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Table 3.2.1.26.: Various Physico-chemical Parametric Analysis of Tuipui River 

Water. 

Table 3.2.1.27.: Various Physico-chemical Parametric Analysis of Tiau River Water. 

Table 3.2.1.28.: Various Physico-chemical Parametric Analysis of Serlui B river 

Water.  
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1. INTRODUCTION 

1.1. Background 

The most valuable natural resource on the planet is water. However, the water 

resources are unethically and improperly treated. Therefore, a reliable fresh and clean 

water resource remains a global concern. The entire amount of water available on Earth 

is estimated to be around 1.4 billion cubic kilometres. However, due to high saline 

levels in oceans and seas, approximately 97.5% is unfit for human consumption. A 

major portion (68.7%) of the available 2.5 percent fresh water is in the form of glaciers, 

ice caps, and permanent snow. Ground water (30.1%) and surface water (1.3%) are the 

only sources of available fresh water. Thus, only 20.56% of the accessible surface 

waters lying in rivers and lakes (i.e., 0.26% of total world fresh water reserves or 

0.007% of the entire earth's water) is suitable for human consumption (Gleick et al., 

2007). Meanwhile, these finite freshwater resources are under tremendous stress, 

which results in unsustainable exploitation and rising water demand for numerous 

human activities. Furthermore, global climate change, growing urbanisation, 

agricultural and industrial activity caused massive release of wastewater contained 

with refractory contaminants and solid wastes. Over the last few decades, the volume 

of hazardous wastes deposited in aquatic environments has increased dramatically 

(Jackson et al., 2001; Laws, 2000). According to the study published by the World 

Water Assessment Program (WWAP), about 14 billion pounds of hazardous wastes 

are dumped into the oceans each year and every day, about 2 million tonnes of human 

garbage is disposed-off into the water bodies (Dwivedi, 2017; Gleick, 2000). 

Furthermore, massive increase in pollutant load has resulted in widespread water 

quality degradation/deterioration around the world, limiting availability of clean or 

fresh water. 2 billion people lack access to clean/fresh water, according to the World 

Bank and the World Health Organization, and 1 billion people are unable to get their 

daily basic needs. Each year, 3.5 million people die in the developing nations as a 

result of insufficient water supply, sanitation, and hygiene difficulties (Gleick et al., 

2007; Selene and Chou, 2003). 
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The increased amount of wastewater carrying a wide range of toxic and 

hazardous chemicals along with pathogens poses a serious threat to human health, 

aquatic life and the environment in general. Diarrheal illness is one of prominent water 

borne diseases; expected to cause 1.5 million children’s death below the age of five 

years (Gleick, 2000; Kirstein et al., 2021; Y. Liu et al., 2021).  

Furthermore, the increasing global shortage of clean water, as well as the 

catastrophic environmental repercussions of dirty wastewater, need an urgent 

treatment and reduction of such wastewaters. Due to rigorous environmental 

regulations and norms, it is now required that wastewater collected from municipalities 

and communities need to be appropriately treated in order to meet the mandated and 

stringent water quality requirements before being disposed-off into lakes or rivers 

(Laws, 2000). 

Quality of the effluent, energy efficiency, cost-effectiveness and nutrient 

removal/recovery are the top concerns for wastewater treatment systems (WWT) 

(Kirstein et al., 2021). Despite advancements in wastewater treatment, conventional 

water treatment systems have limits in various parameters. Skimming/Screening is the 

first step in the wastewater treatment process, followed by chemical/biological 

treatment and advanced treatment with disinfections and mineralization are 

extensively included (Manea et al., 2016). As a result, the treatment process entails a 

number of time-consuming steps that necessitate the use of a range of chemicals. 

Perhaps the most important disadvantage is the potential for environmental issues to 

arise as a result of these activities. Hypochlorite, chlorine and ozone are among the 

chemical oxidants typically employed in wastewater treatment. Because of their easy 

availability, possibly cost effectiveness and relative efficiency as oxidants, these 

compounds are widely used (Brandt et al., 2017). However, the compounds and by-

products produced appear to be hazardous, their application in such environmental 

remediation raises various health issues. Furthermore, the use of ozone and chlorine in 

wastewater treatment is linked to the formation of toxic disinfection by-products 

(DBPs) such as bromate and trihalomethanes (Krasner et al., 2009). Numerous by-

products are potentially carcinogens or mutagens, making them potentially more 

dangerous than the original compound. Hypochlorite is also a source of concern; it is 
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utilised as a source of chlorine for treatment of water at smaller operations because it 

is affordable; hypochlorite is manufactured using chlorine gas and rapidly decomposes 

back into chlorine when heated or mishandled chemically (Backer, 2017). 

Another disadvantage of current wastewater treatment systems is the 

production of excessive sludge, which frequently encompasses numerous types of 

harmful substances like organic matter and N, P, K and other nutrients, making its 

removal a serious concern. The vast amount of extra sludge created on a daily basis, 

on the other hand, has become the most problematic for environmental engineers to 

handle it amicably (T. Ahmad et al., 2016). Because of more strict legislation and 

social concerns for the environment, traditional sludge treatment and disposal options 

(e.g., compost and landfill) are facing a growing challenge. Additionally, many organic 

sulphides and amines formed during wastewater treatment contribute to on-site odours 

that bothers the population living around. This is necessitating the development of 

newer H2S control methods in municipal sanitary sewer systems, treatment plants, and 

industrial waste treatment facilities (Pal, 2017). Furthermore, the presence of 

micropollutants, such as hormones, medicines, and personal care products, often 

known as emerging contaminants, are often detected in water bodies at lower levels. 

The existence of these persistent micropollutants in the aquatic environment is 

frequently linked to a variety of negative consequences, including short- and long-term 

toxicity, endocrine disruption, and antibiotic resistance in microbes (Chavoshani et al., 

2020). These micro-pollutants are often detected in the effluent of conventional 

wastewater treatment plants (WWTPs); raising concerns of the aquatic environment. 

Therefore, there is a growing concern on developing effective and efficient 

waste water treatment methods, which is feasible, cost-effective, environment friendly, 

and sustainable. "Advanced Oxidation Process (AOPs)" is one of alternative methods, 

which relies on heterogeneous photocatalysis and uses TiO2 semiconductor as a 

photocatalyst (Angel et al., 2018; Pelaez et al., 2011; So et al., 2002). The basis of 

AOPs lies on the in situ formation of reactive species, such as hydroxyl radicals, which 

rapidly oxidises a variety of organic contaminants non-selectively (Linley et al., 2014; 

Falah et al., 2016). Titania (TiO2) is having variety of applications, which is primarily 

due to its unique qualities, that include high thermal and chemical stability, 
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biocompatibility, low toxicity, cost effective, ease of manufacturing and tailored 

material.  The use of TiO2 semiconductor in photocatalytic processes is found to be a 

cost-effective, environment friendly, and long-term treatment technique that aligns 

with the 'zero' waste strategy (Chen et al., 2020). 

1.2. Micropollutants in Aquatic Environment 

1.2.1. Tetracycline (TC) 

Tetracycline is a widely prescribed antibiotic for the treatment of bacterial 

infections like pneumonia, gonorrhoea, amoebic infections, respiratory tract 

infections, Rocky Mountain spotted fever and syphilis (Jiang et al., 2022). It is also 

used to treat acne vulgaris, as well as other skin conditions such as perioral dermatitis 

and rosacea (Farombi et al., 2008). Moreover, tetracycline is utilised to the aquaculture 

and the live stocks as an effective antibiotic (Niu et al., 2013). Moreover, according to 

the National Ambulatory Medical Care Survey (2007) of visits to office-based 

physicians in the United States, tetracycline is prescribed as a new or continuing 

medicine, among other similar drugs. Furthermore, because of its easy accessibility, 

availability, and cost effectiveness, the medicine has achieved widespread 

acceptability in third-world countries. As a result, the medicine is abused by self-

prescriptions (Farombi et al., 2008). 

Tetracycline enter the water bodies as active metabolites, unmetabolized drugs 

and breakdown products by excretion and direct runoff (Alotaibi and Mahmoud, 

2022). Several monitoring studies (using GC/LC-MS) reveal that pharmaceuticals are 

widely detected into the water bodies. It is a known fact that over 90% of antibiotics 

are excreted through the urine and up to 75% in animal faeces, implying that 70%-

80% of antibiotics enter into the sewage system in their parent form. However, the 

conventional sewage treatment system is unable to eliminate it completely; hence, 

resulting in the occurrence of residual antibiotics in the treated wastewater effluents. 

The tetracycline removal rate in the conventional wastewater treatment plants was 

reported to be 30% (Warner et al., 2022). This poses a serious threat to the entire 

ecosystem. Tetracycline is detected in the wastewater, surface water, drinking water 

as well as soils with measured concentrations ranging from ng L−1 – μg L−1 (Yang et 
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al., 2013). The presence of cumulated tetracycline in the environment causes genetic 

exchange, increasing bacteria's resistance to antibiotics, and posing a hazard to human 

health. Hence, developing novel and effective technology for removing tetracycline 

from aquatic habitats is critical and worth studying (C. Li et al., 2022). 

Since its discovery in 1951, tetracycline is a known non-alcoholic 

steatohepatitis, or NASH (a condition where there is fats accumulation in the liver and 

accompanying liver diseases such as lipid peroxidation and cell necrosis/apoptosis) 

drug used in humans and rats (Lepper et al., 1951). Tetracycline-induced NASH was 

well-documented elsewhere (Shen et al., 2009). Tetracycline inhibits the tricarboxylic 

acid cycle and respiratory chain in rat mitochondria (Fromenty and Pessayre, 1995). 

In rats and humans, triglyceride build up and lipid peroxidation was discovered, 

followed by surge in serum alanine and aspartate aminotransferases. In vitro 

investigations using hepatocyte monolayers were used to partially demonstrate the 

tetracycline toxicity. Tetracycline-treated hepatocytes from rats and dogs showed 

impaired fatty acid metabolism and lipid build up, while oxidative stress was seen in 

both rat and human hepatocytes. Tetracycline therapy causes a reduction in 

mitochondrial membrane potential in human hepatocytes. Thus, these monolayer 

culture results addressed lipid build up, oxidative stress, or mitochondrial lesion, 

which only reflected a portion of cellular alterations (Xu et al., 2008). 

