. They may, therefore, undergo photodegradation before recombining. 

Doping the semiconductor with metals or non-metals is another strategy that can be employed 

to introduce new or mixed energy levels to the systems. Consequently, the photogenerated e-

/h+ couples in the CB/VB of the main semiconductor can reach these new energy levels, and e-

/h+ recombination tends to diminish. Distributing the semiconductor species across their 
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surface is possible with the help of a suitable support, like zeolite, silica, or alumina. As a result, 

the effective surface area increases and the aggregation of semiconductor species is prevented. 

To further decrease e-/h+ recombination, hybrid or hetero-junction systems can be employed. 

These systems comprise two or more semiconductors that are strategically placed to take 

advantage of the right possible positions for CB and VB. Internal redox (reduction-oxidation) 

processes occur between the CB and VB levels of the semiconductors in these systems. 

Recombination between e- and h+ is greatly inhibited by these redox processes. Several 

photodegradation mechanisms, including the direct Z-scheme and type II heterojunction, have 

been studied and proven in this regard [Yousefi et al., 2021; Rezaei et al., 2024; Rezaei et al., 

2024]. 

The potential of semi-conducting photocatalysts to clean water and air has piqued a lot of 

people's interests in these materials [Mirsalari et al., 2021; Chankhanittha et al., 2022]. By 

removing dangerous pollutants without producing harmful byproducts, photocatalytic 

processes provide a proactive approach for contaminant removal. Additionally, this method is 

easy to manage, doesn't harm the environment, and doesn't cost a fortune [Kaur et al. 2018, 

Patidar et al., 2021]. An innovative age in effective pollution removal has begun with cadmium 

sulfide (CdS), a noteworthy example of visible light-active photocatalysts with a band gap 

energy of about 2.4 eV. The photocatalytic degradation of organic contaminants makes 

considerable use of CdS. But there are two big drawbacks to CdS. To start with, it isn't very 

useful because electron-hole couples recombinate so quickly. Additionally, its usefulness is 

further limited by photo-corrosion, which happens during the photodegradation of 

contaminants [Senasu et al., 2017; Senasu et al., 2018; Senasu et al., 2021]. Using the right 

sacrificial agent can fix this semiconductor's disadvantage. According to Nezamzadeh-Ejhieh 

et al, a sacrificial agent frequently used to inhibit CdS photocorrosion is a mixture of Na2S and 

Na2SO3. Using eggshell membranes, CdS nanoparticles were synthesized at different pH values 

in an additional experiment. Increasing the pH results in a large amount of the smallest possible 

nanoparticles. The photodegradation effectiveness of the toluidine blue dye was demonstrated 

by the produced nanoparticles.  

 

Recent research has increasingly focused on perovskite materials and their derivatives, such as 

Rudorffite-type compounds, owing to their easy synthesis, adjustable bandgap, remarkable 

charge carrier mobility, high defect tolerance, and wide range of applications [Chen et al., 
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2015; Ye et al., 2020]. Rudorffites differ from conventional perovskites (ABX3) by exhibiting 

edge-shared AX6 and BX6 octahedra, and they adopt a structural formula of AaBbXx (where x 

= a + 3b). The distinctive architecture facilitates the development of bismuth-based Rudorffite 

nanomaterials [Tie et al., 2020; Turkevych et al., 2017]. The vacancy-ordered triple perovskite 

variant, A3B2X9, has attracted considerable attention in the field of photovoltaics due to its 

moderate power conversion efficiency. The A3B2X9 Rudorffite-type structure demonstrates 

significant stability and presents an opportunity to substitute toxic lead with less harmful 

elements in traditional perovskites, positioning it as a highly promising candidate [Park et al., 

2015]. 

This study reports the successful synthesis of a novel CdS/Cs3Bi2Br9 nanocomposite with 

increased photocatalytic capabilities using a microwave-assisted method. Ciprofloxacin is a 

common antibiotic contaminant, and the CdS/Cs3Bi2Br9 nanocomposite showed remarkable 

photocatalytic activity in degrading it from water. This study demonstrates the promise of a 

CdS/Cs3Bi2Br9 nanocomposite prepared by microwave synthesis as a photocatalyst for the 

elimination of antibiotics. 

 

5.2. Results and Discussion 

5.2.1. Characteristics studies  

Fourier Transform Infrared spectroscopy (FTIR)   

Figure 5.1 illustrates the FTIR spectra of Cs₃Bi₂Br₉ nanocomposites incorporated with CdS. 

The absorption band observed near 700 cm⁻¹ is assigned to Cd–S bonding, arising from strong 

sulfide vibrations. A weaker band at 882.52 cm⁻¹ is attributed to O-H vibrations of water 

molecules. The characteristic stretching modes of thiourea appear at 1002.54 cm⁻¹ (C=S) and 

1143.83 cm⁻¹ (C–N). An asymmetric scissoring vibration is evident at 1404.22 cm⁻¹, while 

weak asymmetric C–H vibrations occur as a doublet at 2359.68 cm⁻¹. Two additional peaks, 

located at 2016.05 cm⁻¹ and 2182.64 cm⁻¹, correspond to N=C stretching or the isothiocyanate 

(–NCS) group, generated from thiourea hydrolysis during the synthesis process [Kumar et al. 

2016; Senobari et al., 2018]. Peaks at 531, 641, 1015, 1405, 1633, and 3358 cm⁻¹ are associated 

with Cs₃Bi₂Br₉, reflecting distinct bonding arrangements or structural vibrations of the 

compound. In particular, bands at 531 and 641 cm⁻¹ indicate Cs-Bi bonding, while those at 

1015 cm⁻¹ and 1633 cm⁻¹ correspond to N–O and C=N groups, respectively. The broad band 
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at 3358 cm⁻¹ is attributed to O–H stretching, suggesting the presence of hydroxyl groups or 

absorbed moisture [Mirsalari et al., 2021; Wang et al., 2021]. 

 

Figure 5.1 Fourier transform infrared spectra of CdS (S.G). CdS (M.W), Cs3Bi2Br9 and their 

several composites 

 

XRD Analysis 

The powder X-ray diffraction (XRD) patterns were utilized to analyze the crystallinity and 

crystal structure of CdS and Cs3Bi2Br9 nanocomposites. The CdS exhibited diffraction peaks 

at 2Ө values of 24.81°, 26.50°, 28.40°, 30.80°, 34.39°, 45.83°, 51.91°, and 53.10°, 

corresponding to the (100), (002), (101), (220), (102), (110), (311), and (112) planes of the 

cubic CdS crystal lattice (JCPDS card no. 00-001-0647) [Khan et al., 2011; Tailor et al., 2021]. 

The distinctive diffraction peaks of Cs3Bi2Br9 indicate its unique hexagonal structure within 

the P3m̅1 space group (JCPDS card no 44-0714). The pronounced peaks at 12.78°, 15.68°, and 

31.69° correspond to the (100), (101), and (202) planes of its hexagonal structure, respectively. 

In comparison to pure Cs3Bi2Br9, the hybrid Cs3Bi2Br9/CdS samples demonstrate a 
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considerable enhancement in intensity. The increase in intensity indicates significant 

alterations in the material's structural composition, paving the possibility for future 

breakthroughs in both application and performance. This finding indicates that the content of 

CdS nanospheres in the structure influences the alignment of Cs3Bi2Br9 platelets, particularly 

for the lateral dimensions of the lattice. This behavior indicates that the included nanospheres 

substantially influence the material's structural configuration, potentially unlocking 

unprecedented opportunities for precise manipulation and enhancement of its properties. 

Figure 5.2 [Hemmatpour et al., 2022]. 

 

Figure 5.2 X-ray diffraction graphs of CdS (S.G), CdS (M.W), Cs3Bi2Br9 and their several 

composites 

The Scherrer equation states that a crystallite with a narrower diffraction peak (a larger β-value, 

where β is the total width at half maximum in radians) results in a smaller crystallite with 

diameter (d). Although the Scherrer constant (k) can take on values between 0.8 and 1.4, a 

value of 0.94 is commonly used. The variables θ and κ in Equation 5.1 stand for the Bragg 

(diffraction) angle and the wavelength of the X-ray photon, or Cu-Ka radiation, respectively. 
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d = kλ ⁄ βCosθ 5.1 

The average crystallite size for prepared CdS (S.G), CdS (M.W), Cs3Bi2Br9, and 

5%CdS/Cs3Bi2Br9 was around 14.3, 16.82, 11.72, and 7.02 nm, respectively. Several 

experimental factors, including lattice defects, different stresses produced for several grains, 

and crystallite size, might affect the width β of a typical diffraction peak. The Williamson-Hall 

(W-H) equation (Equation 5.2) evaluates the combined impacts of size and induced strain (η). 

The WH equation is composed of the strain broadening Stokes and Wilson expression and the 

size broadening Scherrer formula. Hence, in the case of strain-free broadening (η = 0), the W-

H equation yields a net Scherrer formula. Crystallite size changes in relation to the 1/cos(θ) 

value in the W-H model. As stated in several studies [Azimi et al., 2015; Tamiji et al., 2019, 

Zhao et al., 2021], the strain is affected by any variation in tan(Ϙ). By utilizing the intercept 

value, one may approximate the average size of the crystallites (Table 5.1). 

 

βCosθ = (kλ
d⁄ ) + (ƞsinϴ) 

 

5.2 

 

Table 5.1: CdS (S.G), CdS (M.W), Cs3Bi2Br9 and (1, 5 1nd 10%) CdS/Cs3Bi2Br9 

nanocomposite crystallite size, lattice strain and FWHM. 

Material FWHM Crystallite size(nm) Strain 

CdS (SG) 0.536 14.36 9.21 

CdS (MW) 4.718 16.82 442.2 

Cs3Bi2Br9 0.65 11.72 10.31 

1% CdS/Cs3Bi2Br9 1.79 4.26 28.15 

5%CdS/Cs3Bi2Br9 1.09 7.02 17.22 

10% CdS/Cs3Bi2Br9 0.48 15.16 5.09 
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Scanning Electron Microscopy and Energy Dispersive X-ray spectroscopy (SEM/EDX) 

Analysis 

These scanning electron micrographs show the morphologies and microstructures of the 

materials. Figure 5.3 A1, B1, and C1 show the morphology of the pure CdS, Cs3Bi2Br9, and 

5%CdS/Cs3Bi2Br9 composites, which were characterized by a spherical shape and reasonably 

regular aggregates. During the microwave synthesis of the CdS/Cs3Bi2Br9 composite, the active 

photocatalyst is close to Cs3Bi2Br9, which makes it easier for charges to move between them. 

Cs3Bi2Br9 is not the main photocatalyst; instead, it is an absorber and sensitizer for visible light. 

Element’s mapping and energy dispersive X-ray spectroscopy were used to investigate the 

chemical component distribution and elemental composition of the 5%CdS/Cs3Bi2Br9 

photocatalyst. The scanning electron micrograph (SEM) of the mapping area and the EDX 

elementary mapping Figure 5.3 A2, B2, C2 demonstrate that all elements, particularly bismuth 

(Bi), oxygen (O), bromine (Br), cadmium (Cd), and sulfur (S), are color-distributed evenly 

over the scanning region of the composite. Figure 5.3 A3, B3, and C3 of the EDX spectrum 

shows that the CdS and Cs3Bi2Br9 nanoparticles that were synthesized are pure. The elements 

cadmium, sulfur, cesium, bismuth, and bromine are all present in these nanoparticles, with a 

ratio of about 78.5:21.5 for CdS and 38.6:40.0:0.8 for Cs3Bi2Br9 that approaches the nominal 

value [Farsi et al., 2022]. 
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Figure 5.3 Scanning Electron Microscopy/Mapping/EDX graphs of CdS (A1, A2, A3), 

Cs3Bi2Br9 (B1, B2, B3) and 5% CdS/ Cs3Bi2Br9 composites (C1, C2, C3) 

UV-visible spectroscopy Analysis 

The optical properties of the binary composite catalyst, CdS/Cs3Bi2Br9, as well as the 

synthesized CdS and Cs3Bi2Br9 nanoparticles, were examined by capturing and evaluating their 

UV-Vis diffuse reflectance spectra (DRS).  We calculated the band gap energies and looked at 

the samples' absorption edge wavelengths in the first part of the work.  Here, we will use the 

retrieved Kubelka-Munk, reflectance spectra, and Tauc plots to find the band gap energies of 

the samples.  Materials' macroscopic optical properties, including their dispersiveness, total 

reflectance, and absolute absorption characteristics, can be investigated using DRS.  Materials' 

macroscopic optical properties, including their dispersiveness, total reflectance, and absolute 

absorption characteristics, can be investigated using DRS.  In simpler terms, the absorption 
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futures of the samples are related to their optical properties, ratio, and particle size distribution, 

which in turn are associated to the dispersed reflected (re-emitted) photons. 

 In other words, the absorption futures of the samples determine the relationship between the 

samples' optical properties, particle size dispersion, and filling factor, and the diffused reflected 

(re-emitted) photons.  The absorption spectra of semiconducting materials provide important 

information about their optical features, including the band gap energy (Eg), which is the 

electrical motivation between the valence (VB) and conduction (CB) bands of the materials.  

To estimate this value, one can utilize the Kubelka-Munk theory in conjunction with the 

absorption edge wavelength (λAE).  Here we see some quick illustrations of tauc plots and the 

Kubelka-Munk model.  Using the absolute reflectance value (R, in the 0-1) of an opaque 

material, the converted reflectance (K) for this mathematical model can be predicted using 

(Equation 5.3).  The total reflectance of a sample is defined by its scattering and absorption 

processes within a certain thickness.  

k = (1 − R)2/2R 

 

5.3 

(αhv) = β(hv − Eg)n 

 

5.4 

Sample thickness (t) and light transmission (T, 1/t = ln (1/T)) are the two variables that 

determine the absorption coefficient "a" in the standard method for generating Tauc plots 

(Equation 5.4). To determine bandgap values for electronic transitions, plot (αhυ) n versus 

photon energy (v). This approach is applicable for authorized direct (n = 1/2) and indirect (n = 

2) transitions, as well as banned direct (n = 3/2) and indirect (n = 3). Figure 5.4 displays the 

generated Tauc graphs. To get the Eg-values at which (αhυ)n = 0, we extrapolated the rising 

slopes towards the photon energy axis. Table 5.2 displays the results. 