Tetracycline also causes a variety of metabolic problems in animals and is 

suspected of causing testicular harm in humans. Tetracycline treatment resulted in a 

decrease in motility of epididymal sperm, sperm count, percentage of live 

spermatozoa, a rise in aberrant sperm morphology, and adverse histopathologic 

alterations in the testes (Zhong et al., 2022). Tetracycline also causes hepatotoxicity, 

which is associated with fatty infiltration and damage to liver parenchymal cells. The 

drug was also linked to hyperglycaemia and pancreas damage (Asha et al., 2007). The 

mechanisms by which tetracycline causes these effects are unknown, however reactive 

oxygen species (ROS) are suggested to be responsible (Li and Hu, 2016). Tetracycline 

produces oxidative stress in rats' liver and pancreas by lowering antioxidant enzymes 

and glutathione (GSH) levels while increasing the quantities of lipid peroxide 

produced (Asha et al., 2007). In the liver of rats given tetracycline antibiotics, 
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immunohistochemical expression of oxidative stress-related markers such as heme 

oxygenase-1, superoxide dismutase (SOD) and 8-hydroxy deoxyguanosine was 

predominantly detected (Kikkawa et al., 2006). 

 

Figure 1.2.1: Structure of tetracycline 

1.2.2. Sulfamethazine (SMZ) 

Sulfamethazine (SMZ) belongs to the sulfonamide family. Sulfonamide drugs 

are a class of synthetic antimicrobials that possess a wide range of applications against 

Gram-positive and Gram-negative bacteria (H. Liu et al., 2021). These drugs were 

used in medical practice long before penicillin was discovered. They are derived from 

sulfanilamide (p-aminobenzenesulfonamide), a structural analogue of p-aminobenzoic 

acid (a component required in the production of folic acid in bacteria), the precursor 

of DNA, nucleic acids and purine. Therefore, sulfonamides are bacteriostatic 

medicines that suppress bacterial growth by interfering with bacterial folic acid 

production (Lin and Cheng, 2021). The drug disrupts the biosynthetic pathway for 

synthesis of folic acid, effectively preventing the conversion of p-aminobenzoic acid 

to folic acid (mediated by the enzyme dihydropteroate synthetase), making them 

antimetabolites. Sulfonamides showed antibacterial activity against Proteus mirabilis, 

enteric Gram-negative E. coli, Haemophilus influenzae, Neisseria, Nocardia, Listeria 

monocytogenes, Streptococcus nonenterococcus, Staphylococcus aureus, and a few 

species of anaerobic bacteria (Lin et al., 2022). They are most commonly used to treat 

toxoplasmosis, menigococcal disorders, streptococcal pharyngitis, infections caused 

by Nocardia asteroides, uncomplicated urinary tract infections and other infections. 

Long-term usage of these medications lead to development in drug resistance (He et 

al., 2022).  
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SMZ is often prescribed to human, animal, aquaculture and livestock 

production due to its low cost and broad-spectrum antibacterial efficacy (Ledjeri et al., 

2017; Lin and Wu, 2018). The drug is partially metabolized once administered to 

humans or animals hence released in significant amounts through the faeces or urines 

and subsequently entering into the wastewaters (Yu et al., 2019). It was reported that 

SMZ is one of the most often detected antibiotics in water bodies (Li et al., 2021). It 

is potentially harmful to marine species, affects animal reproduction, and interrupts 

the human endocrine system, hence; the presence of SMZ in water bodies is a serious 

environmental concern (Perini et al., 2018). The presence of SMZ in the aquatic 

environment promotes the tolerance in microorganisms, lowering the drug 

effectiveness (Li et al., 2016). SMZ drug is usually detected at the range of ng/L to 

mg/L in aquatic environments (Wen et al., 2018; F. Wang et al., 2018b; X. Liu et al., 

2019).  

  

Figure 1.2.2: Structure of Sulfamethazine 

1.2.3. Bisphenol A (BP-A) 

Bisphenol A (4,4'-(propane-2,2-diyl)diphenol) is a common organic compound 

used as a raw material and intermediary in the production of epoxy resins, 

polycarbonate plastics and food packaging (Mutou et al., 2006). It has harmful effects 

on a variety of targets in the human body via estrogen response pathways (Ballesteros-

Gómez et al., 2009). It is regarded as a typical chemical of endocrine disrupting 

chemicals (EDC) that leads to damage in the reproductive organs of aquatic organisms 

(Kang et al., 2006; Suzuki et al., 2004). It is evident that once EDCs enter into the 

body, interacts with the normal secretory substances, which effect the metabolism, 
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operation, release and synthesis process in the body. It causes inhibition in the action 

of endocrine system and also a variety of functional obstacles in the human body such 

as reproductivity disorder, immunity disorder and diseases related to the nervous 

system (Ismail et al., 2017). It is detected in natural surroundings such as foods, soil, 

water and air and finally enters the human tissues and fluids, at amounts ranging from 

PPM (parts-per-million) to PPB (parts-per-billion) levels. BP-A is released into the 

environment through wastewater discharge from BP-A-producing or BP-A-containing 

enterprises and industries (Ackerman et al., 2010; Yamamoto et al., 2001). As a result, 

BP-A pollution of the aquatic environment has become a global and serious health 

concern.  

 

Figure 1.2.3: Structure of Bisphenol A 

1.3. Dyes in Aquatic Environment 

Dyes are water soluble organic compounds and used since human’s civilization 

for a variety of purposes. Natural dyes were previously used on a small scale from 

naturally available materials such as plants and insects (Arora, 2014; Forgacs et al., 

2004). It was considered that utilising natural dyes rather than synthetic dyes is a safer 

option for colouring the materials. Synthetic dyes are being used to colour printings, 

polymers, cosmetics, textiles, food materials etc. Because of the auxochrome (water 

soluble bonding chemicals) and chromophores (colour producing compounds) in 

nature, synthetic dye molecules are complex and stable in the ambient environment. 

However, auxochromes (colour helpers), such as sulfonic acid, hydroxyl, carboxylic 

acids, and amino groups, which aid in colour changes and offer dye solubility, are 

responsible for recalcitrant nature of these dye compounds (Carmen and Daniel, 2012). 

Because of the increased demand of synthetic dyes, large-scale production of synthetic 

dyes began and are extensively utilized in the pharmaceutical, food, cosmetic, textile, 
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paint, tannery, paper and pulp, and paper industries for dyeing the materials. Synthetic 

dyes enter the water bodies through effluent discharged by these industries, as well as 

those from dye manufacturing plants (Gürses et al., 2016). Therefore, the dye 

industries posing the serious environmental problems by discharging a massive 

amount of dye compounds into the aquatic environment and lead to a major threat to 

the aquatic environment's living species (Jung et al., 2016; Su et al., 2011; Muhd 

Julkapli et al., 2014). A rough estimate indicated that over 7 x 105 tons of dye produced 

each year having more that 10,000 types of dye compounds. Moreover, Ca. 10-15% 

of these dyes are used in dyeing operations and remaining are discharged through the 

effluents (Ali, 2010). These industrial effluents containing high concentrations of dye 

compounds showed a high chemical oxidation demand, high biological oxidation 

demand, high alkalinity and a high total dissolved solids content. Non-ionic dyes 

(disperse dyes), cationic dyes (basic dyes) and anionic dyes (direct, acid, and reactive 

dyes) are the three different types of dyes (Wainwright, 2011). Ionic and non-ionic dye 

chromophores are mostly composed of azo (-N=N-) groups or anthraquinone types. 

Because of their fused aromatic structures, anthraquinone-based dyes are more 

impervious to degradation. Metal complex dyes are primarily based on azo dyes and 

chromium, which are extensively used and account for 70% of total dye produced 

(Arora, 2014). 

1.3.1. Mordant Orange-1 (MO1)  

Mordant Orange-1 (MO1) is a water-soluble dye having complex aromatic 

structure and persistence in aqueous medium. It is also known as a 5-(4-

Nitrophenylazo) salicylic acid sodium salt. Mordant orange-1 has an azo group and is 

a salicylic acid derivative. It is synthesized by the diazo coupling reaction and these 

compounds are not degraded efficiently with the conventional waste water treatment 

plants (Abdel-Messih et al., 2013). MO1 is primarily utilized to create yellow and 

orange hues. The presence of nitrogen double bonds (N=N-) distinguishes azo dyes 

(Sun et al., 2013). It is also utilized as an acid-base indicator. The azo bond is the 

chromophore part of the molecule, which reduces transmittance of water significantly 

and showed greater impact on aquatic life (Khan et al., 2019). 
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Figure 1.3.1: Structure of Mordant Orange 1 

1.3.2. Rhodamine B (Rh-B) 

Rhodamine B (N-[9-(ortho-carboxyphenyl)-6-(diethylamino)-3H-xanthen-3-

ylidene] diethyl ammonium chloride) (Rh-B) is a red colour dye, which is highly 

soluble in water and belongs to the xanthene class (Jain et al., 2007). The dye is 

familiar water tracer fluorescent and is commonly used as a colorant in fabrics and 

foods (Richardson et al., 2004). It causes skin and eyes irritation and respiratory tract 

disorder when consumed by humans and animals (Rochat et al., 1978). Experimental 

evidence for its carcinogenic nature, toxicity in reproduction and developments and 

neurotoxicity in animals and human are some of known effects listed elsewhere 

(Kornbrust and Barfknecht, 1985; McGregor et al., 1991; Mirsalis et al., 1989).  

 

Figure 1.3.2: Structure of Rhodamine B 

1.3.3. Rhodamine 6G (Rh-6G) 

Rhodamine 6G (Rh-6G) is a synthetic dye, having fluorescent properties. Rh-

6G is frequently used as a laser gain medium, tracer dyes, colouring agent in printing, 

etc. (Sabnis, 2015). It is a xanthene derivatives dye (Sabnis, 2015), which are highly 

corrosive to metals (Kang et al., 2015) and are known to be carcinogenic to humans 
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(Alford et al., 2009; Nestmann et al., 1979). Rh-6G is a fluorophore, which is not 

approved by the food and drug administration (FDA) and is reported to be toxic and 

mutagenic to cells, organs and organisms (Alford et al., 2009). Rh-6G is toxic to the 

tissues, triggering serious harm to ganglion cells of rat retinal (Thaler et al., 2008). 