In comparison to pure CdS, the coupled binary CdS/Cs3Bi2Br9 catalyst had a somewhat 

narrower band gap. According to published research, there is a direct correlation between 

particle size and f(R). 

The possible positions of valence band and conduction band for the individual semiconductors 

used were predicted using the following equations (Equations 5.5 and 5.6) using the Eg values 

for the direct electronic transition, the energy of the free electrons (Ee: approximately 4.5 eV 
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compared to NHE), and χ [Omrani et al., 2020; Mehrabanpour et al., 2023; Ghattavi et al., 

2019; Ghattavi et al., 2020; Rani et al., 2020]. 

 

EVB = χ − Ee + 0.5Eg 

 

5.5 

ECB = EVB − Eg 5.6 

  

 

Table 5.2 The samples' electronic transition band gap energy and VB and CB potential 

locations were determined. 

Catalyst  χ (eV) Eg (eV) EVB ECB 

CdS 5.48 3.4 2.69 -0.71 

Cs3Bi2Br9 5.77 3.5 3.02 -0.8 

5%CdS/ Cs3Bi2Br9 NA 3 NA NA 
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Figure 5.4 Tauc plot of CdS, Cs3Bi2Br9 and 5%CdS/Cs3Bi2Br9 for n=2 

 

Zeta potential Analysis 

One of the physical characteristics of all particles that are suspended is called the zeta potential, 

and the magnitude of this potential can be used as a measurement for the stability of the 

colloidal system. When nanoparticles in suspension exhibit a zeta potential with a magnitude 

that is adequate to produce interparticle electrostatic repulsion, the aggregation of nanoparticles 

in suspension is prevented. This results in the colloidal dispersion being stabilized. On the other 

hand, if the zeta potential values of the particles are low, there is no force that prevents them 

from aggregating and flocculating. Figure 5.5 shows that the zeta potential of the composite, 

which is -4 mV, is closer to neutral than the zeta potentials of cesium bismuth bromide, which 

is -19.5 mV, and CdS, which is -5 mV. This could be an indication of enhanced adsorption and 

degradation as a result of less electrostatic repulsion between the composite material and the 

molecules of ciprofloxacin that are existing in solution. Cs3Bi2Br9 has an extremely negative 

zeta potential of -19.5 mV, which may result in higher electrostatic repulsion with ciprofloxacin 

(assuming that it bears a similar charge in the experimental pH) [Rao et al., 2017, Sankhla et 
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al. 2016]. This may make it more difficult for cesium bismuth bromide to be used for effective 

adsorption and photocatalytic activity. 

 

Figure 5.5 Zeta potential of (a) CdS, (b) Cs3Bi2Br9 and (c) 5%CdS/Cs3Bi2Br9 

5.2.2. Degradation of Ciprofloxacin (CIP) by Photocatalysis process 

The photo-degradation of Ciprofloxacin was studied utilizing a customized batch reactor and 

visible light LED sources for CdS, Cs3Bi2Br9, and CdS/Cs3Bi2Br9 photocatalysts, with the goal 

of achieving uniform light intensity. At regular intervals, 0.1 N HCl and 0.1 N NaOH were 

added to the stock solution to maintain a consistent pH. For the same three-hour radiation run, 

the identical batch investigation was performed using 10 mg CdS, Cs3Bi2Br9, and 5% 

CdS/Cs3Bi2Br9 in a 10 ppm Ciprofloxacin solution. Two passes via Whatman filter paper were 

performed on the mixture following radiation exposure. Following this, a UV-Visible 

spectrophotometer was used to measure the Ciprofloxacin concentration at 278 nm. It was 

investigated in the study by Ejhieh et al. how several experimental parameters, such as pH 

levels, concentrations of hydrogen peroxide, dosages of photocatalysts, and intensity of visible 

light, affected the elimination of ciprofloxacin. The efficiency of ciprofloxacin degradation was 

determined using the following equation (Equation 5.7): 
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%degradation efficiency = (
𝐶0 − 𝐶𝑡

𝐶𝑡
) × 100 

 

5.7 

The initial Ciprofloxacin concentration is C0, while the solution concentration at time t is Ct. 

 

Effect of pH 

The photocatalytic efficacy of nanomaterials is significantly pretentious by the pH of the 

solution, which changes the surface interaction among CIP molecules and pure or doped CdS 

and Cs3Bi2Br9 nanomaterial.  The pace of photodegradation is controlled by the amount and 

reactivity of OH radicals.  Reacting with adsorbed oxygen and water, the photogenerated 

charge carriers' low electrode potential value produced highly reactive OH free radicals.  The 

molecule eventually mineralizes due to the oxidative breakdown of CIP into intermediates, 

which is initiated by the hydroxyl free radicals. Using a Ciprofloxacin solution with a 

concentration of 10 ppm and a pH range of 2–10, we conducted experiments on photocatalytic 

degradation.  The catalyst concentrations employed in the trials were 10 mg each of CdS 

(Solgel), CdS (Microwave), Cs3Bi2Br9, 1%CdS/Cs3Bi2Br9, 5%CdS/Cs3Bi2Br9, and 

10%CdS/Cs3Bi2Br9. They were then revealing to visible light for 3 hrs.  Figure 5.6 shows an 

interesting trend: when the acidity of the medium increases, the photocatalytic degradation 

efficiency also increases.  The article highlights that the optimal pH for the breakdown of CdS 

(Solgel), CdS (Microwave), Cs3Bi2Br9, 1% CdS/Cs3Bi2Br9, 5% CdS/Cs3Bi2Br9, and 

10%CdS/Cs3Bi2Br9 is 8.  How well a catalyst degraded was affected by its surface charge 

properties as well as its concentration of OH-ions.  The charge transfer between the catalyst 

surfaces and CIP is affected by both the solution pH and the catalyst's pHpzc (point of zero 

charge) values.  Placing the pH of the catalyst surface below the pHpzc (point of zero charge) 

causes it to be positively charged, and vice versa when the pH is greater than pHpzc.  Because 

of this, catalyst surfaces display a positive charge in acidic environments and a negative charge 

in basic zones.  The degradation efficiencies of CdS (Solgel), CdS (Microwave), Cs3Bi2Br9, 

1%CdS/Cs3Bi2Br9, 5%CdS/Cs3Bi2Br9, 10%CdS/Cs3Bi2Br9, 80%, 50%, and 61.3 percent 

correspondingly reach their maximum at very alkaline conditions (pH 8).  The phenolate anion 

catalyzes a sequence of processes with explosive efficiency through its dynamic electrostatic 

contact with the positively charged catalyst surface, leading to improved efficiency.  The bulk 

of the catalysts mentioned in Table 5.3 exhibit the highest degradation efficiency in acidic 
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media.  The production of carbonate ions basically hinders the photocatalyst's ability to 

scavenge OH− ions and decrease its catalytic activity. 

 At high quantities of -OH, two reactions can take place, rendering ⦁OH inactive, as we have 

already shown.  It is possible to synthesize H2O2 and HO2
• molecules through the reaction of 

⦁OH with OH-.  These compounds have a very low reactivity with organic pollutants as 

compared to ⦁OH.  Because there are more ⦁OH radicals in solution at higher pH values, the 

radical-radical reaction also occurs at these levels.  The conjugated basic HClO•− is formed in 

an acidic solution when HCl is introduced, thanks to an interaction between Cl− and ⦁OH. The 

equilibrium constant of this base in the solution is k=4.3×109 L mol−1 s−1.  The inorganic radical 

anions mentioned in the studies by Tabasum et al. (2023), Sun et al. (2024), and Gupta et al. 

(2021) are not involved in photodegradation because of their much lower reactivity. 

Table 5.3 Efficiency Comparison of Photocatalysts for Ciprofloxacin Degradation. 

pH Photocatalyst  Ciprofloxacin 

concentration 

(mg/L) 

Degradation 

efficiency 

(%) 

References  

7 ZnO 4 50 [El-Kemary et al., 

2010]  

7 UV/I‾ 100 61.4 [Aghdasi et al., 

2016] 

6.8 ZnO 

 

10 69.5 [Sarkhosh et al., 

2019] 

8 CdS 10 49 Present study  

8 Cs3Bi2Br9 10 53 Present study 

8 5%CdS/Cs3Bi2Br9 10 98 Present study 
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Figure 5.6 Effect of pH on Ciprofloxacin. Conc. of CIP; 100mg/L, Reaction volume; 30mL, 

Catalyst dose; 10mg, irradiation time; 3h, pH; 8, Temperature; 30⁰C 

Impact of kinetic study 

Performing kinetic experiments on CdS (Solgel), CdS (Microwave), Cs3Bi2Br9, and 5% 

CdS/Cs3Bi2Br9 was crucial for comprehending reaction rates and underlying mechanisms.  The 

10 ppm Ciprofloxacin solution was photocatalytically degraded in 210 minutes by using a 10 

mg catalyst dosage for CdS (Solgel), CdS (Microwave), Cs3Bi2Br9, and 5% CdS/Cs3Bi2Br9, 

respectively. This was achieved with an astounding 60%, 80%, 65.5%, and 98.4% of the 

solution, respectively.  The degrading efficiency of 5% CdS/Cs3Bi2Br9 is higher in the visible 

range than that of CdS and Cs3Bi2Br9 alone, as shown in Figure 5.7.  Research shows that 

when subjected to visible light irradiation, the CIP solution remains stable even without 

catalysts.  Catalyst addition to CIP solution caused a major shift in photocatalytic degradation 

rate, with substantial variation across photocatalysts [Amiri et al., 2015].  Increasing the CdS 

ratio significantly boosts the photocatalytic activity of the composite photocatalysts.  

Conversely, as the CdS ratio grows more, the photocatalytic activity becomes progressively 

less.  This effect is caused by an excess of CdS, which coats the surface of Cs3Bi2Br9 
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nanoparticle and makes photocorrosion worse during photodegradation. The graph between 

ln(C0/Ct) and t(time), with rate constants (k min-1), is shown in Figure 5.8, which follows the 

first-order kinetic model for CdS, Cs3Bi2Br9, and 5% CdS/Cs3Bi2Br9 mention in Table 5.4.  

The photo catalytic degradation of Ciprofloxacin follows the 1st order kinetic rate equation, as 

shown in Equation 5.8. 

 Here, C0 and Ct stand for the beginning and final concentrations of Ciprofloxacin, respectively, 

and k is the reaction rate constant. 

 

 

ln (
C0

Ct
) = k ∗ t 

 

5.8 

Table 5.4: Apparent 1st Order Rate Constant for photo catalytic degradation of Ciprofloxacin. 

Materials  Ciprofloxacin 

(mg/L) 

k (min-1) R2 

CdS 10 0.583 0.847 

Cs3Bi2Br9 10 0.76 0.94 

5%CdS/Cs3Bi2Br9 10 0.80 0.963 
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Figure 5.7 Effect of time. Conc. of CIP; 100mg/L, Reaction volume; 30mL, Catalyst dose; 

10mg, irradiation time; 3h, pH; 8, Temperature; 30⁰C 

 

Figure 5.8 Rate of CIP photocatalytic degradation reaction. Conc. of CIP; 100mg/L, 

Reaction volume; 30mL, Catalyst dose; 10mg, irradiation time; 3h, pH; 8, Temperature; 30⁰C 

Impact of H2O2 Concentration 

Producing a significant volume of OH− radicals, H2O2 can enhance the efficacy of 

photocatalytic elimination and create vivid by products. The photocatalytic degradation of 
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Ciprofloxacin by CdS, Cs3Bi2Br9, and 5% CdS/Cs3Bi2Br9 was evaluated in response to varying 

H2O2 concentrations, which ranged from 0.001 to 0.4% (Figure 5.9). The photodegradation 

efficiencies were 19%, 17%, and 65% in the absence of H2O2. When H2O2 concentration was 

raised from 0.01 to 0.1%, Ciprofloxacin photocatalytic degradation efficiency increased from 

19%, 17%, and 65% to 51%, 47%, and 100%. The rate of elimination reduced to an even more 

noticeable 29, 37, and 60% when the amount of H2O2 was increased to an astonishing 0.4%. 

Because H2O2 has a stronger inhibitory effect when paired with hydroxyl radicals, this is likely 

the cause of the diminished removal efficacy. It is possible to stabilize the synergy between 

electron-hole pairs by efficiently trapping photoinduced electrons in H2O2. By reacting with 

H2O2, oxygen or electrons can create hydroxyl radicals (⦁OH). (Arabpour et al., 2016; Sharma 

et al., 2016). A faster degradation of Ciprofloxacin was anticipated upon adding H2O2 to the 

photocatalytic reaction setup. 

 

Figure 5.9 Effect of H2O2 (%). Conc. of CIP; 100mg/L, Reaction volume; 30mL, pH; 8, 

irradiation time; 3h, Catalyst dose; 10mg, Temperature; 30⁰C 

 

Effects of Catalyst Dosage  

Improving the efficiency of Ciprofloxacin degradation is largely dependent on optimizing the 

amount of photocatalyst used, since this parameter determines the rate of generation of 
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photogenerated electrons and holes charge carriers. Various quantities of CdS, Cs3Bi2Br9, and 

5% CdS/Cs3Bi2Br9 nanocomposites were tested in a 180 ml CIP solution with 0.1% H2O2 and 

a pH of 8.0 to find the best photocatalytic dosage. The efficiency of degradation of 

ciprofloxacin using photocatalytic processes rose from 35 to 88.5% as the dosage of the 

photocatalyst was raised from 0.001 to 0.5 g/l. Visual representation in Figure 5.10. It's worth 

mentioning that the elimination efficiency persistently remained below the 0.5g/l barrier, even 

when administered at greater dosages. This indicates a crucial saturation threshold beyond 

which further increases in dosage won't have much of an effect. According to the research, 

light penetration was reduced due to the increased suspension of photocatalysts caused by the 

large amount of photocatalytic nanocomposite [Khodami et al., 2015; Meky et al., 2025; 

Nezamzadeh-Ejhieh et al., 2012]. 

 

Figure 5.10 Effect of catalyst dosage. Conc. of CIP; 100mg/L, Reaction volume; 30mL, 

irradiation time; 3h. Catalyst dose; 10mg, pH; 8, Temperature; 30⁰C 

Impact of Temperature on photocatalytic breakdown of ciprofloxacin   

The impact of temperature on the removal of CIP from water utilizing CdS, Cs3Bi2Br9, and 5% 

CdS/Cs3Bi2Br9 nanocomposites was assessed by examining the photocatalytic efficiency at 

various temperatures (10, 20, 30, 40, and 60°C). The rate of CIP photodegradation increased 

from 10 to 40 °C, reaching a maximum at 40 °C (75% for CdS, 69% for Cs3Bi2Br9, and 92.34% 

for 5% CdS/Cs3Bi2Br9) after 120 minutes, subsequently declining at 60°C (Figure 5.11 (a), 
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(b), (c)). The enhanced effectiveness of the removal process with increasing temperature is 

likely to adhere to Arrhenius' equation, which posits that elevated temperatures can improve 

catalyst particle mobility and interaction potential with ciprofloxacin ions. The minimal 

deterioration efficacy was observed at these temperatures, as elevated temperatures diminish 

the efficacy of the degradation process by prompting radicals to interact with each other rather 

than with the CIP molecule. A temperature increase diminishes the solubility of oxygen in 

water, which is unfavourable. In the experiments, the solution will evaporate markedly at 

elevated temperatures. Consequently, temperatures exceeding 50 °C are not recommended 

[Salesi et al., 2022; Narenuch et al., 2021; Mohapatra et al., 2012]. 

 

 

Figure 5.11 Effect of Temperature on degradation of CIP by (a) CdS, (b) Cs3Bi2Br9, (c)5% 

CdS/Cs3Bi2Br9. Conc. of CIP; 100mg/L, Reaction volume; 30mL, Catalyst dose; 10mg, pH; 

8, irradiation time; 2.5h 

Effect of concentration of pollutant 

In the CdS, Cs3Bi2Br9, and 5%CdS/Cs3Bi2Br9 system, a number of batch experiments were 

carried out with CIP concentrations of 10, 20, 30, and 50 mg/L to evaluate the impact of CIP 

concentration on its degradation (Figure 5.12 (a), (b), (c)). The efficacy of Ciprofloxacin 
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degradation diminished from 57.33% to 49% for CdS, from 52% to 35.9% for Cs3Bi2Br9, and 

from 90.25% to 65.4% for 5% CdS/Cs3Bi2Br9 as the CIP concentration increased from 10 mg/L 

to 50 mg/L. The deuterogenic byproducts and CIP molecules may exert a greater competitive 

influence on the limited reactive oxygen species, thereby impeding CIP degradation. In 

addition, there are limited adsorption sites, and Ciprofloxacin compounds and their degradation 

intermediates compete for them. The rivalry diminishes the reaction rate by obstructing the 

active sites of CdS on the catalyst surface. The collected data were subsequently input into the 

Langmuir-Hinshelwood model Equation 5.9, with its corresponding plot illustrated in Figure 

5.13. Substituting the value of k into the calculation t1/2 = (0.693/k) yields t1/2 = 77.86 min for 

CdS, t1/2 = 95.98 min for Cs3Bi2Br9, and t1/2 = 63 min for 5% CdS/Cs3Bi2Br9 [Narenuch et al., 

2021; Mohapatra et al., 2012]. 

ln(Ct) = −kt + lnC0 

 

5.9 
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Figure 5.12 Effect of initial concentration on degradation of CIP by (a) CdS, (b) Cs3Bi2Br9, 

(c)5% CdS/Cs3Bi2Br9. Conc. of CIP; 100mg/L, Reaction volume; 30mL, pH; 8, Catalyst 

dose; 10mg, Temperature; 30 irradiation time; 2.5h 

 

Figure 5.13 Hinshelwood model for degradation of CIP by (a) CdS, (b) Cs3Bi2Br9, (c)5% 

CdS Cs3Bi2Br9. Conc. of CIP; 100mg/L, Reaction volume; 30mL, Catalyst dose; 10mg, 

irradiation time; 2.5h, pH; 8 

 

Regeneration study  

The catalyst becomes more profitable when the produced photocatalyst is reused for "n" cycles. 

The employed photocatalyst was subjected to a 30% H2O2 solution for one hour under stirring 

to facilitate regeneration (0.1 g/10 mL). Until the 5th cycle, the elimination efficacy of 

Ciprofloxacin was 50.01%, and with an increase in the number of regeneration cycles, the 

elimination efficacy of Ciprofloxacin diminished (Figure 5.14). The H2O2 treatment can 

oxidize surface-trapped compounds to H2O and CO2 by providing free active sites and a 

negatively charged surface, functioning as a novel photocatalyst 5% CdS/Cs3Bi2Br9 [Khodami 

et al., 2015]. 
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Figure 5.14 The regeneration rate of 5%CdS/Cs3Bi2Br9. Conc. of CIP; 100mg/L, Reaction 

volume; 30mL, Catalyst dose; 10mg, irradiation time; 3h, pH; 8, Temperature; 30⁰C 

 

5.2.3. Ciprofloxacin Photocatalytic Degradation: A Comprehensive Overview 

Based on experimental results and prior literature regarding the photocatalytic degradation of 

organic compounds, we hypothesized that the exposure of CdS/Cs3Bi2Br9 nanocomposites to 

visible light would promote electron excitation from the valence band to the conduction band, 

resulting in the formation of electron holes. The preliminary phase of semiconducting material 

photocatalysis has conventionally been perceived as the transport of generated electrons (holes) 

to the pollutant situated on the nanoparticle's surface. Figure 5.15. Scheme 1 depicts the 

oxidation of the medication at the CdS/Cs3Bi2Br9 interface by photogenerated hydroxyl 

radicals and holes. The medication may undergo oxidation both directly and indirectly due to 

the substantial oxidative potential of the holes. Hydroxide reactive radicals are generated 

during the indirect oxidation of drug molecules when the valence band hole interacts with water 

and/or hydroxide anions (OH-), as illustrated in Equations 5.10 and 5.11. Subsequent to 

further modifications, the principal photoproducts radical ions resulting from interfacial 

electron (hole) transfer are established as definitive photoproducts, as illustrated by Equation 

5.17. The subsequent mechanism for drug degradation employing photocatalysts (P) was given 

[Wen et al., 2018; El-Kemary et al., 2010]. 
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CdS/Cs3Bi2Br9 + һν → h+ 
VB + e- 

CB 

Equation for oxidative reaction 

h+ + H2O → H+ + ˙OH 

 

5.10 

h+ + OH− → ˙OH 

 

5.11 

˙OH + Ciprofloxacin → Metabolite → CO2 + H2O 

 

5.12 

Degradation of Ciprofloxacin via Reductive Photocatalysis: 

e− + O2 → O2
⦁− 

 

5.13 

O2
⦁− + H+ → HO2

− 

 

5.14 

HO2
− +  H+ → H2O2 

 

5.15 

H2O2 + hv → 2˙OH 

 

5.16 

˙OH + Ciprofloxacin → Metabolite → CO2 + H2O 

 

5.17 
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Figure 5.15 An approach to Ciprofloxacin degradation 

 

 

Possible degradation pathway of ciprofloxacin 

In the first part, the piperazine ring is cleaved in a methodical manner. Reactive radicals like 

hydroxyl can easily produce cation radicals by oxidizing the lone pair of electrons by electron 

transfer. Afterwards, peroxyl radicals are produced when the α-carbon of the cation radicals 

undergoes deprotonation and reacts with oxygen in the solution. The production of dialdehyde 

derivative A occurs upon the breaking of the piperazine ring. The increasing disappearance of 

formaldehyde groups is caused by increased compound oxidation A. Oxidation, CO2 loss, and 

amine extraction lead to the end product at this stage. Breaking the quinolone ring is the second 

step. To begin, the intermediate molecule is formed when ⦁OH, which have been generated 

through photocatalysis, attack carbon atom C of CIP. Along with it, hydroxylation and 

decarboxylation will occur. The second pathway concludes in the production of the final 

product through hydroxyl substitution. You can see the progression of the degradation process 

in the pathway below (Scheme 6). Water, carbon dioxide, and inorganic ions are the expected 

byproducts of AOP, as mentioned earlier [Mohapatra et al., 2012; Wen et al., 2018]. 
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Scheme 6 Schematic Pathway for degradation of Ciprofloxacin. 
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Chapter-6 

MoS₂/CdS Nanoco posites for Enhanced Visible Light Photocatalytic Degradation 

of Paracetamol in Synthetic Pharmaceutical Wastewater  

6.1. Introduction 

Water is an indispensable resource crucial for supporting life on our planet. However, the 

escalating demand for water in domestic, agricultural, and industrial sectors has significantly 

compromised its quality [Michael et al., 2013] Recent studies and reports have drawn attention 

to the persistence of elevated concentrations of emerging contaminants, specifically 

pharmaceutical compounds, in various environmental compartments such as water bodies, soil, 

sediment, and plants [Hou et al., 2020] The contamination of these water bodies by 

pharmaceutical compounds stems primarily from two pathways: the discharge of effluents 

containing pharmaceutical residues from the pharmaceutical industry into water streams, and 

the improper disposal of substantial quantities of unused drugs into the environment [Massima 

et al., 2021]. These practices have led to the presence of higher concentrations of antibiotics, 

notably in drinking water sources, highlighting the limitations of current water treatment 

technologies in effectively eliminating antibiotics from aqueous mediums [Dao et al., 2018]. 

The concerning aspect of this issue lies in the fact that antibiotics play a significant role in 

fostering the emergence of antibiotic-resistant bacteria and genes. This, in turn, poses 

substantial threats to aquatic ecosystems and human health [Wang et al., 2018]. The 

proliferation of antibiotic-resistant bacteria and genes can disrupt the balance of aquatic 

systems and, if transmitted to humans, can significantly impact health by rendering antibiotics 

less effective in combating infections [Sharma et al., 2017]. To address this pressing 

environmental and public health concern, numerous techniques have been developed for the 

removal of antibiotics from aqueous mediums. Among these methods, "heterogeneous 

photocatalysis" has emerged as a promising solution [Boczkaj et al., 2017]. This process is 

considered more viable compared to conventional processes and advanced oxidation methods 

as it enables the degradation of antibiotics without relying on an external supply of hydrogen 

peroxide (H2O2) [Serpone et al., 2012]. This approach, recognized as a "green approach," 

involves the utilization of semiconductor-type photocatalysts that, upon absorbing light energy 

exceeding their band gap, spontaneously generate various reactive oxygen species (ROS) like 

hydroxyl radicals, superoxide radicals, singlet oxygen, and H2O2
 [Wang et al., 2021]. 
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Acetaminophen, commonly known as paracetamol, is a prevalent active compound in various 

pharmaceuticals, serving as an anti-inflammatory and analgesic medication for both humans 

and animals [Bhembe et al., 2020]. However, its widespread presence in the environment and 

its tendency to accumulate in water bodies pose concerns. Acetaminophen has been detected 

in surface waters, wastewater, and even in drinking water. A significant percentage, around 58 

to 68%, is excreted from the human body after therapeutic use, emphasizing the risks associated 

with excessive intake, including liver failure and potential fatality [Crabb et al., 2019]. To 

address these limitations, researchers are focusing on developing nanomaterials from different 

waste products. These nanomaterials offer economic viability, effectiveness, and efficiency in 

both heavy metal adsorption and the photodegradation of organic pollutants, offering a 

promising avenue for mitigating the challenges associated with traditional adsorption methods 

[Gloria et al., 2023]. Photocatalysis stands as a prominent advanced oxidation method utilized 

for breaking down toxic and persistent organic compounds found in various sources like 

pharmaceuticals, textile dyes, and pesticides within wastewater. Its efficacy lies in generating 

potent reactive radicals, particularly hydroxyl radicals, capable of mineralizing a broad 

spectrum of organic pollutants [Garrido-Cardenas et al., 2020].  

Semiconducting optoelectronic materials play a pivotal role in various applications due to their 

exceptional optical, electrical, magnetic, and piezoelectric properties. Alterations in 

semiconductor materials' optical, electrical, magnetic, and physical attributes are intricately 

linked to their sizes, structures, and morphologies [Pant et al., 2019]. Researchers have 

increasingly focused on synthesizing semiconductor particles within the few nanometres range, 

approaching the dimensions comparable to the Bohr radius. At this scale, semiconductor 

nanoparticles exhibit distinct size-dependent properties, holding potential for applications like 

quantum dot lasers, single electron transistors, and various biological applications [Singh et al., 

2024].  Efforts have been directed towards synthesizing semiconductor nanoparticles of desired 

sizes with a narrow size distribution, employing manageable conditions concerning precursors, 

solvents, and temperatures. Metal-oxide semiconductors have emerged as particularly effective 

photocatalysts in this context. Notably, semiconductors like WO3, TiO2, CdS, MoS2 and ZnO 

have demonstrated outstanding photocatalytic capabilities. CdS, and MoS2 in particular, holds 

distinction due to its small band gap of 2.42 [Bharti et al., 2018] and 1.84 [Hussain et al., 2020] 

eV respectively, enabling it to absorb visible light effectively and efficiently degrade organic 

pollutants, making it a promising candidate for photocatalytic applications 

Cadmium sulfide (CdS) stands out as a noteworthy semiconductor material, boasting a direct 

band gap at room temperature and demonstrating remarkable physical and chemical properties. 
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Its applications span diverse technical fields, encompassing photochemical catalysis, gas 

sensors, laser and infrared detectors, solar cells, nonlinear optical materials, luminescence 

devices, and optoelectronic devices, among others [Wang et al., 2021]. CdS particularly excels 

in visible light detection among semiconductor materials [Cao et al., 2019].  Over the past 

decades, numerous techniques have been explored for synthesizing CdS nanoparticles [Yu et 

al., 2023]. Researchers strive to discover novel experimental methodologies capable of 

producing nanoparticles with minimal cost, low size dispersion, and precise control over size 

and shape. Recent research has focused on developing high-quality CdS nanoparticles via a 

simple chemical route employing cadmium nitrate and sodium sulfide inorganic precursors. 