Nestmann et al. reported that in mammalian and bacterial cultured cells, rhodamine 

6G and rhodamine B are found to be genetically active. Rhodamine 6G is more 

mutagenic than rhodamine B (Nestmann et al., 1979).  

 

Figure 1.3.3: Structure of Rhodamine 6G 

The complex aromatic structure makes dye compounds stable hence, persistent 

towards the biodegradation and led to make them relatively recalcitrance or persistent 

in soils and aquatic systems (Florenza et al., 2014; Forgacs et al., 2004). They are fairly 

stable even in the presence of numerous oxidising agents (Fu and Viraraghavan, 2001). 

As a result, dyes escaped from the existing wastewater treatment plants and wreaked 

havoc on the aquatic habitat once entered into the water bodies. The transmission of 

solar light is reduced in dye-contaminated water. As a result, photosynthesis is 

diminished or completely inhibited (Shawabkeh and Tutunji, 2003). Some dyes are 

highly toxic, bio accumulative and induce skin illnesses. Some Azo dyes are known to 

be mutagenic/carcinogenic and teratogenic (Dias et al., 2016). Their breakdown 

derivatives are also found to be harmful to aquatic life (fish, microorganisms, aquatic 

plants and mammals). Synthetic dyes compose of 3,3′-dimethylbenzidine, 3,3′-

dimethoxybenzidine and benzidine are categorized as carcinogens of category 2, that 

is, "substances that should be considered as if they are carcinogenic to human" under 

current EU regulations. Furthermore, extensive research indicated that these dye 

compounds undergo biological and chemical assimilations, preventing re-oxygenation 
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in receiving streams, consume dissolved oxygen, causing eutrophication and have a 

proclivity to be sequestered by metal ions, thereby accelerating microtoxicity and 

genotoxicity (Walsh et al., 1980). In a broader sense, periodic and unwarranted 

exposure to coloured sewages causes a wide range of immune suppression, central 

nervous, circulatory, respiratory and neurobehavioral disorders, such as tissue 

necrosis, quadriplegia, jaundice, cyanosis, salivation, profuse diarrhoea, insomnia, 

hyperventilation, vomiting, leukaemia, multiple myeloma, autoimmune diseases, 

allergy (Verma et al., 2012; Foo and Hameed, 2010).  

1.4. Micropollutant Removal in Wastewater Treatment Plants (WWTPs) 

In general, public departments set up waste water treatment plants (WWTPs), 

but some organisations set up their private WWTPs to treat wastewaters from different 

sources, such as sewage, sanitation, laboratories, domestic etc. (Boehler et al., 2012; 

Z. Liu et al., 2009). Phosphorus, nitrogen, carbon, coliforms and pathogens in 

wastewaters are to be eliminated from the wastewaters using these conventional 

WWTPs. Furthermore, the sludge produced during the treatment was capable of 

removing a number of non-polar chemical compounds through the sorption process. 

In WWTPs, organic chemicals are removed through biotransformation/biodegradation 

and aeration (volatilization) (Sossalla et al., 2021). Some emerging micropollutants 

and several water contaminants on the other hand, are not eliminated and escape along 

with WWTP effluents, eventually enter into the receiving waters followed by the 

surface waters (Pintado-Herrera et al., 2014). 

WWTPs are having limited capacity to efficiently remove the pharmaceutical 

compounds present in urban wastewaters, because some of these chemicals are 

ingested by microorganisms for their carbon source, and may restrict microorganism 

activity or cause bioaccumulation (Kosek et al., 2020). The concentration of 

pharmaceuticals in effluents from Waste Water Treatment Plants (WWTPs), Sewage 

Treatment Plants (STPs) and surface waters vary substantially, probably due to 

differences in pollutant loads in different regions and wastewater treatment plant 

effectiveness (Boehler et al., 2012). The treatment of wastewater in WWTPs is a time-

consuming and complicated process. Moreover, prior to discharge the effluent of these 
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WWTPs into receiving waterways, wastewater need to be free from pollutant load to 

safeguard the living organisms in water bodies. If the treated wastewater contains with 

even low load of emerging pollutants viz., personal care products (PPCPs), 

pharmaceuticals and endocrine disrupting compounds (EDCs) reduced, binds to the 

soil or natural organic matter along the rivers or lakes, resulting in lowering of 

pollutant loads towards the downstream. These micropollutants are found in drinking 

water systems in the concentrations ranging from ug/L to ng/L. (Lara-Martín et al., 

2014; Tuzen et al., 2017). Regulators, on the other hand, are not given any regulations 

for these growing contaminants in the drinking water system. There are very few 

measures and monitoring units in place to ensure these unregulated or emerging 

pollutants and associated by-products, particularly micro-range contaminants, are not 

released into the environment (Jafari Kang et al., 2017). The European Union Water 

Framework Directive (2000/60/EC) released an updated list of substances that are in 

priority every four years and has identified pharmaceutical compounds as potential 

pollutants under the precautionary measures (Rivera-Utrilla et al., 2013). 

Chlorine is a widely used conventional treatment for drinking water 

disinfection. Several studies on the aromatic compounds chlorination revealed that the 

occurrence of different functional groups in the benzene ring could significantly affect 

the rate of chlorine reaction. In pharmaceutical products having amines, the reaction 

is usually fast, producing chlorinated compounds (Pinkston and Sedlak, 2004). These 

chlorinated by-products, however; are identified as toxic compounds (Lemus et al., 

2012). Furthermore, the extent of mineralization attained in the majority of 

chlorination processes is not partial and inadequate (Dutschke et al., 2022). 

Chlorine dioxide is a stronger oxidant as compared to chlorine and degrades a 

wider range of organic compounds through oxidation. It does not, however, react with 

chlorinated or ammonium organic substances, which is advantageous in terms of 

odour, taste and the generation of toxic organochlorinated species. Further, ClO2 is 

only effective for a few antibiotics, including diclofenac, roxithromycin, 17- 

sulfamethoxazole and ethinylestradiol (Donohue, 2003). This is because ClO2 reacts 

selectively with functional groups having high electron density, such as phenoxides 
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and tertiary amines, which limits the use of ClO2 in broader wastewater treatment 

strategies (Ran et al., 2019). 

Municipal wastewater treatment plants are designed to regulate a wide variety 

of substances, including pathogens, nutrients, carbonaceous substances and 

particulates. On the other hand, the micropollutants are not removed efficiently. As a 

result, evaluating the efficacy of removal of micropollutants during wastewater 

treatment was critical for optimizing treatment processes in preventing the discharge 

of potentially unsafe micropollutants (Chaidez et al., 2014). 

In most cases, wastewater treatment plants use a primary, secondary, and 

tertiary (optional) treatment process. The primary step targets to eliminate the 

wastewater's solid content (grit, sand, grease, oils and fats and settle-able solids). This 

step, which is carried out completely mechanically through sedimentation and 

filtration, is found in all WWTPs (Ding et al., 2022; Moran, 2018; Mudge and Ball, 

1964). Primary treatment process eliminates suspended solids that are present in water 

bodies but are ineffective in removing most micropollutants (Ding et al., 2022). 

Micropollutants are primarily removed by primary sludge through sorption. 

Dissemination of a compound into an organic (lipophilic) layer is the most common 

method of sorption (Lucas et al., 2011). As a result of high partition coefficients 

between the liquid phases and solid, fragrances are often to be removed efficiently 

(40%) during primary treatment (Carballa et al., 2004). Some EDCs are also 

eliminated in the primary treatment with the percentage elimination of Ca13% to Ca 

43% in case of nonylphenol monoethoxylate and Bisphenol A (Ding et al., 2022). 

However, primary treatment in an aerated grit chamber results in a substantial upsurge 

in phenolic compounds, such as nonylphenol and bisphenol A, since the compounds 

initially stick at the grits and readily falls off due to grit chamber air agitation (Bilgin 

et al., 2020). The removal efficiency of hormones and pharmaceuticals in primary 

treatment is only up to 28% (estriol and diclofenac), implying that the compounds 

adsorb to the sludge particles is very limited (Behera et al., 2011). Estrone, 

sulfamethoxazol, naproxen and Ibuprofen are insignificantly removed (Carballa et al., 

2004). 
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Pollutants undergo a variety of processes in the secondary treatment process, 

including abiotic transformation, biodegradation, partitioning, dilution and dispersion. 

Secondary treatment usually involves breaking down from a parent compound due to 

various chemical and physical alterations, biodegradation, and sorption to solids 

(Wang et al., 2020). The two main removal steps during biological treatment are 

sorption and biodegradation/biotransformation, with volatilization occurring to a 

smaller level (Jayakumar et al., 2021). Micropollutants are degraded to various extent 

during secondary treatment, leading to mineralization or partial degradation (by-

products). Biological treatment is grounded on microorganisms' natural ability to stop 

elemental cycles such as P, N and C (Silva et al., 2012), which is associated with their 

biodegradation capability. Thus, the biodegradation process involves transformation 

of microbial organisms and alteration of chemical structure introduced into the 

environment (via enzymatic or metabolic action) (Li et al., 2022). Micropollutant 

biodegradation takes place through several mechanisms: (i) single substrate growth of 

a small subset of specialist oligotrophic organisms, which is not much popular in 

WWTPs and more probable to takes place in sediment or receiving water (Daughton 

and Ternes, 1999); and (ii) co-metabolism, where micropollutants are degraded by 

enzymes produced for other primary substances (e.g. ammonia monooxygenase 

(Vader et al., 2000) (iii) mixed substrate growth, where micropollutants are utilized as 

energy source and carbon and is mineralized (Luo et al., 2014). 