In our current research, we detail the synthesis of MoS2 and CdS nanocomposites using a Solgel 

method. Our study centres on an in-depth analysis of the structural modifications within the 

MoS2 and CdS nanocomposite host matrix. We aim to comprehensively investigate the 

structural, optical, and spectroscopic properties of MoS2 and CdS nanocomposites, 

emphasizing the capabilities and alterations achieved through the Solgel technique. This 

method allows precise control over composition and crystalline structure, offering tailored 

properties suitable for specific applications. Our manuscript provides a detailed exploration 

facilitated by the microwave synthesis approach, enabling a nuanced understanding of MoS2 

and CdS nanocomposites characteristics. We employ various analytical techniques such as X-

ray diffraction and photoluminescence (PL) to conduct a comprehensive analysis. The primary 

objective of this research is to elucidate the material's attributes and potential functionalities. 

Furthermore, our study focuses on the degradation of paracetamol for wastewater treatment, 

aiming to leverage the unique properties of CdS synthesized through the Solgel method in 

addressing environmental challenges related to pharmaceutical contaminants in water. 

6.2.Result and Discussion  

6.2.1. Characterization studies  

XRD Analysis  

The X-ray diffraction analysis of MoS2, CdS, and their various composites, as depicted in 

Figure 6.1 (a, b, c, d and e), delivers valuable info about the crystalline phases, crystallite size, 

and purity of the materials. The X-ray diffraction patterns of MoS2 and CdS match well with 

the corresponding entries in the JCPDS database (JCPDS card No. 101122 for MoS2 and No. 

23323 for CdS). MoS2 is identified as existing in the hexagonal phase [Gupta et al., 2022], 

while CdS is identified as having a cubic phase [Dey et al., 2020]. This information is crucial 

for understanding the structural characteristics of the individual materials. The XRD patterns 

of the various composites, with different ratios of MoS2 and CdS, are reported to match the 
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hexagonal and cubic phases, respectively. The presence of sharp peaks in the XRD patterns 

indicates the crystalline nature of the samples.  

The crystallite size of the materials is calculated using the Scherrer formula. The obtained 

values confirm that the average crystallite size for all materials is below 50 nm. The absence 

of impurity peaks in the XRD patterns confirms the single crystal phase of both pristine MoS2 

and CdS, as well as their various composites.  

 

 

Figure 6.1 XRD pattern of (a) MoS2, (b) CdS, (c) 1:1M MoS2/CdS, (d) 1:2M MoS2/CdS and 

(e) 2: 1M MoS2/CdS 

FTIR Analysis 

The FTIR (Fourier-transform infrared spectroscopy) spectra of MoS2, CdS, and MoS2/CdS 

nanocomposite are shown in Figure 6.2 (a, b and c). The peaks correspond to specific 

functional groups or bonds present in the sample. The peak at 593 cm-1, 739 cm-1, 1075 cm-1, 

2346 cm-1 and 3093 cm-1 are attributed to MoS2 and are likely related to its structural vibrations 

or specific bonding configurations [Liu et a., 2012]. This peak at 593 cm-1 is associated with 

the S–S bond, indicating the presence of sulfur-sulfur bonds in the MoS2 nanoparticles. The 

peak at 3093 is indicative of the O–H group, which could suggest the presence of hydroxyl 

groups or moisture absorbed on the surface of the nanoparticles. Understanding these peaks 
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helps in characterizing the chemical composition and structure of the MoS2 nanoparticles. The 

peaks at 636 cm-1, 882 cm-1, 1397 cm-1, 3386 cm-1 are due to the CdS [Martin et al., 1982]. The 

distinctive signals of CdS originate from the stretching vibrations of its C–H bonds, exhibiting 

three well-defined peaks centered around 1397 cm-1 in the infrared (IR) spectroscopy spectrum. 

The peak at 3386 cm-1 is due to the O–H group, which could suggest the presence of hydroxyl 

groups or moisture absorbed on the surface of the CdS.  

 

Figure 6.2 FTIR spectra of (a) MoS2, (b) CdS and (c) MoS2/CdS nanocomposites 

SEM/EDS Analysis 

Understanding the morphology is crucial in materials science, especially for nanomaterials and 

composites, as it influences various properties and behaviours, such as mechanical strength, 

electrical conductivity, and catalytic activity [Raja et al., 2022]. The scanning electron 

microscopy (SEM) micrographs presented in Figure 6.3 (a, b and c) for the pure MoS2, CdS 

and 1:1 MoS2/CdS composite provide insights into the morphological characteristics of the 

material. The observations suggest a degree of nonuniformity throughout the sample, marked 

by the formation of irregular shapes that subsequently agglomerate to form sheet-like 

structures. The SEM micrographs reveal the presence of irregular morphology and subsequent 
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agglomeration observed in materials like MoS2 (molybdenum disulfide) and CdS (cadmium 

sulfide) can be attributed to various factors related to their synthesis and properties [Liu et al., 

2021]. During the synthesis process, nucleation and subsequent growth of particles occur. 

Irregularities may arise if the nucleation sites are not uniformly distributed or if there are 

variations in the growth rates of different crystal faces. Non-uniform growth can result in 

irregular shapes. Further the kinetics of nucleation and growth processes can result in non-

uniformities. Rapid nucleation or growth in certain regions may lead to irregular shapes, and 

subsequent agglomeration could be influenced by the kinetics of these processes.  

The Energy-Dispersive X-ray Spectroscopy (EDS) spectra, as depicted in Figure 6.3 (a, b and 

c), provide information about the elemental composition of the material under examination, 

likely the pure MoS2, CdS and 1:1 MoS2/CdS composite. The statement indicates that the EDS 

analysis supports the purity of the material, revealing no detectable impurities. Additionally, 

the elemental composition obtained from EDS is reported to be in good agreement with the 

expected composition based on the empirical formula. 

 

 

 

Figure 6.3 SEM/EDX of (a) pure MoS2, (b) pure CdS and (c)1:1M MoS2/CdS 

nanocomposite 

UV Absorption  
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The absorption spectrum provides information about how a material absorbs light at different 

wavelengths. For MoS₂, CdS, and their 1:1 composite, the absorption lies in the visible region 

near 500 nm, indicating strong light absorption within the visible range of the electromagnetic 

spectrum. The peak observed around 500 nm is associated with characteristic electronic 

transitions or the bandgap of these materials [Wamsley et al., 2023]. The composite exhibits 

absorption behaviour similar to its individual components, as the absorption peaks of CdS and 

MoS₂ remain unchanged in the 1:1 mixture. This suggests that the intrinsic electronic properties 

of each material are preserved in the composite. The composite of CdS and MoS₂ does not shift 

the absorption peak but instead allows their beneficial features to coexist without undesirable 

modifications. This stability is advantageous for tailoring material properties and enhances the 

potential for integrating the composite into optoelectronic technologies. 

The optical bandgap (Eg) of the MoS₂/CdS (1:1) composite was determined using the Tauc 

equation:  

                                              (αhν)ⁿ = A(hν − Eg) 

where α is the absorption coefficient, hν is the photon energy, A is a constant, and Eg is the 

bandgap energy. Since both materials exhibit direct band gaps, an exponent value of n = 1/2 

was applied. Figure 6.4 (a-c) depicts the optical bandgap of MoS2, CdS and their 1:1 composite. 

The calculated bandgap values were 1.84 eV for MoS₂, 2.42 eV for CdS, and 1.78 eV for the 

composite, representing the energy gap between the valence and conduction bands [Ebnonnasir 

et al., 2014]. The identification of narrow bandgap in as-synthesised materials underscores their 

promise for optoelectronic applications, where effective light absorption and high energy 

efficiency are crucial for advancing device performance. 
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Figure 6.4 Optical band gap of (a) MoS2, (b) CdS and (c) 1:1M MoS2/CdS 

 

6.2.2. Photocatalytic Degradation of Paracetamol  

To optimize the photocatalytic degradation of paracetamol (PCM) across different pH levels, 

all samples were subjected to an identical amount of visible light (Xe lamp) in a thermostatic 

water bath utilizing CdS, MoS2, and 1:1 CdS/MoS2 photocatalytic nanomaterials. The pH of 

the solution was maintained at a consistent level with a glass electrode along with 0.1N NaOH 

and 0.1N HCl. In order to examine the comparative degradation of CdS, MoS2 and 1:1 

CdS/MoS2 nanomaterials, a 30 milliliter Paracetamol solution containing 10mg of catalytic 

material was exposed to UV and visible light for 3h respectively. The degraded 

Paracetamol solution underwent filtering using Whatman filter paper after 3 hours of light 

irradiation, and absorbance was measured at the maximum wavelength of 243 nm using a UV-
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visible spectrophotometer [Zhang et al., 2019]. The degradation efficiency percentage of 

paracetamol was calculated using Equation 6.1. In the batch experiment, a solution containing 

10 ppm of paracetamol was photodegraded using a 1:1 CdS/MoS2 nanomaterials photocatalyst 

and three hours of light irradiation, following the same approach. 

 

% Degradation Efficiency = (
𝐶0−𝐶𝑡

𝐶𝑡
) × 100 

 

6.1 

 

The initial Paracetamol concentration is C0, and the solution concentration at time t is Ct. 

Effect of pH 

The pH is an essential variable that influences the CdS, MoS2 and 1:1CdS/MoS2 catalyst 

contact with the surface on Paracetamol molecules, which in turn influences the degradation of 

Paracetamol in several ways. Therefore, it is essential to investigate how pH affects 

photodegradation. Degradation process efficiency is adversely affected by highly reactive OH 

radicals. Paracetamol is initially oxidized into metabolites by the OH-free radical, which leads 

to total mineralization. The pH of the solution influences the degradation of Paracetamol by 

modifying the amount of OH radical produced during the acid-base equilibrium process and 

by influencing the surface contact between the photocatalyst and Paracetamol through the 

deprotonation and protonation of Paracetamol. In this work, 10 mg of CdS, MoS2 and 1:1 

CdS/MoS2 nanocatalyst were used to photocatalyzed the degradation of 10 ppm of Paracetamol 

solution under visible region light, respectively, at pH 3, 4, 5, 6, 8 and 10 i.e., acidic to basic 

medium. The maximal degradation efficiencies for CdS, MoS2, and 1:1 CdS/MoS2 

nanomaterials at pH 4 are 70%, 68%, and 98.7%, respectively. Figure 6.5, illustrates the 

degradation efficiency rise in acidic medium. A higher concentration of H• is generated in an 

acidic medium, where it transforms into an ⦁OH and H2O2. Both the concentration of OH- ions 

and the surface charge characteristic of the catalyst had an impact on the rate of degradation 

process. The pHpzc values and pH of the solution of the catalyst have an impact on the 

electrostatic interaction among the Paracetamol and catalyst surface. Since Paracetamol and 

the positively charged catalyst surface interact electrostatically, CdS, MoS2 and 1:1 CdS/MoS2 

nanomaterials exhibit maximum efficiency in degradation at pH 4. Paracetamol degrades less 

efficiently in a basic media because hydroxide ions capture the •OH and produce less h+. 

Comparing the degradation of Paracetamol at different pH values using TiO2 as a photocatalyst 
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and CdS, MoS2 and 1:1 CdS/MoS2
 [Sharma et al., 2016] is shown in Table 6.1. It indicates that 

the highest photodegradation efficiency is achieved by 1:1 CdS/MoS2 nanocomposite.  

Table 6.1: Research chart for Paracetamol showing photocatalytic degradation efficiency. 

pH Photocatalyst Paracetamol 

conc.(mg/L) 

Degradation 

efficiency (%) 

Reference 

pH 6.5 TiO2 < 20 99 [Lozano-Morales et al., 2019] 

pH 7.8 TiO2-PES 30 80 [Chijioke-Okere et al., 2021] 

pH 7.28 TiO2 15 97 [Chekira et al., 2022] 

pH 4 CdS 10 70 This study 

pH 4 MoS2 10 68 This study 

pH 4 1:1M MoS2/CdS 10 98.7 This study 

 

 



176 
 

Figure 6.5 Effect of pH on PCM, Conc. of PCM;10mg/L, reaction volume; 30mL, catalyst 

dose;10mg, irradiation time; 3.5h, temperature; 30⁰C 

Kinetic studies  

Kinetic investigations of CdS, MoS2 and 1:1M MoS2/CdS were evaluated to investigate the 

mechanism of Paracetamol degradation. When exposed to visible light for 3 hours, a 10 mg 

catalyst dosage of CdS, MoS2 and 1:1M MoS2/CdS nanomaterials resulted in 89% 85% and 

95% photocatalytic degradation of the Paracetamol solution, respectively (Rani et al., 2023). 

Figure 6.6 demonstrates that 1:1M MoS2/CdS nanocomposite had higher degrading 

efficiencies than CdS and MoS2 nanoparticles with respective values of 46%, 61%, 68%, 79%, 

81%, 85%, 88% and 90% in 15, 30, 60, 90, 120, 150, 180, 210 and 240 minutes. According to 

the literature review, the decomposition of Paracetamol exhibits pseudo-first-order kinetics 

(Parveen et al., 2023). A pseudo 1st order reaction kinetic was used to linearize the CdS, MoS2 

and 1:1M MoS2/CdS nanomaterials curves between ln(C0/Ct) and t (time), as shown in Figure 

6.7. The graph of CdS, MoS2 and 1:1M MoS2/CdS substitution is a straight line. According to 

the linearized version of Langmuir Hinshelwood [Sharma et al., 2016] Equation 6.2, the 

degradation process of Paracetamol takes place on the CdS, MoS2 and 1:1M 

MoS2/CdS surface, where the Paracetamol adsorbed together with the reactive OH radical as 

well.  

RPCM = −
dCeq

dt
= kKCeq/1 + KCeq 

 

6.2 

 

Where k is the rate constant, t is the illumination constant, K is the Langmuir-Hinshelwood 

adsorption coefficient, Ceq is the equilibrium constant of the PCM and RPCM is the rate of 

photocatalytic degradation. Table 6.2 shows the rate constant reaction k (min-1) determined 

from ln(C0/Ct) Vs ‘t’. 

Table 6.2: Rate constants of Pseudo-first order for catalytic elimination of Paracetamol using 

CdS, MoS2 and 1:1M MoS2/CdS. 

Materials Paracetamol(mg/L) k(min-1) R2 

CdS 10 1.733  0.972 
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MoS2 10 1.02 0.894 

1:1M MoS2/CdS 10 2.07 0.880 

 

 

Figure 6.6 Kinetic studies of PCM Conc. of PCM; 10mg/L, reaction volume; 30mL, catalyst 

dose;10mg, pH; 4, temperature; 30⁰C 
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Figure 6.7 Photodegradation of PCM. Conc. of PCM; 10mg/L, reaction volume; 30mL, 

catalyst dose;10mg, irradiation time; 3.5h, pH; 4, temperature; 30⁰C 

Effect of H2O2 of concentration 

More sustainable intermediates and improved photocatalytic elimination result from H2O2's 

capacity to produce more OH radicals (Aggelopoulos et al., 2020). Figure 6.8 demonstrates 

the effect of variable hydrogen peroxide from 0.001 to 0.4% on the photocatalytic removal of 

Paracetamol by CdS, MoS2 and 1:1M MoS2/CdS. Without H2O2, the rate of 

photocatalytic degradation is 88%, 85% and 90% by CdS, MoS2 and 1:1M MoS2/CdS. An 

increase in hydrogen peroxide concentration from 0.001 to 0.1% leads to enhance 90–93% 

elimination of Paracetamol by photocatalytic degradation. The rate of elimination was reduced 

to 68% as the concentration of H2O2 was raised to 0.4%. The reduction was attributed to an 

increase in hydrogen peroxide, which inhibits hydroxyl radicals. Hidden photoinduced electron 

in hydrogen peroxide to stabilize electron/hole. Hydroxyl radicals are the by-product of the 

interaction between O2 and H2O2. The elimination of Paracetamol from the system was 

therefore thought to be improved by adding H2O2 to the photocatalytic process. The provided 

quantity of hydrogen peroxide (H2O2) reduced the concentration of hydroxyl (OH) radicals, 

thereby diminishing their capacity to neutralize Paracetamol through the sorting of the OH 
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radicals. This process resulted in their transformation into less potent oxidants known as 

hydroperoxyl (HO2) radicals [Tabasum et al., 2023]. 

 

Figure 6.8 Effect of H2O2 (%), Conc. of PCM; 10mg/L, reaction volume; 30mL, catalyst 

dose;10mg, irradiation time; 3.5h, pH; 4, temperature; 30⁰C 

Effect of Catalyst Dosage 

Paracetamol can be metabolized more effectively when its photo catalyst is easily accessible 

and present in adequate quantities (Yun et al., 2019). The photocatalytic performance of the 

nanomaterials is influenced by the dose of the photocatalyst, as shown in Figure 6.9. The 

concentration of CdS, MoS2 and 1:1M MoS2/CdS was diverse from 0.001g/L to 0.2 g/L in 

210 milliliter of paracetamol solution with 0.1% hydrogen peroxide to govern the optimum 

quantity of photocatalyst. The Paracetamol photocatalytic elimination rate improved from 56% 

to 77% when the photocatalyst dosage was raised from 0.001 to 0.05 g/L. Nevertheless, there 

was no further impact on elimination efficiency when the dose was increased. This finding 

revealed that when a significant amount of photocatalyst was present, the greater concentration 

of the photocatalyst restricted the amount of light penetration [Noorisepehr et al., 2019]. 
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Figure 6.9 Effect of Photocatalyst dosage, Conc. of PCM; 10mg/L, reaction volume; 30mL, 

irradiation time; 3.5h, pH; 4, temperature; 30⁰C 

 

6.2.3. Mechanism for photocatalytic degradation of Paracetamol 

Fig. 6.10 shows the process of photocatalytic degradation of paracetamol entails the absorption 

of paracetamol molecules onto a photocatalyst surface, which is then exposed to light to 

generate electron-hole pairs. Reactive oxygen species (ROS) produced during the process or 

adsorbed paracetamol molecules engage in redox reactions with these electron-hole pairs. 

Superoxide radicals are created when photogenerated electrons break down oxygen molecules 

that have been deposited on the surface of the photocatalyst. These radicals then react with 

paracetamol to form intermediate products. The initial by-product of the dehydrogenation of 

Paracetamol was N-phenylacetamide, which was then converted by decarboxylation to a 

molecule termed aniline. Additionally, aniline denitrification generated toluene, which was 

then followed by the synthesis of (Z)-buta-1, 3-dien-1-ol due to bond breakage triggered by 

hydroxyl attack. The final products, but-1-ene (alpha-butylene), as well as a few other basic 

compounds, including H2O, CO2, NO2-, and NO3-, are formed upon the elimination of the 

aldehyde. In the meantime, paracetamol or other organic intermediates are oxidized by the 

holes in the valence band, which leads to the mineralization of paracetamol into less toxic and 

simpler molecules like water and carbon dioxide. The photocatalyst serves as a mediator during 
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the whole process, assisting in the breakdown of paracetamol in the presence of light [Puri et 

al., 2021]. 

 

Figure 6.10 Mechanism of photocatalytic degradation process for Paracetamol  
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Chapter-7 

Photocatalytic Removal of Ibuprofen from Wastewater using Novel MoS2@Cs3Bi2Br9 

Nanocomposites 

7.1. Introduction 

The contamination of freshwater systems globally by a vast array of industrial and natural 

compounds has emerged as a significant environmental issue. Pharmaceuticals and personal 

care products, in particular, are among the most alarming emerging pollutants and have been 

frequently detected in natural water sources in recent years [Schwarzenbach et., al 2006; Boxall 

et al., 2012]. Ibuprofen (IBF), a widely utilized nonsteroidal anti-inflammatory drug, is 

produced in several thousand tons annually due to its effective antipyretic and analgesic 

properties. Despite its relatively low toxicity, IBF demonstrates both non-photodegradability 

and non-biodegradability, leading to its accumulation in aquatic environments and biological 

organisms [Kezzim et al., 2017; Garg et al., 2021]. This persistence poses potential risks to 

human health and ecological systems. Conventional wastewater treatment methods are 

insufficient in completely eliminating IBF, and can sometimes result in the formation of more 

hazardous intermediate by-products. Therefore, it is crucial to develop effective and 

environmentally friendly technologies for the removal of IBF from contaminated water. The 

IBF, known for its endocrine-disrupting and potential carcinogenic properties, poses serious 

threats to both human and environmental health. Chronic exposure to IBF concentrations 

exceeding 1 µg/L in water bodies has been linked to disruption in aquatic organisms, antibiotic 

resistance in microbial communities, and potential risks to human health through contaminated 

drinking water sources [Langenhoff et al., 21013]. Conventional wastewater treatment has been 

able to remove nearly 95% of ibuprofen, but it has severe side effects, including the creation 

of hydroxyl-IBF and carboxy-IBF, which are sometimes much more harmful than IBF.  

Photocatalysis has emerged as a promising advanced oxidation process (AOP) 

characterized by high efficiency, low energy consumption, and minimal pollution. This 

technology leverages the strong oxidative properties of reactive oxygen species (ROS), 

including superoxide radicals (˙O2
−), hydroxyl radicals (˙OH), and holes, to unconditionally 

oxidize and mineralize a wide range of pollutants. As, a method that converts solar energy into 

chemical energy, advancing photocatalysts that respond to visible light is essential for 

enhancing the utilization of solar energy in water treatment applications [Mao et al., 2021, 

Jagannathan et al., 2010]. Transition metal dichalcogenides (TMDC) have garnered significant 
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interest due to their unique structural, electrical, optical, and mechanical properties [Mearaj et 

al., 2024]. Their electrical, catalytic, and photo-corrosion resistance characteristics make these 

materials suitable for a variety of applications, including energy storage and conversion, 

catalysis, and lubrication [Sheikh et al., 2024; Chackrabarti et al., 2024; Upadhyay et al., 2024]. 

Among various TMDC, molybdenum disulfide (MoS2) is a layered material having possible 

uses in the domains of catalysis, storage materials, nanoelectronics. In two-dimensional form, 

it shows direct band gap of 1.8 eV with an as indirect bandgap of 1.2 eV. MoS2 has a layered 

structure with hexagonal arrangement of Mo and S atoms with consequent S–Mo–S interaction 

[Buscema et al., 2013]. This allows the MoS2 with almost 500 cm2 V−1 s−1. Seebeck coefficient 

of −4.102 and −1.105 μV K−1. Apart from this, the stacked layers of bulk MoS2 let foreign atoms 

to be easily intercalated between them. Under coordinated sulfur edges it has been seen that 

the catalytic activity of MoS2 originates. But MoS2's basic planes are catalytically inactive [Lau 

et al., 2018]. Van-der-Waals interaction causes the monolayers to interact and helps them to 

cope with one another during MoS2 preparation; bilayer creation may therefore help to lower 

the catalytic reactivity. Therefore, the preparation technique of MoS2 is crucial to make it an 

effective photocatalytic material. Different techniques including solid-state reaction, pulsed 

laser deposition, liquid exfoliation, and ball milling produce MoS2 nanostructures. Few studies, 

meantime, on the literature for the efficient degradation of organic pollutants utilizing MoS2 as 

a photocatalytic material are accessible. Under visible light irradiation generated by an optimal 

sol–gel method, Peitao et al. synthesized flower-like N-doped MoS2 for the degradation of RhB 

[Zhang et al., 2019]. Studies of density functional theory (DFT) are quite useful for clarifying 

material properties without experimental preparation. Using DFT, the electronic structure and 

photocatalytic activity of MoS2 have been investigated in great detail; these values are reported 

in the literature. This study focuses on synthesizing MoS2 nanoparticles via a straightforward 

slow evaporation technique and evaluating their photocatalytic performance against two 

industry-standard organic dyes: Methylene Blue (MB) and Malachite Green (MG). 

Furthermore, basic mechanism of the photocatalytic activity of MoS2 by density functional 

theory (DFT) has been investigated using simulation research [Zhang et al., 2019]. 

The growing concern over organic pollutants in environmental waters has catalyzed the 

exploration of innovative remediation technologies. Among these, photocatalysis has emerged 

as a promising solution due to its unique advantages [Taghilou et al., 2024]. Photocatalysis 

harnesses light energy to activate semiconductor materials, leading to the generation of highly 

reactive species capable of degrading a wide range of organic pollutants into harmless 

byproducts. This process is not only effective but also offers several advantages over traditional 
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remediation methods [Bahadoran et al., 2024; Bashardoust et al., 2024]. One of the primary 

benefits of photocatalysis is its ability to operate under mild conditions, often at room 

temperature and atmospheric pressure, reducing energy consumption compared to thermal 

treatments. Furthermore, photocatalytic degradation leads to complete mineralization of 

organic compounds, resulting in non-toxic end products like carbon dioxide and water. Unlike 

adsorption or chemical oxidation techniques, which may require extensive operational costs 

and generate secondary waste, photocatalysis presents a sustainable and environmentally 

friendly approach to water treatment. In contrast, other remediation methods, such as biological 

treatment and activated carbon adsorption, face significant limitations [Kakavandi et al., 2024]. 

Biological treatments are often hindered by the toxicity of certain pollutants to microbial 

communities, leading to reduced efficiency and longer treatment times. Additionally, these 

methods may not effectively address certain recalcitrant compounds. Similarly, activated 

carbon, while effective for some contaminants, comes with high operational costs and requires 

regeneration or disposal of spent carbon, which poses logistical challenges and potential 

environmental risks. 

Halide perovskite materials have lately attracted a lot of interest, especially for their 

remarkable efficiency in photovoltaics and optoelectronics [Singh et al., 2024]. Large 

absorption coefficients are attributed to their favorable band gap, point defects, grain 

boundaries, and extended electron-hole diffusion lengths, which lower the recombination of 

electron-hole pairs. These materials show several important characteristics that make them 

interesting candidates for photocatalytic applications. Furthermore, the synthesis of these 

materials is somewhat affordable and easily repeatable. Lead halide perovskites have shown 

historically exceptional efficiency as solar energy collectors [Zai et al., 2017]. Lead-based 

perovskites are therefore unfit for wastewater treatment uses since these materials are unstable, 

particularly under high humidity conditions, and the possible leakage of Pb2+ ions poses 

toxicity hazards. By comparison, bismuth-based perovskites show encouraging benefits like 

better moisture and water stability. Different techniques have been used thus far to create 

effective modified photocatalysts, with special attention to increasing visible-light activity 

[Singh et al., 2024]. Important work has been focused on building heterojunctions and 

synthesizing bismuth-based nanomaterials. Notwithstanding these developments, their whole 

potential has yet not be fully investigated. While bismuth-based photocatalysts now show 

significant improvement in their photocatalytic activity, more study and development are 

required to attain ideal performance. In this study, we introduce a novel composite 

photocatalyst, MoS2@Cs3Bi2Br9, and investigate its potential applications for photocatalysis 
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under visible light irradiation. This research marks the first instance of synthesizing and 

evaluating the photocatalytic performance of the MoS2@Cs3Bi2Br9 hybrid structure using 

microwave-assisted synthesis, which leverages electrostatic interactions for the spontaneous 

assembly of its components. The significant findings from our work demonstrate that the 5% 

MoS2@Cs3Bi2Br9 composite exhibits a remarkable degradation efficiency of 96.77% for 

ibuprofen, a prominent pharmaceutical contaminant, under optimal conditions of pH 6.0 and 

0.1% H2O2 after three hours of visible light irradiation. This enhanced photocatalytic 

performance is attributed to the effective generation of hydroxyl and superoxide radicals, 

affirming the potential of our novel photocatalyst in environmental remediation efforts. 