Pollutants’ sorption is primarily accomplished through (i) absorption, which 

involves hydrophobic interactions between aromatic groups and aliphatic group of a 

compound and the microorganism’s lipophilic cell membrane as well as the sludge; 

(ii) adsorption, which involves electrostatic interactions of negatively charged 

microorganisms surfaces and positively charged groups (e.g., amino groups) (Kubota 

et al., 2005). Further, the biodegradation products of several micropollutants like 

estrogens are more unsafe as compared to the parent compound (Pawlak, 2003). As a 

result, conventional biological treatment processes are not efficient to remove the 

majority of these emerging micropollutants because they persisted in WWTP effluents 

and polluted ground and surface waters, which are the main feed of sources of drinking 

water. To comply with increasingly stringent legislation, more efficient and specific 
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treatments are obligatory to reduce the environmental pollution and possible 

aftereffects of the effluents (Chen et al., 2021). In recent years, various advanced 

treatment technologies are tested and proposed to meet both current and anticipated 

treatment requirements in order to address these new challenges and use more 

sustainable and efficient processes. Advanced oxidation processes (AOPs), membrane 

processes and adsorption on activated carbons are among those that are successfully 

demonstrated to remove a wide variety of potential water contaminants and are highly 

promising for water and wastewater treatment technologies. 

1.5. Advancement in the Treatment of Waste Water 

1.5.1 Activated Carbon Adsorption  

Adsorption by activated carbons (ACs) is a common material for regulating the 

odour and taste of drinking water. AC showed high potential to treat the secondary 

effluent and was found more efficient in eliminating micropollutants than coagulation-

flocculation processes (Choi et al., 2008). AC is widely used in packed bed filters as a 

powder feed (powdered activated carbon, PAC) or in granular form (granular activated 

carbon, GAC) (Liu et al., 2009). One benefit of using PAC is that it gives continuous 

fresh carbon hence, utilized as and when needed (Newcombe, 2006). Kovalova et al. 

(2013) examined the removal of several micropollutants such as sulfametoxazole, 

propranolol, carbamezapine and diclofenac with PAC treatment (PAC doses of 43, 23 

and 8 mg/L) at a retention time of 2 days (Kovalova et al., 2013). The results revealed 

that the total load of selected metabolites and pharmaceuticals was reduced by 

approximately 86%. Hernández-Leal et al. (2011) showed an effective removal (>94 

percent) of several micropollutants (nonylphenol, bisphenol A and personal care 

products) by means of PAC treatment with the starting pollutant concentrations of 

100–1600 g/L at a contact time of 5 min with a PAC dose of 1.25 g/L (Hernández-

Leal et al., 2011). The effectiveness of PAC in removing micropollutants is determined 

by the dose of PAC, water/wastewater composition, the molecular behavior and 

structure of the targeted molecules and their contact time (Boehler et al., 2012). Longer 

contact times or higher doses are found efficient in removing these micropollutants 

(Westerhoff et al., 2005).  
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In general, effective micropollutant removal by adsorption using PAC or GAC 

is possibly attainable when the pollutants are non-polar (KOW > 2) and the pore 

shape/size are matched with the pollutant molecular sizes (Rossner et al., 2009). 

However, the occurrence of natural organic matter (NOM), which strives for binding 

sites and thus blocks the accessible pores, causes significant decrease in removal  

efficiency of activated carbon. Furthermore, contact time, GAC regeneration and PAC 

dose all play significant roles in the effective elimination of micropollutants (Luo et 

al., 2014). 

1.5.2. Membrane Process  

Membrane filtration is a separation process carried out in a semi-permeable 

membrane, which separates pollutants based on the variance in their chemical or 

physical properties of two phases. Membrane is used as a separating wall, allowing 

some substances to pass through while others are blocked (Silva et al., 2012). 

Membrane processes such as reverse osmosis (RO), nanofiltration (NF), ultrafiltration 

(UF) and microfiltration (MF) are known processes widely employed for the removal 

of potential pollutants from wastewaters (Bolong et al., 2009). In general, 

micropollutant retention in membrane processes is accomplished through charge 

repulsion, adsorption onto membrane and size exclusion. Further, the energy 

consumption, pressure requirements and rejection, followed the order MF < UF < NF 

< RO, implying that RO provided nearly complete removal but due to its high energy 

consumption, restricts its large scale applications (Liu et al., 2009). NF/RO are most 

widely used membranes for the micropollutants removal from water, in which the 

rejection efficacy greatly influenced by several parameters (such as pressure, 

temperature and pH), membrane fouling, membrane properties (e.g., 

hydrophilicity/hydrophobicity, surface charge, pore size and permeability), membrane 

operating conditions (e.g., water feed quality and flux), physicochemical properties of 

pollutant (e.g., electrostatic properties, solubility, water partition coefficient and 

molecular weight). Additional factors that impact the operation of RO membranes is 

fouling, which has a variety of negative consequences, including reduction in permeate 

quality and membrane degradation. The RO membrane fouling causes significant 

decrease in estrogens removal (Ng and Elimelech, 2004). 
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1.5.3 Ozonation 

Ozone (O3) is a strong oxidizing agent (E0 = 2.08 eV), due to the in situ 

generation of reactive  •OH radicals in water, which are strong oxidizing agents than 

the parent ozone. The ozone induces indirect oxidation of specific functional groups 

of organic molecules via an electrophilic mechanism (Mantzavinos and Psillakis, 

2004). Traditionally, ozonation is used in the treatment of drinking water for 

disinfection, taste control and odour (Hua et al., 2006). The main disadvantage of 

ozonation is limited mineralization of organic pollutants. Moreover, presence of 

bromide ions in water is oxidised and forming the highly toxic bromate ions and other 

toxic organic bromated byproducts (Ozekin et al., 1998; Singer, 1990). The 

International Agency for Research on Cancer has classified bromate ions as potentially 

carcinogenic (IARC). Aside from its high input cost, ozone is having low stability and 

solubility in water. Furthermore, ozone shows a slow reaction rate with several organic 

compounds, such as saturated carboxylic acids or inactive aromatic compounds 

(Beltrán et al., 1994). These drawbacks limited the wider use of ozone in wastewater 

treatment (Mehrjouei et al., 2015). 

1.5.4 Advanced Oxidation Processes (AOPs) 

Advanced oxidation process is widely employed in the water treatment which 

is carried out at near-ambient pressure and temperature that involves in situ formation 

of very reactive species e.g., hydroxyl radicals (•OH). The hydroxyl radicals readily 

oxidize a wide range of organic compounds non-selectively (Glaze et al., 1987). 

Hydroxyl radical (•OH) (E0= 2.8V) is very strong oxidizing agent (Pera-Titus et al., 

2004), that readily attacks most of the organic compound having rate constants 

typically in the order of 106–109 L mol−1 s−1 (Hoigné, 1997). Depending on the 

compound to be oxidized, •OH reacts 106-1012 times faster than the ozone (Munter, 

2001). The advantage of AOPs is due to the fact that they provide multiple ways for 

producing hydroxyl radicals, permitting better acquiescence with the requirements in 

the treatment process. Some examples of AOPs are sonolysis, electrochemical, photo-

Fenton (H2O2+Fe2+/Fe3++UV), Fenton (H2O2+Fe2+/Fe3+), H2O2/UV, O3/UV, O3/H2O2, 

photolysis (UV/VUV)  (Saharan et al., 2014). 
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1.5.4.1. UV/Vacuum UV Photolysis 

Photolysis entails the interaction of light radiation with the target compound, 

which initiates the photochemical reactions and results with breaking down of organic 

compounds to its intermediate products or complete decomposition of compounds 

(Doll and Frimmel, 2003). UV treatment is traditionally used for drinking water 

purification and disinfection as the disinfection by-products are much less as compared 

to chlorination (Pereira et al., 2007). UV photolysis produces highly reactive species 

such as hydrogen atoms (•H) and hydroxyl radical (•OH) from water molecules (Arany 

et al., 2013). These radicals will further interact with the pollutant molecules in the 

presence of water molecules, which further results in the degradation of pollutant 

molecules. The application of photolysis in water treatment is limited by smaller molar 

absorptivity of the target molecules and its low quantum yield (Alapi and Dombi, 

2007). 

1.5.4.2. Ozone-Ultraviolet Radiation - (O3-UV) 

In O3-UV process ozone molecules are activated by UV photons which results 

in the generation of hydroxyl radicals (Lu et al., 2022). Here the most common light 

source used is a mercury lamp at medium-pressure covered in a quartz sleeve 

(produces UV light with a wavelength of 200–280 nm). This is because ozone 

molecules show max at 253.7 nm. The O3-UV process is widely used to oxidize 

aromatic and aliphatic chlorinated organic compounds, as well as pesticides and 

natural organic matter (NOM) (Lu et al., 2022; Rajabizadeh et al., 2020). In terms of 

removal efficiency and reaction rate, the results frequently show that the O3-UV 

process is more efficient than ozone alone. By the early 1980s, it was commercialized 

for the treatment of groundwater contaminated with perchloroethylene (PCE) and 

trichloroethylene (TCE). However, in most cases, the O3-UV process is now observed 

as less efficient as compared to the H2O2-UV and O3-H2O2 processes (Mansouri et al., 

2019). 

1.5.4.3. Hydrogen Peroxide - Ultraviolet (H2O2-UV) 
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When exposed to UV light, H2O2 leads to the formation of two hydroxyl 

radicals. The hydroxyl radicals formed then reacted with the target organic compounds 

or recombines to form again the H2O2 molecule, hence; a decomposition–formation 

cycle proceeds (Xiang et al., 2020). In comparison with ozone, H2O2 is a very low 

molar absorptivity within the wavelength range of 200–300 nm. As a result, it is highly 

vulnerable to the competing organic compound’s absorption in UV and also solids 

suspended in water. If an organic molecule is more quickly reacted with H2O2 after 

activation, it is expected that this type of direct photo-oxidation contributes 

significantly to degrade the organic compounds in the H2O2-UV system. The H2O2-

UV process is primarily used to oxidize the stable and recalcitrant compounds. Liu et 

al. (2017) investigated the oxidation process for volatile organic compounds (VOCs) 

using H2O2-UV. The degradation percentage was reported to be 80% within 120 

minutes of treatment. It was also reported that •OH was ascribed for the rapid oxidation 

of VOCs in aqueous solutions (G. Liu et al., 2017). 