7.2. Results and Discussion 

7.2.1. Characterization studies 

Fourier Transform Infrared spectroscopy (FTIR)   

One characterization approach used to look into the functional groups and bonding 

interaction of synthetic materials is FTIR. The far-infrared spectrum of the synthetic MoS2 and 

Cs3Bi2Br9 is displayed in Figure 7.1. The peaks at 593 cm-1, 739 cm-1, 1075 cm-1, 2346 cm-1, 

and 3093 cm-1 are attributed to MoS2 and are likely related to its structural vibrations or specific 

bonding configurations. This peak at 593 cm-1 is associated with the S–S bond, indicating the 

presence of sulfur-sulfur bonds in the MoS2 nanoparticles. The peak at 3093 is indicative of the 

OH group, which could suggest the presence of hydroxyl groups or moisture absorbed on the 

surface of the nanoparticles [Bhat et al., 2021]. These peaks belong to MoS2 synthesized by the 

sol-gel method. The Mo = S functional group is represented by the bands at 896 and 1416 cm−1, 

which are the result of compound sulfur forming with the active sites in MoS2. The stretching 

vibration of the O-H group is responsible for the bands located at 1615 cm−1, caused by the 

stretching of the C–H bond, which is produced by the Microwave process. The additional peaks 

at 531, 641, 1015, 1405, 1633 cm-1, and 3358 cm-1 are ascribed to Cs3Bi2Br9 and are probably 

connected to certain bonding arrangements or structural vibrations of the compound 

[Musiienko et al., 2021]. The peaks at 531 and 641cm-1 are illustrated for CsBi in Cs3Bi2Br9. 

The peaks observed at 1015 and 1633 cm-1 belong to the N-O and C=N group. The O-H group 
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is responsible for the peak at 3358 cm-1, which may indicate the presence of hydroxyl groups 

or moisture [Ding et al., 2017]. 

 

Figure 7.1 FTIR spectra of MoS2 (SG), MoS2 (MW), Cs3Bi2Br9 and their various composites 

 

XRD Analysis 

The X-ray diffraction (XRD) spectrum of MoS2 synthesized through both Sol-Gel and 

Microwave methods is illustrated in Figure 7.2. Notably, the peaks observed in the XRD 

pattern generated by the Microwave method exhibit greater intensity compared to those 

produced by the sol-gel method. This difference in peak intensity can be attributed to the 

variation in the crystallization efficiency and structural integrity of the MoS2 formed through 

these two synthesis routes. Figure 7.2 shows the XRD graphs of MoS2 (SG), MoS2 (MW), 

Cs3Bi2Br9, and their various composites. On the contrary, the diffraction peaks of Cs3Bi2Br9 

were narrower, consistent with a crystalline particle structure. The primary diffraction peaks, 

which corresponded to the planes (100), (102), (201), (112), (202), (212), and (220), were 

centered at 12.1, 21.45, 24.16, 26.04, 30.75, 36, 39.4, and 43.74° (2θ), (ICSD 112997) 

respectively. The diffractogram corresponded to the trigonal P3̅m1 space group and matched 

patterns found in published literature [Bresolinv et al., 2020]. The presence of composites was 

confirmed by the XRD diffractograms, which displayed convoluted peaks resulting from the 

proportional production of wide MoS2 diffraction peaks and narrower Cs3Bi2Br9 peaks. The 

XRD analysis of the MoS2@Cs3Bi2Br9 composite reveals distinct peaks corresponding to both 
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the rhombohedral phase of MoS2 (JCPDS 06-0097) and the cubic phase of Cs3Bi2Br9. This 

observation indicates that the composite retains the structural features of both individual 

components, confirming the formation of a heterogeneous mixture of MoS2 and Cs3Bi2Br9 

phases within the sample. The XRD patterns exhibit characteristic diffraction peaks for both 

phases, consistent with their respective Joint Committee on Powder Diffraction Standards 

(JCPDS) references. The XRD analysis reveals distinctive peaks associated with a 

rhombohedral structure at 2θ values of 14.51°, 32.69°, 36.16 °, 39.62 °, 44.17 °, 49.87 and 

58.54° for pure MoS2. These peaks correspond to the specific hkl planes (002), (100), (102), 

(103), (006), (105), and (110), respectively, and they are accurately indexed according to the 

JCPDS card number (06-0097) [Sathiyan et al., 2015]. The presence of these peaks signifies 

the crystalline nature of MoS2, which is essential for its effectiveness as a photocatalyst.  

 

Figure 7.2: XRD graphs of MoS2 (SG), MoS2 (MW), Cs3Bi2Br9, and their various 

composites. 

The Scherrer equation is utilized to calculate the crystallite size, where “D” represents the 

crystallite size, “θ” is the Bragg diffraction angle, “λ” is the wavelength of the X-ray, and “β” 

is the full width at half maximum (FWHM) and is expressed as Equation 7.1. 

𝐷 =
0.9𝜆

𝛽𝐶𝑜𝑠θ
 

7.1 
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The resulting crystallite size provides important insights into the crystalline quality and 

structural properties of the MoS2@Cs3Bi2Br9 nanocomposite material. The intensity of the 

XRD peaks is indicative of the degree of crystallinity and the quality of the material produced. 

Strongly intense peaks usually suggest larger and more well-defined crystallites, which can 

enhance the electronic properties and photocatalytic activity of the material. A higher degree 

of crystallinity may facilitate better charge carrier mobility and separation during 

photocatalytic reactions, leading to improved efficiency in applications such as the degradation 

of pollutants. In contrast, weaker peaks can indicate smaller crystallite sizes or the presence of 

amorphous phases, which may hinder the effectiveness of the photocatalyst.38,39 In 

photocatalytic applications, a balance is often sought between crystallinity and surface area; 

while larger crystalline structures may harbor better electronic properties, finer structures could 

provide enhanced surface reactivity due to their higher surface area-to-volume ratio. The 

improved peak intensity associated with the Microwave method suggests a more advantageous 

crystalline structure, which potentially translates into superior photocatalytic performance 

when applied under visible light irradiation. 

Specifically, the average crystallite sizes calculated from the most intense peak (002) using the 

Scherrer equation are approximately 55 nm for MoS2, 170 nm for Cs3Bi2Br9, and ~50-70 nm 

for the different MoS2@Cs3Bi2Br9 nanocomposites as mentioned in Table 7.1. These results 

suggest that while the crystallite sizes of the individual components vary, the dimensions of 

the crystallites in the composite remain comparable to those of pure MoS2. Crystallite size 

significantly influences the intensity of XRD peaks. Smaller crystallite sizes tend to result in 

reduced peak intensities due to peak broadening effects. This broadening occurs as a result of 

increased relative surface area and potential strain effects within the materials. Therefore, the 

crystallite sizes observed in this study imply that the smaller dimensions of the MoS2 

crystallites (55 nm) contribute to wider and less intense peaks when compared to the larger 

Cs3Bi2Br9 crystallites (170 nm). Moreover, the relatively lower average crystallite size of the 

composite (~50-70 nm) suggests that the interactions within the composite may lead to further 

reductions in peak intensity compared to the individual components. This is likely due to the 

presence of increased surface areas and potential lattice distortions that could arise from the 

interactions between the two materials [Lee et al., 2024]. The phase composition of the 

MoS2@Cs3Bi2Br9 composite also plays a critical role in determining peak intensities. When 

one phase is present in a higher proportion, its corresponding diffraction peaks typically exhibit 

greater intensity. 
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Table 7.1: FWHM, crystallite Size, and Lattice strain for MoS2, Cs3Bi2Br9, and (1, 5 1nd 

10%) MoS2@Cs3Bi2Br9 nanocomposite 

 

 

Consequently, the observed peak intensities in the MoS2@Cs3Bi2Br9 sample reflect the relative 

concentrations of MoS2 and Cs3Bi2Br9 within the hybrid nanostructure. Furthermore, 

differences in atomic number and electron density between MoS2 and Cs3Bi2Br9 lead to 

variations in X-ray scattering and absorption, which can also impact the observed peak 

intensities in the XRD patterns. This highlights the importance of considering the unique 

structural and electronic characteristics of each component when analyzing composite 

materials. The XRD analysis of the MoS2@Cs3Bi2Br9 nanocomposite not only illustrates the 

retention of the distinct phases of both materials but also emphasizes the intricate relationships 

between crystallite size, phase composition, and peak intensity. 

Scanning Electron Microscopy and Energy Dispersive X-ray spectroscopy (SEM/EDX) 

Analysis 

The SEM analysis was conducted to examine the morphologies and distribution of 

MoS2@Cs3Bi2Br9 nanocomposites with varying weight percentages of Cs3Bi2Br9, as presented 

in Figure 7.3 (a, c, e). In 5% MoS2@Cs3Bi2Br9 composites, the SEM micrographs revealed 

that the crystal morphology of MoS2@Cs3Bi2Br9 remained akin to that of the pristine form, 

characterized by well-defined shapes as shown in Figure 7.3 (e). Notably, the Cs3Bi2Br9 

crystals were observed to be uniformly dispersed across the surface of MoS2, indicating 

minimal aggregation. However, with increased concentration of MoS2@Cs3Bi2Br9 

nanocomposite, the micrographs exhibited the formation of larger clusters [Baghdadi et al., 

2023]. This clustering was accompanied by a decreased interfacial interaction between the 

S. No FWHM Crystallite Size  Strain 

MoS2 (SG) 0.15 55 nm 0.0052 

MoS2 (MV) 0.07 104 nm 0.0028 

Cs3Bi2Br9 0.05 172 nm 0.0008 

1% MoS2/Cs3Bi2Br9 0.16 53 nm 0.0028 

5% MoS2/Cs3Bi2Br9 0.12 71 nm 0.0021 

10% MoS2/Cs3Bi2Br9 0.13 65 nm 0.0023 
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MoS2, as shown in Figure 7.3 (a), and Cs3Bi2Br9 phases, as shown in Figure 7.3 (c), suggesting 

impairments in the charge transfer processes essential for photocatalytic activity. Such a 

clustering phenomenon can detrimentally affect the photocatalytic efficiency, as effective 

charge transfer is paramount for the enhancement of photocatalytic reactions.  

 

Figure 7.3 SEM and EDX graphs of MoS2, Cs3Bi2Br9, and 5% MoS2@Cs3Bi2Br9 

nanocomposite. 

 

The Energy Dispersive X-ray (EDX) spectroscopy further confirmed the elemental constituents 

of the synthesized nanocomposites, identifying Molybdenum (Mo), Sulfur (S), Cesium (Cs), 

Bismuth (Bi), and Bromine (Br) as the primary elements present in the MoS2@Cs3Bi2Br9 

nanocomposite, as presented in Figure 7.4 (b, d, f). The EDX spectrum illustrated that these 

elements were present in stoichiometric ratios, consistent with the expected composition of the 

nanocomposite [Malik et al., 2021]. Furthermore, elemental mapping of the pristine MoS2, 

Cs3Bi2Br9, and MoS2@Cs3Bi2Br9 nanocomposite demonstrated a uniform distribution of the 

elements across the structure, ensuring homogeneity in the material as shown in Figure 7.4 (a-

k). This thorough distribution is critical for the effective photocatalytic performance of the 

nanocomposite, as it promotes an efficient interaction between the semiconductor and the 
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photocatalyst. Overall, the SEM analysis elucidates the structural characteristics and the 

influence of Cs3Bi2Br9 weight percentage on the photocatalytic activity of the 

MoS2@Cs3Bi2Br9 composites, highlighting the importance of maintaining a balance in the 

loading to optimize photocatalytic performance. 

 

Figure 7.4 Elemental mapping of MoS2, Cs3Bi2Br9, and 5% MoS2@Cs3Bi2Br9 

nanocomposites. 

UV Absorption Analysis 

The optical properties of MoS2, Cs3Bi2Br9, and their composite MoS2@Cs3Bi2Br9 

nanocomposite were analyzed using UV-Visible spectroscopy, focusing on the absorption 

characteristics over the solar spectrum. The corresponding optical absorption spectra and their 

associated band gap values are presented in Figure 7.5. The UV-Visible analysis reveals that 

all three samples exhibit distinct absorption characteristics [Bhat et al., 2021]. Cs3Bi2Br9 
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nanocomposite shows a pronounced absorption band in the UV region, specifically within the 

wavelength range of approximately 380-390 nm.  

 

Figure 7.5 UV visible spectra of Cs3Bi2Br9, MoS2, and 5% MoS2@Cs3Bi2Br9 nanocomposite. 

This absorption is attributed to the inherent electronic transitions associated with its perovskite 

structure, which facilitates the excitation of electrons from the valence band to the conduction 

band. In contrast, MoS2 displays absorption in the visible region, particularly between 500-600 

nm. The absorption in this range can be ascribed to the direct bandgap transitions in the MoS2 

lattice, which, however, is also influenced by excitonic effects that arise from its two-

dimensional (2D) structure. This characteristic absorption behavior is indicative ability of 

MoS2 to utilize visible light, a desirable property for photocatalytic applications. The 

MoS2@Cs3Bi2Br9 nanocomposite demonstrates a combination of both absorption peaks. The 

presence of distinct bands in both the UV and visible regions confirms the successful formation 

of the composite material. This dual absorption behavior signifies that the composite can 

harness a broader spectrum of solar energy, enhancing its potential photocatalytic performance. 