1.5.4.4. Ozone - Hydrogen Peroxide (Peroxone) 

Though H2O2 reaction with O3 molecules in water is very slow, however, the 

conjugate base (HO2 ̅ ) quickly interacts with ozone molecules, generates hydroxyl 

radicals in only two steps (Merényi et al., 2010). Except the ozonation, the O3-H2O2 

process, also known as the peroxone process. The peroxone is extensively used among 

the AOPs due to their simplicity and cost effectiveness. The O3-H2O2 process is 

primarily used in water treatment for the oxidation degradation of micropollutants, 

pesticides and controlling the taste and odor due to such compounds (Mansouri et al., 

2019). The ideal H2O2/O3 molar ratio is usually between 0.3 and 0.6. Kepa et al. 

investigated the elimination of cyanide from water using the peroxone process. It was 

found that the O3-H2O2 process could efficiently remove cyanide with almost 100% of 

efficiency (Kepa et al., 2008). 

1.5.4.5. Fenton Oxidation 

 Fenton oxidation takes place in the occurrence of ferric ions or ferrous with 

H2O2 through a chain reaction of free radicals that generates reactive hydroxyl radicals 

(•OH). It is classified as an oxidation reaction catalyzed by metal, with iron serving as 
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the catalyst (Ameta et al., 2018). The efficiency of this process is directly related to 

the pH of the solution, which is between pH 2-4. Furthermore, using UV irradiation, 

more hydroxyl radicals (•OH) are generated in what was named photo-Fenton reaction 

as compared to the dark Fenton reaction (Karale et al., 2014). At atmospheric pressure 

and room temperature, the Fenton reaction is carried out. The Fenton process is 

relatively clean, safe, simple and the required reagents are readily available (Bauer and 

Fallmann, 1997). The application of photo-Fenton processes in the degradation of 

pesticides, 2,4-dichlorophenol from aqueous solutions was demonstrated elsewhere 

(Wadley and Waite, 2002). The results reveal that 91% mineralization was achieved 

within 2h of treatment. Usually, Fenton process is able to mineralize a significant 

portion of the target pollutant, resulting in less toxic effluents, which is easily 

eliminated by simple post-treatment (Dong et al., 2020). Perini et al., 2017 investigated 

the photo-Fenton reaction for the degradation of pharmaceuticals fluoxetine and 

ciprofloxacin. The results revealed that 50 % degradation of both pharmaceuticals 

were achieved after 90 min of photo-Fenton oxidation (Perini et al., 2017). 

Nonetheless, the main disadvantages of Fenton process are the small range of pH for 

operation, to evade the generation and consequent precipitation of iron oxyhydroxides, 

as well as the necessity to recuperate dissolved ions from the solution, which are 

already treated, which necessitates additional treatment methods (Zhang et al., 2019). 

 

1.5.4.6. Electrochemical Oxidation 

The degradation of various organic-pollutants was conducted on the suitable 

anode made up of PbO2, IrO2, TiO2, Pt, graphite, some alloys based on Ti, and also 

boron-doped diamond (BDD) with appropriate electrolyte (NaCl) (Wang and Stahl, 

2020). The electrochemical oxidation takes place usually by two mechanisms: direct 

anodic oxidation, in which the target compounds are adsorbed onto the anode surface 

and degraded by the application of anodic electron transfer reaction. Further, the 

indirect oxidation, in which the reactive species such as hydrogen peroxide, ozone, 

hydroxyl radicals, hypochlorite, chlorine are formed at the electrode surface, which 

facilitates the oxidation of target molecules. The applied current, the type of supporting 

electrolytes, and the working electrode are crucial operating parameters that influence 
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the overall performance. The initial pollutant concentrations and pH of the pollutant 

solution are the other factors that control the efficiency of the degradation reaction 

(Weber and Ramasamy, 2020). BDD anode received greater attention in the 

decontamination of a variety of pollutants in aqueous solutions because they exhibit 

significantly good conductivity, electrochemical and chemical stability and improved 

mineralization rate with very high current efficiencies (Abdelhay et al., 2020). NaCl is 

a common supporting electrolyte used to increase the effluent conductivity and to 

provide secondary oxidants as chlorine. However, the usage of NaCl gives rise to the 

formation of toxic organo-chlorinated compounds that are formed as byproducts of the 

reaction (Scialdone et al., 2009). 

1.5.4.7. Ultrasound Irradiation (Sonolysis) 

Ultrasound irradiation, also known as sonolysis, is widely used as an advanced 

oxidation process (AOP) for the treatment of waste water in recent years. 

Sonochemical reactions are initiated using acoustic irradiation of liquids at high-

intensity at cavitation-producing frequencies (usually in the 20–1000 kHz range). 

Thus, cavitation is used to concentrate the ultrasound diffused energy into micro-

reactors with concurrent formation of reactive hydroxyl radicals (•OH), in which the 

reactor serves as a hotspot (Ono et al., 2020). The bulk solutions, the interfacial region 

between the surrounding liquids and the bubble, and the cavitation bubble itself are 

the three potential sites for sonochemical reactions. The two main mechanisms of 

sonochemical degradation are solution radical chemistry and pyrolytic reactions near 

or inside the bubble (Madhavan et al., 2019). Organic compounds with high volatility 

or less solubility are more probable to undergo sonochemical degradation quickly due 

to their tendency to accumulate near or inside the liquid-gas interface. The water 

matrix, bulk temperature, nature and type of contaminant, reactor geometry and 

intensity and frequency of ultrasounds are the common factors that control the 

sonolysis process. The occurrence of solids or dissolved gases typically enhances the 

performance of sonolysis, which supplements extra nucleation centers (Qiu et al., 

2018). 

1.6. Heterogeneous Photocatalysis 
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The heterogeneous photocatalysis using semiconductor, mainly ZnO and TiO2 

and utilizing the ultraviolet (UV) or solar irradiation is the most common method of 

AOPs. When the photocatalyst is irradiated with the UV light, electron/hole pairs (e-

/h+) are readily generated, which quickly move to the surface and induce redox 

reactions with suitable substrates. Over the catalyst, oxygen serves as an electron 

acceptor, forming superoxide radicals, while adsorbed H2O molecules and OH‾ act as 

electron donors, forming •OH radical (Antonelli and Ying, 1995; Chen et al., 2020; 

Xu et al., 2014). The photocatalytic degradation of several organic pollutants is 

thoroughly studied using semiconductor-assisted photocatalytic processes (Chen et al., 

2020). 

1.7. Photocatalysis with Heterogeneous TiO2 

TiO2 semiconductor based advanced oxidation process (AOP) is the most 

effective and eco-friendly wastewater treatment strategy. The photo-induced electron-

hole pairs (e-/h+) allow the reduction and oxidation of pollutants adsorbed on the TiO2 

surface. The radical species formed by e- and h+ are peroxide radical (•O2‾) and 

hydroxyl radicals (•OH). Hydroxyl radicals have relatively high redox potential (E0 = 

+2.80 V), which effectively degrades an even highly stable organic compound,/species 

in the aqueous medium (Angel et al., 2018; Boxi and Paria, 2015). 

The photocatalytic process has numerous advantages over other existing 

techniques, including the fact that it effectively degrades pollutants rather than simply 

transformed them in to alternative phase (e.g., gas sparging, adsorption with activated 

carbon) and does not require the use of possibly hazardous substances (e.g., 

chlorination, ozone) (Pulido Melián et al., 2013). It is primarily carried out at room 

temperature (solar light can act as the light source and oxygen from the atmosphere is 

utilized as oxidant) and it generally results in the complete mineralization of organic 

compounds into H2O, CO2 and other mineralized by-products (Gao et al., 2015). 

Furthermore, TiO2 is considered to be the most suitable photocatalyst, if not an ideal 

photocatalyst, owing to its relatively high chemical stability, suitable flat band 

potential, high photo-catalytic activity, low energy consumption, low operation 

temperature, biological inertness, ease of availability, photo-stability, ability to prevent 
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the formation of unwanted by-products and water insolubility under room temperature 

(Sonawane et al., 2003; Yasumori et al., 1994). 

1.8. Photocatalysis with Heterogeneous Noble Metal Doped TiO2 

Despite numerous advantages, TiO2 has a number of limitations that limit its 

wider implications in the treatment processes. TiO2 is having a large band gap energy 

(3.2 eV) that requires harmful UV-C radiation to excite the semiconductor. Moreover, 

a high electron-hole pair recombination rate limits the efficiency of catalysts in 

wastewater treatment processes (Jang et al., 2012). The e-/h+ pairs are having very 

short lifespans, and without the presence of suitable scavengers, recombination 

dissipates the stored energy within a few nanoseconds. However, a suitable 

modification improves the applicability of TiO2 in the wastewater treatment. Several 

modifications are demonstrated to improve the photocatalytic activity by reducing the 

band gap energy and minimising the electron-hole recombination reactions by doping 

the noble metals within the titania network (Mogal et al., 2014).  

Doping of Ag or Au nanoparticles with TiO2 has shown a substantial 

importance due to the known surface plasmon resonance (SPR) phenomenon. Due to 

the surface plasmon resonance, Ag or Au nanoparticles decorated TiO2 are able to 

absorb light towards the visible range, which causes a localised electric field near TiO2 

surface, resulting in the efficient generation of electron-hole pairs at the TiO2 surface 

(Ge et al., 2006; Rengaraj and Li, 2006). Furthermore, the noble metal nanoparticles 

on TiO2 surface operate as a co-catalyst, assisting with efficient separations of electron 

and hole (Zangeneh et al. 2015). The photocatalytic activity and the plasmon resonance 

effect are mostly determined by the geometry, the particle size and the extent of doping 

of noble metal nanoparticles to its sphere (Rengaraj and Li, 2006). This obviously 

overcomes the prevalent limits in the application of bare TiO2 and allows the solar 

visible light radiation. This lowers the cost of operation and provides a more viable 

option for the treatment of wastewater for real implications (Lee et al., 2014; Liu et 

al., 2013).  

The presence of Ag0(NPs) effectively restricts the electrons excited from TiO2 

and leave the holes for further organic compound degradation reactions (Cao et al., 
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2014; Sofianou et al., 2014). It also causes a delay in their wavelength response when 

they approach the visible range (Leong et al., 2014). Furthermore, silver nanoparticles 

efficiently promote electron excitation by generating a local electric field, with surface 

plasmon resonance effect in metallic silver nanoparticles, which show an enhanced 

electric field (Dinh et al., 2014; Tsukamoto et al., 2012). Chao et al. investigated the 

effect of doping Ag on TiO2 and its photocatalytic activity when exposed to UV light. 

The Ag(NPs) doped  TiO2 showed an increased specific surface area and exhibited 

excellent photocatalytic activity of the catalyst (Chao et al., 2003).. 

Similarly, the Au0(NPs) doped TiO2 exhibit a high visible light absorption and 

the surface plasmon resonance effect (SPR) of their free electrons (Sousa-Castillo et 

al., 2016). Using visible light irradiation, the plasmonic photocatalyst Au-TiO2 

demonstrates remarkable degradation efficiency of micropollutants such as methylene 

blue (Jin et al., 2016), Rhodamine B (RhB) (Wang et al., 2015), methyl orange (Fu et 

al., 2017), metronidazole (Shoueir et al., 2019), tetracycline (Li et al., 2019). The Au-

TiO2 was successfully used to reduce CO2 using either visible (532 nm) light or UV 

(245, 365 nm) light radiations (Hou et al., 2011). Visible and UV light induced water 

splitting was demonstrated using the Au(NP) doped TiO2 catalyst to generate the O2 

and H2 (Ni et al., 2007).  

1.8.1. Factors Influencing TiO2 Photocatalysis 

Various operational parameters, including solution pH, pollutant 

concentrations, temperature, presence of the interfering ions, light intensity, nature and 

type of photocatalyst are significantly affecting the efficiency and oxidation rate of 

pollutants in the heterogeneous photocatalysis reactions. 

1.8.1.1. pH of the Solution 

pH is an important parameter that influences the heterogeneous photocatalytic 

treatment process. The speciation of organic pollutants, the sizes of aggregates it forms 

and surface charge of the catalyst or the isoelectric point are all determined by varying 

the solution pH. The adsorption of pollutant molecules at the surface of catalyst causes 
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is greatly impacted with solution pH hence, the photocatalytic reaction rate  (Alkaim 

et al., 2014).  

The surface of TiO2 develops positively charged in an acidic medium (pH< 

pHpzc) and attracts the anionic species due to the electrostatic attractive force; however, 

in alkaline conditions, the surface of TiO2 develops negatively charged (pH> pHpzc) 

and attracts the cationic species and repels the anionic species (Constantin et al., 2018) 

(Cf Equation 1.1-1.2).  

pH < pHpzc : TiOH + H+ → TiOH2
+            …(1.1) 

pH > pHpzc: TiOH + OH− → TiO− + H2O            …(1.2) 

1.8.1.2. Pollutant Concentration and Nature 

From the standpoint of practical implication, the initial pollutant concentration 

in the photocatalytic reaction is critical and determines the reaction mechanism. It is 

demonstrated that increasing the initial pollutant concentration reduces the percentage 

degradation at a constant dose of catalyst (Bendjabeur et al., 2017). This is explained 

by the fact that at high initial pollutant concentrations, more pollutant molecules are 

adsorbed on the TiO2 surface; on the other hand, fewer photons are available to reach 

the surface of the catalyst and thus forms lesser number of •OH, resulting in a decrease 

in degradation percentage (Reza et al., 2017; Sowmya et al., 2018).  

Further, the chemical nature speciation of pollutant molecules also affected the 

photocatalytic degradation efficiency, in addition to their initial concentrations. The 

substituent group showed significant impact on the photocatalytic degradation of 

aromatic compounds (Gaya and Abdullah, 2008). In comparison with the electron 

donating groups, the compounds with electron withdrawing nature (benzoic acid, 

nitrobenzene) firmly sorbed on to the photocatalyst and are thus seemingly undergo 

direct oxidation (Bhatkhande et al., 2004). Therefore, the sorption of pollutant 

molecules on the photocatalyst surface impacts the degradation efficiency of pollutants 

in aqueous medium. 

1.8.1.3. Photocatalyst Nature and Type 
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TiO2 photocatalytic activity is determined by its structural properties and 

surface structure, which include surface hydroxyl density, band gap, porosity, particle 

size distribution, surface area and crystal composition. The average size of a crystal is 

critical because it is related directly to a catalyst's efficiency via its specific surface 

area. In most cases, the anatase form of TiO2 is a more efficient photocatalyst as 

compared to the rutile phase (Luttrell et al., 2014), in which the rate of electron-hole 

recombination is high (Ozawa et al., 2014). TiO2 photocatalyst is used in either 

immobilized form on a supporting material or in powder form. Degussa P-25 is the 

most common powder form of TiO2 available commercially. It consists of 

approximately 20% rutile and 80% anatase mineral phases and showed reasonably 

good catalytic activity (Ohno et al., 2001). Furthermore, the concentration of the 

catalyst is directly related to the overall degradation reaction rate. On the other hand, 

to some extent, agglomeration of crystallites reduces the available surface area for light 

absorption, resulting in a decrease in the rate of photocatalytic degradation (Li et al., 

2010). 

1.8.1.4. Intensity of Light 

The intensity of the light is one of the important parameter; influencing the 

extent of photocatalytic degradation of pollutants. Formation of electron-hole pairs in 

the photochemical reaction and the rate of photocatalysis are highly dependent on 

intensity of light (Kusiak-Nejman and Morawski, 2019). To attain a high rate of 

photocatalytic reaction, a moderately high intensity of light is required to produce 

sufficient photon energy to the surface of TiO2 (Ye et al., 2015). According to reports, 

the rate of organic pollutant degradation is directly related to the radiant flux (Ф) (Lin, 

2013). Further, the linear dependence of the photocatalytic reaction rate on radiant flux 

(Ф) is reported as a square root dependency of Ф0.5 above a certain value (Malato et 

al., 2009). The increase in rate of degradation of organic compounds at higher radiant 

flux is due to the reason that at higher light intensity, the absorption of photons by the 

catalyst is more, which results in an increase of electron-hole pairs on the surface of 

the catalyst. This enhances the formation of more hydroxyl radicals hence, to achieve 

an enhanced degradation efficiency (Cervantes-Avilés et al., 2017; Mallakpour and 

Nikkhoo, 2014). However, excessively high radiant flux may increase the 
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recombination of electron-hole pairs and thus the catalytic activity is deactivated 

hence, lead to decrease in degradation rate of pollutant molecules (Lee et al., 2018). 

1.8.1.5. Interfering Ions  

 The presence of several co-existing cations and anions is common in the 

wastewaters, ground waters and surface waters, which controls the photocatalytic 

processes in the degradation of pollutants in such complex matrices. The coexisting 

ions have a major impact on the efficiency of photocatalysis for pollutant degradation 

(Xu et al., 2015; Yuan et al., 2019). The interfering ions preferentially occupy the 

catalyst active sites and lowers the catalytic activity. There are several species which 

preferentially scavenge the hydroxyl radicals or other oxidant, thereby slowing down 

the rate of pollutant degradation (Thompson and Yates, 2006). The anions or cations, 

on the other hand, may be converted into active radicals or form an electrostatic field 

near the catalyst to support the electron and hole separation (Siqi et al., 2012). 

The existence of the coexisting ions during the removal of the pollutants 

provides useful input data for determining the degradation mechanism and for 

mimicking the treatment of real water samples. The studies are carried out in the 

presence of several coexisting ions such as oxalic acid, glycine, ZnCl2, NaCl, NaNO2, 

NaNO3, EDTA, and CuSO4 under light irradiation utilizing the photocatalyst. These 

ions compete with the pollutant molecules for sorption on the photocatalyst surface. 

Hence, it can prevent the target molecule from reaching the photocatalyst surface and 

can hinder the photocatalytic degradation of pollutant molecules. 

1.8.1.6. Effect of Temperature  

The influence of temperature on the rate of photocatalytic degradation was 

previously reported (Yamamoto et al., 2013). Using Ag-doped TiO2 nanostructures, 

Barakat et al. revealed the effect of temperature on the photodegradation of rhodamine 

B (Barakat et al., 2013). The photocatalytic activity of Ag/TiO2 is favoured by an 

increase in temperature, and at 55°C the highest degradation rates of rhodamine B was 

achieved. However, the other studies showed increase in temperature caused for 

decrease in degradation of rhodamine B dye using the nanofibrous shape Ag-doped 



 

29 
 

TiO2. It was demonstrated that the kinetic energy of the pollutant molecules were 

increased at higher temperatures, which caused molecules to detach from the 

photocatalyst's surface. The influence of reaction temperature (298-353 K) on 

photocatalytic H2 generation using the Pt/TiO2 suspensions were examined previously 

(Kim et al., 2016) and showed that increasing the temperature from 298 K to 323 K, 

the H2 generation rates was increased by 7.8 folds. At higher temperatures, interfacial 

charge transfer and charge carrier mobility both improved and favoured the reaction 

rates. At various temperatures, the photocatalytic elimination of organic compounds 

was studied using the TiO2/sepiolite composite, which showed that the increase in 

temperature favoured the reaction rates (Zhang et al., 2011). An excellent overview of 

photo-thermal catalysis was published elsewhere (Nakano et al., 2004). Photo-thermal 

catalysis accelerates reaction rates through the synergistic interaction of sunlight 

photons and thermo-chemical contributions.  

It was further shown that very high temperature promotes significantly the 

recombination and adsorption of charge carriers, which results in decline of 

photocatalytic activity (Chen and Hsu, 2021). This is consistent with the Arrhenius 

equation, which states that an apparent first order rate constant kapp linearly increases 

with exp(-1/T) (Barakat et al., 2020).  