The overlapping absorption bands suggest improved electronic interactions between MoS2 and 

Cs3Bi2Br9, facilitating efficient charge separation and transfer during photocatalytic processes. 
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The UV-Visible spectroscopy analysis delineates the optical properties of the individual 

components and their composite, indicating that the synergistic interactions between MoS2 and 

Cs3Bi2Br9 may lead to enhanced photocatalytic capabilities due to their complementary light 

absorption characteristics. 

The solid-state UV-Visible (UV-Vis) analysis was conducted to assess the optical 

properties of the synthesized samples, specifically focusing on the determination of band gap 

energies associated with the MoS2 and MoS2@Cs3Bi2Br9 nanocomposites. The UV-Vis spectra 

for each generated sample were measured, and the Tauc plots were derived from the reflectance 

data obtained for all compositions. To calculate the reflectance (R) of an infinitely thick 

specimen, the Kubelka-Munk equation 7.2 was employed, where K and S represent the 

Kubelka-Munk absorption and scattering coefficients, respectively [Ding et al., 2017]: 

By plotting [F(R∞) hν]1/2 against the energy corresponding to the wavelength, the band gap 

energy (Eg) for MoS2@Cs3Bi2Br9 nanocomposite could be determined. A line was extended 

along the steep/linear portion of the plot until it intersected the x-axis; this point of intersection 

provides the value of the band gap energy (Eg) for the specific nanoparticles. As depicted in 

Figure 7.6, the band gap values exhibited a downward trend, decreasing from 2.83 eV to 2.36 

eV with an increase in the concentration of the dopant, Cs3Bi2Br9. This reduction in band gap 

energy can be attributed to several factors, including enhanced charge carrier dynamics and 

modifications in the electronic structure resulting from the incorporation of Cs3Bi2Br9 into the 

MoS2 matrix. The presence of the perovskite Cs3Bi2Br9 can introduce additional energy states 

within the band gap, lowering the overall energy required for electronic transitions. The band 

gap energy is critically related to photocatalytic activity, particularly for the removal of 

pollutants such as drugs. A lower band gap energy enables the material to absorb a broader 

spectrum of visible light, thus enhancing its photocatalytic efficiency under solar irradiation. 

This improved light absorption leads to increased electron-hole pair generation, which is vital 

for driving the photocatalytic reactions that facilitate the degradation of organic contaminants. 

Consequently, the tunable band gap of the MoS2@Cs3Bi2Br9 nanocomposites makes them 

promising candidates for effective photocatalysts in the removal of pharmaceutical 

contaminants from wastewater, showcasing their potential for sustainable environmental 

applications. 

𝐹 (𝑅∞) =  
𝐾

𝑆
=

(1 − 𝑅∞)2

2𝑅∞
 

7.2 
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Figure 7.6 Optical band gap of MoS2, Cs3Bi2Br9, and 5%MoS2@Cs3Bi2Br9 nanocomposite. 

 

7.2.2. Photocatalytic Degradation of Ibuprofen 

Impact of pH 

Figure 7.7 illustrates the impact of pH on the photodegradation efficiency of Ibuprofen 

under visible light exposure across various photocatalysts. The data reveal that the degradation 

efficiency of Ibuprofen increases within the acidic pH range of 05 to 06 across all 

photocatalysts. However, a decline in efficiency is observed when the pH is further increased 

from 7.0 to 11.0. The optimal pH for Ibuprofen removal was identified as 6.0, where slightly 

acidic conditions yielded maximum degradation efficiencies of 53%, 68%, 65%, 69%, 83%, 

and 60% for the MoS2 (S.G.), MoS2 (M.W.), Cs3Bi2Br9, 1% MoS2@Cs3Bi2Br9, 5% 

MoS2@Cs3Bi2Br9, and 10% MoS2@Cs3Bi2Br9 nanocomposites, respectively, under visible 

light. 
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Figure 7.7 Effect of pH on Ibuprofen. Conc. of IBF; 100mg/L, Reaction volume; 30mL, 

Catalyst dose; 10 mg, irradiation time; 3h, pH; 6, Temperature; 30⁰ C. 

 

The point of zero charge (pHzpc) of the 5% MoS2@Cs3Bi2Br9 nanocomposite was 

experimentally determined using the pH drift method. The pHzpc was found to be pH 3.4, which 

aligns with the optimal pH (6.0) for maximum degradation efficiency [Lv et al., 2024; Jing et 

al., 2024]. This value confirms that the catalyst surface is positively charged at pH < 3.4, 

facilitating electrostatic attraction with the anionic Ibuprofen species. At pH > 3.4, the surface 

becomes negatively charged, leading to repulsion and reduced efficiency. Among the 

photocatalysts studied, the 5% MoS2@Cs3Bi2Br9 nanocomposite demonstrated the highest 

Ibuprofen removal efficiency. This can be attributed to the likely involvement of hydroxyl ions 

(OH⁻) and water molecules (H2O) in localized hole-induced electron transfer reactions, which 

generate an abundance of hydroxyl radicals. These radicals play a crucial role in accelerating 

the breakdown of Ibuprofen under visible light irradiation. 

Kinetic studies  

Figure 7.8 illustrates the effect of contact (irradiation) time on the photocatalytic degradation 

of Ibuprofen. The Figure shows a direct correlation between increased irradiation time and the 
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enhancement of degradation efficiency. Specifically, extending the irradiation period from 15 

to 180 minutes resulted in a significant increase in the degradation percentage from 14.52% to 

93.77% for the as-synthesized nanocomposite. This increase can be attributed to the prolonged 

exposure of Ibuprofen molecules to the photocatalyst's surface, allowing more time for 

interaction and the subsequent generation of hydroxyl radicals. These radicals play a crucial 

role in accelerating the photocatalytic process, thereby enhancing the overall degradation 

efficiency [Wang et al., 2023]. The kinetics of Ibuprofen removal are demonstrated in Figure 

7.9 with the pseudo-first order reaction shown in Equation 7.3. 

 

Figure 7.8 Effect of time. Conc. of IBF; 100mg/L, Reaction volume; 30mL, Catalyst dose; 

10mg, irradiation time; 3h, pH; 6, Temperature; 30⁰ C. 

 

𝑙𝑛 𝐶𝑜
𝐶𝑡⁄ = 𝐾 × 𝑡 7.3 

Where, at a time “t”, C0 and Ct are the initial and final concentrations, respectively (mg/L). The 

reaction rate constant k (min-1) was calculated by the linear graph of ln (C0/Ct) vs. “t”. The 
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reaction rate constant increased up to 0.1 mg/L and then decreased with increasing Ibuprofen 

concentration (Table 7.2). 

 

Figure 7.9 Rate of IBF photocatalytic degradation reaction. Conc. of IBF; 100mg/L, 

Reaction volume; 30mL, Catalyst dose; 10mg, irradiation time; 3h, pH; 6, Temperature; 30⁰ 

C. 

Table 7.2: Ibuprofen Photodegradation Estimated First-Order Rate Constant 

 

 

Effect of H2O2 concentration 

The effect of H2O2 on the photocatalytic degradation of Ibuprofen using 5% MoS2@Cs3Bi2Br9 

is demonstrated in Figure 7.10. The presence of H2O2 is known to enhance the generation of 

hydroxyl radicals (•OH), which are crucial for improving photocatalytic degradation and 

Material Ibuprofen (mg/L) k (min-1) R2 

MoS2 (MW) 20 0.27 0.721 

Cs3Bi2Br9 20 0.34 0.682 

5% MoS2/Cs3Bi2Br9 20 0.41 0.879 
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potentially leading to the formation of colorful intermediate products. When the H2O2 

concentration was increased from 0.001% to 0.04%, a notable impact on the degradation 

efficiency was observed. In the absence of H2O2, the photodegradation efficiency was recorded 

at 93.77%. However, with the introduction of H2O2 at a concentration of 0.01% to 0.1%, the 

degradation efficiency of Ibuprofen improved from 93.77% to 96.76%. Interestingly, a further 

increase in H2O2 concentration to 1% led to a decrease in the degradation efficiency to 46.1%. 

This reduction in efficiency is likely due to the dual role of H2O2, where at higher 

concentrations, it may act as an inhibitor by reacting with hydroxyl radicals and stabilizing the 

coupled electron-hole pairs (e⁻/h⁺) through the trapping of photoinduced electrons (e⁻). The 

interaction between H2O2 and e⁻ or O2 can still generate hydroxyl radicals, yet an excess of 

H2O2 may impede the overall photocatalytic process. Thus, while the addition of H2O2 is 

anticipated to enhance the elimination of Ibuprofen, its concentration must be carefully 

optimized to avoid inhibitory effects [Oad et al., 2023]. 

 

Figure 7.10 Effect of H2O2 (%). Conc. of IBF; 100mg/L, Reaction volume; 30mL, Catalyst 

dose; 10mg, irradiation time; 3h, pH; 6, Temperature; 30⁰ C. 

Effect of Catalyst Dosage 

The impact of varying photocatalyst dosage on the photocatalytic efficiency of the 

nanocomposites is depicted in Figure 7.11. The experiment involved varying the amounts of 
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the MoS2 (S.G.), MoS2 (M.W.), Cs3Bi2Br9, 1% MoS2@Cs3Bi2Br9, 5% MoS2@Cs3Bi2Br9, and 

10% MoS2@Cs3Bi2Br9 nanocomposites from 0.001 to 0.2 mg/L in a 100 mL Ibuprofen 

solution, supplemented with 0.1% H2O2, under 100 W light intensity at pH 6.0 for up to 3 hours 

to determine the optimal photocatalyst dosage. As depicted in Figure 7.11, the photocatalytic 

degradation efficiency of Ibuprofen increased significantly from 27.44% to 83.69% as the 

photocatalyst dose was increased from 0.001 to 0.05 mg/L. However, further increases in the 

photocatalyst dose beyond 0.05 mg/L did not enhance the degradation efficiency. This outcome 

suggests that adding an excessive amount of photocatalyst leads to diminished light penetration 

due to increased turbidity, resulting from the suspension of a larger quantity of photocatalyst 

particles in the solution. Consequently, the optimal photocatalyst dosage was determined to be 

0.05 mg/L, beyond which additional photocatalyst does not contribute to improved efficiency 

[Cai et al., 2022]. 

 

Figure 7.11 Effect of catalytic dosage. Conc. of IBF; 100 mg/L, Reaction volume; 30mL, 

Catalyst dose; 10mg, irradiation time; 3h, pH; 6, Temperature; 30⁰ C. 

7.2.3. Mechanism for photocatalytic degradation of Ibuprofen 

The photocatalytic reaction mechanism (Figure 7.12) begins with the excitation of 

the MoS2@Cs3Bi2Br9 heterojunction under light irradiation (hv ≥ bandgap energy). This 

promotes electrons (e⁻) from the valence band (VB) to the conduction band (CB), leaving 
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photogenerated holes (h⁺) in the VB (Equation 7.4) The h⁺ in the VB oxidizes adsorbed water 

molecules to generate hydroxyl radicals (•OH), while the e⁻ in the CB reduces dissolved oxygen 

(O2) to superoxide anion radicals (•O2⁻) (Equations. 7.5 to 7.7). These reactive oxygen species 

(ROS) drive the degradation of ibuprofen (IBP) into smaller intermediates or mineralized 

products (Equation 7.8). The MoS2@Cs3Bi2Br9 heterojunction enhances charge separation 

due to Fermi-level alignment at the interface (thermal equilibrium), where electrons transfer 

from Cs3Bi2Br9 to MoS2, suppressing recombination. This synergistic effect increases the 

availability of e⁻ and h⁺ for redox reactions, improving photocatalytic efficiency [Fauzi et al., 

2018]. 

MoS2@Cs3Bi2Br9 + hν → eCB
− + hVB

+     7.4 

h+ + H2O → OH° + H+      7.5 

𝑒− + 𝑂2 → 𝑂2
−.       7.6 

˙𝑂𝐻/O2
−∙ + IBF → Intermediates → CO2 + H2O   7.7 

Cs3Bi2Br9 + hv →  Cs3Bi2𝐵𝑟9
∗(𝑒− + ℎ+) (𝑒−𝐶𝐵𝐶𝑠3𝐵𝑖2𝐵𝑟9) → 𝑀𝑂𝑆2(𝐶𝐵)   7.8 

 

Figure 7.12 A proposed mechanism for IBF degradation. 
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According to the latest studies, endocrine-disrupting chemicals have been found in industrial, 

sewage, municipal, and agricultural wastes. It has been demonstrated that EDCs alter the 

endocrine system, which could have detrimental consequences on both people and animals. 

Therefore, it is crucial to purify wastewater that contains these endocrine-disrupting 

substances. It is now necessary to use greener technologies and eco-friendly procedures due to 

the strict environmental restrictions. Since conventional remediation techniques only transfer 

contaminants from one phase to another, they are typically unsuccessful in eliminating EDCs. 

Furthermore, intermediates that are generated throughout the process have a higher level of 

toxicity than the original substance. So, a non-selective treatment approach that promotes quick 

and thorough mineralization would be optimal for removing EDCs. 

Advanced oxidation procedures (AOP) can be used to remediate wastewater containing 

pharmaceuticals as well as other organic contaminants. Over the past twenty years, the removal 

of organic contaminants from wastewater has been made possible by the attractive and 

promising technology of photocatalytic degradation, which uses semiconductors as the 

photocatalyst. It has been determined that the most efficient and feasible photocatalysts are 

CdS and MoS2. Their excellent physical and chemical characteristics allow them to be used in 

a multitude of applications. However, the rapid recombination of electron-hole pairs and their 

broad bandgap, which corresponds to UV light, have hindered the use of CdS and MoS2. 