1.9. Literature Review 

Titanium dioxide (TiO2) semiconductor is widely used in photocatalysis 

(Fujishima and Honda, 1972; Nakata and Fujishima, 2012; Ni et al., 2007). The 

properties of TiO2 as a semiconductor was first pointed out and pioneered by Honda 

and Fujishima in the generation of oxygen from water in electrocatalysis assisted with 

photon energy (Fujishima and Honda, 1972). The study paves the way for the 

'advanced treatment’ of wastewater under the photocatalytic processes. The 

photocatalysis was also intended to split the water to obtain H2 and O2 (Fajrina and 

Tahir, 2019). Various structural forms of TiO2 such as nanosheets, nanorods, 

nanowires, nanoparticles etc., showed a range of applications in the technological 

developments (Reghunath et al., 2021). TiO2 is extensively studied as a photocatalyst 

for the oxidative removal of organic contaminants from aqueous wastes (Zhao et al., 
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2018). Anatase and rutile are two of the three crystalline forms of TiO2 and are 

significantly promising in photocatalysis. The anatase phase is more efficient than the 

rutile phase. The TiO2 photocatalyst is widely used in batch reactor operations to treat 

the photocatalysis of numerous micropollutants, dyes, pesticide and herbicide 

derivatives that are prevalent in wastewater effluents (Reghunath et al., 2021). 

Heterogeneous photocatalysis is technological advancement in oxidation 

methods that rely on the semiconductor, which facilitates in situ the generation of 

reactive species (Emeline et al., 2013). After the discovery of photoinduced water 

splitting on TiO2 electrodes about five decades ago, researchers began investigating 

heterogeneous photocatalysis (Fujishima and Honda, 1972). Practical use of TiO2 

photocatalysts was applied both in outdoor and indoor applications during the last 

couple of decades (Nakata and Fujishima, 2012). Photo induced oxidation, gaseous 

pollution removal, water detoxification, anticancer therapy, disinfection, hydrogen 

transfer, water splitting and organic synthesis are all areas where photocatalysis is 

being studied extensively (Fajrina and Tahir, 2019; Forgacs et al., 2004; Malato et al., 

2009; Reza et al., 2017; Zhao et al., 2018). Heterogeneous photocatalysis is a highly 

effective and efficient means to purify both air and water, and TiO2 is widely used as 

an efficient  catalyst that allows the formation of charge carriers, which facilitates the 

oxidative and reductive reactions (Emeline et al., 2013). 

The principles of photocatalysis with heterogeneous TiO2 involves the 

absorption of light radiation having energy higher than or equal to TiO2 band-gap 

energy (3.0 eV (rutile) and 3.2 eV (anatase)) on its surface, after which valence band 

(VB) electrons jump to the vacant conduction band (CB) with in femtoseconds 

produces a hole (h+) in the valence band (VB), leading to the formation of electron-

hole pair (e- - h+) (Equation 1.3) (Jang et al., 2012). The wavelength of light having 

sufficient photon energy for the electronic excitation is typically λ< 400 nm. The 

energised light source and a photocatalyst along with an oxidising agent, such as 

oxygen or air, are all involved in the photocatalytic oxidation process. Furthermore, 

photon energies less than the band gap energy (i.e., longer wavelengths), are then 

dissipated as heat. The holes generated in the VB moves to the surface of the catalyst 

and undergoes reaction with the water molecules forming •OH radical (Kusiak-
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Nejman and Morawski, 2019). The organic molecules on the vicinity of TiO2 surface 

are then oxidized by •OH radicals and photogenerated holes. In the meantime, 

electrons excited in the CB react with the adsorbed oxygen molecules (O2) to form 

superoxide radical anions (Nakata and Fujishima, 2012) (Equation 1.4). The major 

oxidant is the hydroxyl radicals (•OH). The oxidative photocatalytic degradation of 

numerous organic contaminants by TiO2 was extensively researched (Guo et al., 2019). 

Figure 1.9.1. depict the mechanism of electron-hole pair production and pollutant 

removal on the surface of photo-irradiated TiO2.  

 

Figure 1.9.1.: Schematic illustration on photocatalytic degradation of organic 

pollutants through the formation of photoinduced charge carriers (e- / h+) in the 

surface of semiconductor TiO2.  

 

On the surface of TiO2, a series of chain reductive and oxidative processes take place, 

and are given below (Equation 1.3-1.9): (Chong et al., 2010)  

Photo induced excitation:   2TiO h e h − ++ ⎯⎯→ +
    …(1.3) 
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Superoxide radical formation:  2 2( )adsO e O− •−+ ⎯⎯→
     …(1.4) 

Formation of hydroxyl radical:  
OH h OH− + •+ ⎯⎯→

    … (1.5) 

Formation of hydroperoxyl radical:  2O OH HOO•− • •+ ⎯⎯→
    …(1.6) 

Hydroperoxyl radical as e- scavenger:  2HOO e HO• − −+ →
    …(1.7) 

Formation of hydrogen peroxide:   2 2HOO H H O− ++ →
    …(1.8) 

Photodegradation by hydroxyl radical:  2'RH OH R H O• •+ ⎯⎯→ +
    ...(1.9) 

If electron scavengers are not present, the photo-excited electron recombines 

with the valence band hole within nanoseconds with concomitant dissipation of 

thermal energy. As a result, the occurrence of electron scavengers is critical for 

slowing down the recombination rate and ensuring efficient photocatalysis. Oxygen 

plays important role to restrict efficiently the recombination of electron and hole by 

allowing the generation of superoxide radicals (O2
•‐) as seen in equation (1.4). Oxygen 

traps the electrons and forms the superoxide radicals. The superoxide radical (O2
•‐)  

further protonated to produce the hydroperoxyl radical (•O2H) followed by H2O2 as 

demonstrated in equation (1.6) and (1.7). The hydroperoxyl radical has scavenging 

properties, which implies that co-occurrence of these radical species further delays the 

recombination time in the entire photo-catalysis reactions. However, the presence of 

both water molecules and dissolved oxygen (DO) is responsible for continuing these 

reactions in the photo-catalysis process. The extremely reactive hydroxyl radicals 

(•OH) is not generated in absence of water molecules (Chong et al., 2010). However, 

in the absence of water molecules, some simple organic molecules (e.g., formic acid 

and oxalate) are mineralized via direct electrochemical oxidation, in which the surface 

trapped electron is scavenged by metal ions in the system (Eggins, 1998). Many basic 

mechanistic investigations on photocatalytic degradation of several organic molecules 

(e.g. EDTA, oxalic acid) by TiO2 are previously investigated (Xu et al., 2015; Yuan et 

al., 2019). The reactive hydroxyl radical (•OH), hydroxylates aromatic compounds 

causing sequential oxidation/addition and ultimately the ring opening of organic 
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compound. The intermediates produced, predominantly aldehydes and carboxylic 

acids, are carboxylated further to produce the carbon dioxide and water (Schneider et 

al., 2014). As the photo-catalysis reaction takes place on TiO2 surface activated by 

photon energy, understanding the reaction mechanism that entail photo-degradation of 

organic compounds is critical for kinetic studies. If the irradiation time is increased for 

heterogeneous photo-catalysis, the liquid phase organic molecules are degraded to 

their respective intermediates and then mineralized to carbon dioxide and water 

(Equation 1.10). 

Organic pollutant 
2

2

/TiO h

O


⎯⎯⎯→

Reaction Intermediate(s)→  H2O + CO2   …(1.10) 

The synthesis of porous TiO2 thin films with large specific surface area 

received greater attention (Angulo-Ibáñez et al., 2021; Grosso et al., 2003). The 

structural and surface characteristics of the photocatalyst showed impact on the 

photocatalytic efficiency. The shape and size of the catalyst affect the extent of 

adsorption of pollutants, recombination rate and life time of electron-hole pairs and 

the degradation intermediates (Wojcieszak et al., 2015). Photocatalytic process 

contains several chemical reactions that take place on the catalyst surface, increasing 

the surface area of the catalyst and improves the efficiency of the photocatalytic 

process by exposing more pollutant molecules at the surface (Thomas and Natarajan, 

2018). Particle size is also an important characteristic in heterogeneous catalysis since 

it is directly related to a catalyst's efficiency with its specific surface area (Kočí et al., 

2009). Quantum size shows an impact on the photo-induced phenomena. As the size 

of the TiO2 particles gets smaller, a blue shift and an increase in reaction yield and 

photocatalytic activity was observed (Demir Kivrak et al., 2021). This was attributed 

to the reduction of radiation-less transfer and the simultaneous augmentation of charge 

carrier activity. Traditional alkoxide sol-gel technique with the addition of surfactants 

or templating membranes was used to produce porous inorganic TiO2 (anatase) films 

(Bashiri et al., 2017). The template enables the porous TiO2. Due to efficient 

decomposition of polyethylene glycol even relatively at low temperatures, it is suitable 

for achieving the porous structure of coatings (Nawawi et al., 2016). Controlling the 

synthesis and deposition steps is highly important for producing surface coatings that 
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are uniform, regular, even and crack-free. Band gap, porosity, morphology, particle 

aggregation, surface OH groups, specific surface area and crystalline phase are the 

factors that influence titania's photocatalytic efficiency (Solonenko et al., 2018). 

However, the literature reports a wide range of results. Some researchers stress upon 

the importance of large surface area in increasing efficiency (Kočí et al., 2009), others 

point to the particle size and crystallinity (Demir Kivrak et al., 2021). 

The utilisation of TiO2-based photocatalysis has a number of disadvantages, 

including moderately high electron-hole recombination rate and difficulties in phase 

separation. As a result, the efficiency of photocatalysts was hampered. Furthermore, 

the wide energy band gap (3.2 eV), TiO2 is only effective when exposed to a UV light 

source (wavelength of less than 400 nm), which is less than 4% of the total solar 

radiation (Jang et al., 2012). To increase the photocatalytic activity of the 

photocatalyst, greater suppression of electron-hole pairs is attributed. Hence, the 

doping of TiO2 with noble metals lowers the recombination rate substantially. Several 

investigations showed that the TiO2 network doped with noble metals. This results in 

a decrease in band gap energy below the titanium dioxide's conduction band energy. 