Consequently, one of the current hotspots in photocatalyst research is the investigation of 

altering CdS and MoS2 to decrease electron-hole recombination and sensitization to visible 

light. From this perspective, studies on the doping of semiconductor material perovskite are 

currently being addressed. The current research focuses on the synthesis, characterization, and 

photocatalytic activity of CuS, CdS, MoS2, Cs3Bi2Br9, and doped CdS/Cs3Bi2Br9, CdS/MoS2, 

and MoS2/Cs3Bi2Br9 photocatalysts by Solgel and Microwave process. The degrading 

efficiency of Cs3Bi2Br9-doped CdS and MoS2 was higher than that of CdS and MoS2 alone. 

This is because electron-hole recombination has been suppressed.  

As compared to pure CdS, MoS2, and Cs3Bi2Br9, the as-obtained nanocomposites exhibit better 

photocatalytic performance of ciprofloxacin, paracetamol, and ibuprofen. According to their 

preparation, the CdS/Cs3Bi2Br9, CdS/MoS2, and MoS2/Cs3Bi2Br9 nanocomposites exhibit 

greater photocatalytic performance than CdS, MoS2, and Cs3Bi2Br9, respectively.  

❖ CuS nanoparticles had an X-ray diffraction pattern that essentially matched with 

hexagonal phase of the metal. Strong copper sulphide diffraction peaks for CuS 
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nanoparticles synthesized by wet chemical co-precipitation method (CuS WCP) can be 

seen at 27.51⁰, 31.46⁰, 32.26⁰, 39.54⁰, 49.11⁰, 53.15⁰ and 57.12⁰ respectively, which 

correspond to the diffraction planes of (101), (102), (103), (106), (110), (108) and (203) 

(JCPDS # 78-0876) and demonstrate a high degree of crystallinity. 

❖ The morphology of the sample was investigated using a scanning electron microscope 

(SEM). Using its magnifications, the corresponding images show that the CuS 

nanoparticles are uniformly dispersed and have a spherical shape. In contrast, scanning 

electron microscopy (SEM) images of CuS produced using the sol-gel method reveal a 

larger particle size compared to CuS produced using the wet chemical co-precipitation 

method. 

❖ The X-ray diffraction analysis of MoS2, CdS, and their various composites delivers 

valuable info about the crystalline phases, crystallite size, and purity of the materials. 

The X-ray diffraction patterns of MoS2 and CdS match well with the corresponding 

database (JCPDS card No. 101122 for MoS2 and No. 23323 for CdS). MoS2 is identified 

as existing in the hexagonal phase, while CdS is identified as having a cubic phase. 

This information is crucial for understanding the structural characteristics of the 

individual materials. The XRD patterns of the various composites, with different ratios 

of MoS2 and CdS, are reported to match the hexagonal and cubic phases, respectively. 

The presence of sharp peaks in the XRD patterns indicates the crystalline nature of the 

samples.  

❖ The crystal structure and crystallinity of CdS and Cs3Bi2Br9 nanocomposites were 

investigated using the patterns of powder X-ray diffraction (XRD) analysis. The CdS 

exhibited diffraction peaks with 2Ө values of 24.81°, 26.50°, 28.40°, 30.80°, 34.39°, 

45.83°, 51.91°, and 53.10°, corresponding to the (100), (002), (101), (220), (102), 

(110), (311), and (112) planes of the cubic CdS crystal lattice, respectively. The 

pronounced peaks at 12.78°, 15.68°, and 31.69° correspond to the (100), (101), and 

(202) planes of its hexagonal structure, respectively. In comparison to pure Cs3Bi2Br9, 

the hybrid Cs3Bi2Br9/CdS samples demonstrate a significant enhancement in intensity. 

❖ One characterization approach used to look into the functional groups and bonding 

interaction of synthetic materials is FTIR. The far-infrared spectrum of the synthetic 

MoS2 and Cs3Bi2Br9. The peak at 593 cm-1, 739 cm-1, 1075 cm-1, 2346 cm-1, and 3093 

cm-1 are attributed to MoS2 and are likely related to its structural vibrations or specific 
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bonding configurations.47 This peak at 593 cm-1 is associated with the S–S bond, 

indicating the presence of sulfur-sulfur bonds in the MoS2 nanoparticles. 

❖ The SEM analysis was conducted to examine the morphologies and distribution of 

MoS2@Cs3Bi2Br9 nanocomposites with varying weight percentages of Cs3Bi2Br9. In 

5% MoS2@Cs3Bi2Br9 composites, the SEM micrographs revealed that the crystal 

morphology of MoS2@Cs3Bi2Br9 remained akin to that of the pristine form, 

characterized by well-defined shapes 

Enhanced photocatalytic degradation efficiency of nanocomposites 

 

❖ The degradation rate of copper sulphide nanoparticles in 2-chlorophenol was studied 

below visible light to determine the effect of pH. The elimination effectiveness of 2-CP 

rises with increasing pH values up to 6. The photocatalytic elimination of 2-CP was 

enhanced from 27% to 77% and 30% to 80% using CuS nanoparticles made using the 

Sol-Gel method (CuS-SG) and the wet chemical coprecipitation method (CuS-WCP), 

respectively. 

❖ The spiking process was done by CuS nanoparticles; sample of wastewater was 

collected from the sewerage treatment plant located at Lovely Professional University, 

Phagwara, Punjab, 144411. The wastewater samples were analyzed using standard 

analytical methods as soon as they were collected, which was shortly after receiving 

them. The pH of wastewater is 7.8, its color is yellowish, its total soluble solids (TSS) 

is 164 mg/l, its total dissolved solids (TDS) is 231 mg/l, and its conductivity is 1.11 

ohm-1m-1. 

❖ The pH is an essential variable that influences the CdS, MoS2, and 1:1CdS/MoS2 

catalyst contact with the surface of Paracetamol molecules, which in turn influences the 

degradation of Paracetamol in several ways.  The maximal degradation efficiencies for 

CdS, MoS2, and 1:1 CdS/MoS2 nanomaterials at pH 4 are 70%, 68%, and 98.7%, 

respectively, in the visible region.  

❖ Kinetic investigations of CdS, MoS2, and 1:1M MoS2/CdS were evaluated 

to investigate the mechanism of Paracetamol degradation. When exposed to visible 

light for 3 hours, a 10 mg catalyst dosage of CdS, MoS2, and 1:1M MoS2/CdS 

nanomaterials resulted in 89% 85% and 95% photocatalytic degradation of the 

Paracetamol solution, respectively. 
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❖ More sustainable intermediates and improved photocatalytic elimination result 

from H2O2's capacity to produce more OH radicals. The effect of altering hydrogen 

peroxide from 0.001 to 0.4% on the photocatalytic degradation of Paracetamol by CdS, 

MoS2, and 1:1M MoS2/CdS. Without H2O2, the rate of photocatalytic degradation is 

88%, 85% and 90% by CdS, MoS2, and 1:1M MoS2/CdS. An increase in hydrogen 

peroxide concentration from 0.001 to 0.1% leads to an enhanced 90–93% elimination 

of Paracetamol by photocatalytic degradation. 

❖ The concentration of CdS, MoS2 and 1:1M MoS2/CdS was diverse from 0.001 to 

0.2 g/L in 210 ml of Paracetamol solution with 0.1% H2O2 to determine the optimal 

quantity of photocatalyst. The Paracetamol photocatalytic elimination rate improved 

from 56% to 77% when the dosage of photocatalyst was elevated from 0.001 to 

0.05 g/L. 

❖ The pH of the solution significantly influences the photocatalytic performance of pure 

and doped CdS and Cs3Bi2Br9 catalysts by altering the surface interaction between 

Ciprofloxacin molecules and the nanomaterials. The catalysts utilized in the studies 

included CdS (Solgel), CdS (Microwave), Cs3Bi2Br9, 1%CdS/Cs3Bi2Br9, 

5%CdS/Cs3Bi2Br9, and 10%CdS/Cs3Bi2Br9, with each dosage set at 10 mg. These were 

subjected to visible light exposure for a duration of three hours at a pH of 8. 

❖ Kinetic experiments on CdS (Solgel), CdS (Microwave), Cs3Bi2Br9, and 5% 

CdS/Cs3Bi2Br9 were necessary for comprehending reaction rates and underlying 

mechanisms. The 10 ppm Ciprofloxacin solution was photocatalytically degraded in 

210 minutes by using a 10 mg catalyst dose for CdS (Solgel), CdS (Microwave), 

Cs3Bi2Br9, and 5% CdS/Cs3Bi2Br9, respectively. This was achieved with an astounding 

60%, 80%, 65.5%, and 98.4% of the solution, respectively. 

❖ The concentration of H2O2 was elevated from 0.01 to 0.1%, resulting in an enhancement 

of the photocatalytic degradation of Ciprofloxacin, with efficiency increasing from 19, 

17, and 65% to 51, 47, and 100% respectively. 

❖ The quantity of CdS, Cs3Bi2Br9, and 5% CdS/Cs3Bi2Br9 nanocomposites was changed 

from 0.001 to 0.2 g/l in 180 ml of Ciprofloxacin solution with 0.1% H2O2 at a pH of 

8.0. This was done in order to identify the best photocatalytic dosage. It was shown that 

the photocatalytic degradation effectiveness of Ciprofloxacin rose from 35 to 88.5% 

when the dose of the photocatalyst was raised from 0.001 to 0.5 g/l. 
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❖ The data reveal that the degradation efficiency of Ibuprofen increases within the acidic 

pH range of 05 to 06 across all photocatalysts. However, a decline in efficiency is 

observed when the pH is further increased from 7.0 to 11.0. The optimal pH for 

Ibuprofen removal was identified as 6.0, where slightly acidic conditions yielded 

maximum degradation efficiencies of 53%, 68%, 65%, 69%, 83%, and 60% for the 

MoS2 (S.G.), MoS2 (M.W.), Cs3Bi2Br9, 1% MoS2@Cs3Bi2Br9, 5% MoS2@Cs3Bi2Br9, 

and 10% MoS2@Cs3Bi2Br9 nanocomposites, respectively, under visible light. 

❖ The experiment involved varying the amounts of the MoS2 (S.G.), MoS2 (M.W.), 

Cs3Bi2Br9, 1% MoS2@Cs3Bi2Br9, 5% MoS2@Cs3Bi2Br9, and 10% MoS2@Cs3Bi2Br9 

nanocomposites from 0.001 to 0.2 mg/L in a 100 mL Ibuprofen solution, supplemented 

with 0.1% H2O2, under 100 W light intensity at pH 6.0 for up to 3 hours to determine 

the optimal photocatalyst dosage. The photocatalytic degradation efficiency of 

Ibuprofen increased significantly from 27.44% to 83.69% as the photocatalyst dose was 

increased from 0.001 to 0.05 mg/L. 

For the degradation of 2-chlorophenol, ciprofloxacin, paracetamol, and ibuprofen, the as-

prepared material was synthesized by microwave process and sol-gel process. This study shows 

how to synthesize a hybrid heterojunction between Cs3Bi2Br9 and CdS, MoS2 at various ratios. 

SEM-EDX pictures were used to assess morphological investigations and the composition of 

the dopants, demonstrating the existence of CdS, MoS2 in the Cs3Bi2Br9 nanostructured hybrid. 

Powder XRD was used to confirm the crystalline structures of CuS, CdS, MoS2, Cs3Bi2Br9, 

CdS/Cs3Bi2Br9, and MoS2/Cs3Bi2Br9 nanocomposites, respectively. The bandgap energies for 

CuS, CdS, and Cs3Bi2Br9 were determined by UV-vis spectroscopy. The as-prepared material 

CuS, CdS, Cs3Bi2Br9, CdS/Cs3Bi2Br9, and MoS2/Cs3Bi2Br9 photocatalysts were used to study 

the degradation of 2-chlorophenol, ciprofloxacin, paracetamol, etc, at the irradiation time, ideal 

pH, and H2O2 conc. Catalytic dosage and effect of temperature. Unexpectedly, at an ideal pH 

of 8, CdS, Cs3Bi2Br9, and 5%CdS/Cs3Bi2Br9 demonstrated maximum degradation efficiency 

of 80%, 65.5% and 98.4 % respectively, as compared to the Solgel method-based CdS, which 

is 60%, with a catalytic dosage of 10 mg and an irradiation period of three hours. 

Moreover, the binary nanocomposites demonstrated enhanced absorption capacity of visible 

light, reduced crystalline size, a narrower band gap, efficient separation and transfer of 

interfacial charge carriers (e-/h+), and a recombination rate established by the prompt 

transference of organic contaminants to the photocatalyst surface. Previously, we have focused 

heavily on the reaction mechanism, which is supported by spectroscopic data. Its increased 
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photocatalytic activity may be due to its existence in an environment with a high biological 

reactant. All binary nanocomposites often contain OH reactive species, which are crucial to the 

photodegradation process and, in turn, the oxidative elimination of organic contaminants. 

These nanocomposites of binary photocatalysts seem like intriguing possibilities for intensive 

practical investigation for large-scale, reusable applications, which would ultimately lead to 

the utilization of freely accessible solar energy.  

SCOPE FOR FUTURE WORK 

Our research explores the synthesis of metal sulfides from metal oxides, transforming them 

into perovskite materials with tailored properties for environmental remediation. Building on 

this foundation, our future projects aim to harness these materials for sustainable energy 

production. Key objectives include: 

• Water splitting for hydrogen production 

• Methane evolution from CO2 reduction 

• Development of sustainable electrodes for applications in health, energy, and 

environment 

By advancing perovskite-based technologies, we seek to address pressing challenges in energy 

and environmental sustainability. Our goal is to create innovative solutions that contribute to a 

cleaner and more sustainable future. With a focus on practical applications and scalability, our 

research has the potential to drive meaningful impact in various fields, from renewable energy 

to environmental protection and human health.  
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