The dopant metal traps electrons, holding electrons for a short time before being 

transferred to an acceptor on the surface of the catalyst. As a result, electrons and holes 

are free to participate in additional oxidative degradation reactions (Ge et al., 2006; 

Rengaraj and Li, 2006). Furthermore, some doped metals with TiO2 networks cause 

an oxygen vacancy in the titania lattice or even a defect in the lattice. Introducing the 

impurity causes imbalanced charge and strain, resulting in oxygen vacancy. This 

vacancy then traps electrons and significantly prevents the recombination of electron 

and hole pairs. Several investigations are undertaken to dope various metals with TiO2 

networks to increase their photocatalytic activity under UV to visible light irradiations. 

Because of the probable transition of d and f orbital electrons, transition metals have 

long been used as dopants. As they are good electron acceptors, thus prevent the 

recombination of photo-induced electron-hole pairs (Zangeneh et al., 2015).  

Among the dopant metals, noble metals (Ag, Au, Pd and Pt) have shown high 

Schottky barriers which helps trapping of electrons, facilitating separation of electron-

hole pairs (Gwo et al., 2016). They also exhibit surface plasmon resonance (SPR) 
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effect which facilitates TiO2 photocatalysts to utilise light toward the visible region by 

reducing the band gap and to enhance the excitation of electrons at the catalyst surface 

(Ge et al., 2006; Rengaraj and Li, 2006). It also increases the lifetime of electron and 

hole pairs, which results in an increase of photocatalytic efficiency of noble metal 

doped TiO2 (Zangeneh et al., 2015). 

Plasmonic noble metal nanoparticles exhibit localized surface plasmon 

resonance (LSPR) due to their interaction with electromagnetic light radiation. This 

effect developed due to the electron oscillates in the conduction band at the interface 

of plasmonic metal-dielectric (Gwo et al., 2016). When light radiation hits the 

plasmonic metals, electrons get excited from their ground states. Rapid collective 

oscillation of electron density occurs on the noble metals, which results in the 

induction of localized surface plasmon resonance (D. Wang et al., 2018a). This 

generates an electromagnetic field near the metal nanoparticles  (Lal et al., 2007). 

Thus, absorption and scattering of the incoming electromagnetic wave at frequencies 

close to the LSPR and the generation of strong electric fields near the surface of the 

nanoparticles (Zhou et al., 2012). Due to the excitation of LSPR, metal nanoparticles 

behave as nano-antennas, gathering energy from light and converting it into an intense, 

localized electric field. (Rycenga et al., 2011). Metal nanoparticles that induce LSPR 

excitation in the visible or near-IR regions are usually termed plasmonic nanoparticles. 

Plasmonic photocatalysis and conventional photocatalysis are almost similar processes 

(Li and Li, 2001; Yun et al., 2009). However, in plasmonic photocatalysis, the doped 

noble metals show plasmonic effect, which enhances the overall performance of the 

photocatalysts in the process. It leads to the formation of Schotty junction, which exists 

in between the semiconductor and the doped noble metal (Zhang et al., 2013). It is a 

space-charge layer through which the excited electrons are moved from the conduction 

band of TiO2 to metal nanoparticles. It occurs from the variance in energy level 

between the Fermi level of the semiconductor CB and the metal, and is commonly 

named as the Schottky barrier energy (Tatsuma et al., 2017). Noble metal nanoparticles 

store and shuttle photo-generated electrons from the vicinity of the TiO2 surface to the 

acceptor (Xiong et al., 2011). The noble metal on TiO2 photocatalyst modifies the 

surface properties of the photocatalyst, which further facilitate the generation of 
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hydroxyl radicals by interaction with hydrogen peroxide through the photo reduction 

of oxygen (Oros-Ruiz et al., 2013).   

Among all the noble metals, silver (Ag) nanoparticles show intense surface 

plasmon resonance (SPR) at the wavelength of 320-450nm which is near to the 

corresponding TiO2 band gap absorption energy (∼3.2 eV, 388 nm). In Ag/TiO2 

photocatalyst, movement of electrons from the conduction band of TiO2 to Ag 

nanoparticles is thermodynamically favoured. This is due to the reason that the Fermi 

level of Ag metal is lower as compared to the TiO2 (Rengaraj and Li, 2006). As a 

result, Schottky barrier is formed easily at metal-semiconductor (Lee et al., 2014; Liu 

et al., 2013). Thus Ag/TiO2 is a promising photocatalyst for photocatalytic reactions 

and is shown to have high efficiency in the removal of different pollutants as compared 

to the bare TiO2 nanomaterial (Cao et al., 2014; Sofianou et al., 2014). Absorption 

wavelength of this nanomaterial is predominantly in the visible region (Leong et al., 

2014). Doping of Ag nanoparticles with titania results in an increase in the efficiency 

of photocatalytic degradation of several pollutants, as Ag nanoparticles efficiently 

traps the electrons and restricts the recombination of the electron-hole pairs (Cao et 

al., 2014; Sofianou et al., 2014) (Figure 1.9.2.). Because of their inexpensive cost and 

efficient photocatalytic capabilities, Ag nanoparticles show widespread applications 

(Handoko et al., 2019). The free electrons of metal collectively oscillate when 

stimulated by light irradiation. It was also shown that the extent of noble metal 

nanoparticles doped to TiO2 sphere, geometry and particle size showed a significant 

role in the catalytic performance, hence; the plasmon resonance (Li and Li, 2001; Yun 

et al., 2009). Doping with noble metals thus overcomes the limitations of TiO2, which 

was applicable only under UV-C light radiations. Hence, the catalyst is useful in the 

solar visible light radiations, which accounts for about 40% of solar radiation. This 

lowers the cost of the operation and makes it more practicable in terms of treatment 

methods.  

The SPR band of metallic Au(NPs) is less intense as compared to the metallic 

Ag(NPs). However, Au nanoparticles showed high stability and intense broad visible 

light absorption band due to SPR, which makes it more promising for industrial 

applications (Dinh et al., 2014; Tsukamoto et al., 2012). Other studies suggest that the 
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combination of Au and TiO2 results in a dual perimeter site in which the activation of 

molecular oxygen takes place (Green et al., 2012). As a result, Au doped TiO2 is a 

promising photocatalyst for photocatalytic reactions. 

 

 

Figure 1.9.2.: Localised surface plasmon resonance (LSPR) effect of Ag doped TiO2 

(Handoko et al., 2019) 

Leong et al. (2014) used a non-hydrolytic sol-gel approach to synthesize the 

TiO2 nanomaterials, and Ag doped TiO2 nanomaterials with ethylene glycol and silver 

nitrate as precursor materials. Under a 500 W tungsten halogen lamp having UV cut-

off filter for visible light source, nanocomposite Ag-TiO2 photocatalyst and TiO2 were 

used to degrade amoxicillin. The diffuse surface reflectance data showed that the band 

gap energy of Ag doped TiO2 nanomaterial is decreased significantly as compared to 

the bare TiO2. Further, a significant degradation of amoxicillin was obtained using the 

Ag-TiO2 nanomaterial under the visible light (Leong et al., 2014). Boxi and Paria 

(2015) used the sol-gel process to obtain the Ag(NPs) doped hollow TiO2 

nanocomposite using AgBr as the sacrificial core. The formation of Ag doped hollow 

TiO2 nanomaterials showed considerably high BET specific surface area as compared 

to the TiO2 solid. Moreover, the Ag doped hollow TiO2 showed enhanced 

photocatalytic degradation of metronidazole. Further, the recyclability of 
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nanocomposite material showed only Ca 10% decrease in the removal efficiency of 

metronidazole at the end of sixth repeated cycles (S. S. Boxi and Paria, 2015). The 

effect of Ag doping with TiO2 caused to change the mineral phase of TiO2 from anatase 

to rutile (Chao et al., 2003). Further, the oxidative degradation of 2-propanol, Ag 

deposition, is used to enhance the photocatalytic activity of rutile TiO2 (Sclafani and 

Herrmann, 1998). Ag-TiO2NAs@GOCF (Ag-TiO2 nanowire arrays graphene oxide 

coated carbon fibers) composite obtained by the facile self-template method was 

utilised for the elimination of tetracycline under visible light and UV light. 

Photocatalytic efficiency of 86.66% and 95.73% were obtained under visible light and 

UV light, respectively (Wang et al., 2017). Photo-oxidation of phenol as a probe 

molecule, Au-NPs with a small sized distribution supported on TiO2 nanocrystal were 

utilised. The catalyst shows efficient long-lasting photoactivity, since Ca 90% of the 

phenol was mineralized (Su et al., 2012). The oxidation of 2,3,6-trimethyl phenol and 

2,6-di-tert-butyl phenol (as two different substituted phenols) with aqueous H2O2 was 

efficiently catalysed by Au-NPs doped TiO2 (Cheneviere et al., 2010). In a 

photocatalytic reactor with fixed bed flow chamber, the TiO2 modified with extremely 

small concentrations of Au-NPs was used to photocatalyze the oxidation of methyl 

tert-butyl ether (MTBE) (Orlov et al., 2006). The Au-NPs improves the TiO2 

photocatalytic efficacy for the removal of MTBE.  

The photocatalytic performance of Au/TiO2 prepared by the sol-gel method, is 

active under visible light irradiations. The results of optical absorption spectra and UV-

visible diffuse reflection spectra (DRS) revealed that a new energy level lower than 

3.2 eV was formed in the Au/Au3+-TiO2, which promotes light absorption toward the 

lower energy region of the electromagnetic spectrum. Thus, energy corresponding to 

visible light is adequate to excite the photocatalyst as the band gap energy was reduced 

significantly (E < 3.2 eV). Further, methylene blue was taken as a model pollutant and 

was treated under 110 W visible light. The photocatalytic degradation allowed for the 

removal of the TOC of 73.6 % using the 0.5% Au3+-TiO2 (Li and Li, 2001). The 

reactivity of the surface of the plasmonic Au@TiO2 photocatalyst was tailored using 

bio-based chitosan fibre fabricated by adopting an ionic gelation process (Shoueir et 
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al. 2019). The Au/TiO2 fibre is highly efficient for removing methylene blue, 

metronidazole, and carbofuran within 250 min of operation under 25W visible light.  

The catalytic activity of plasmonic materials depends partly on the size and 

shape of noble metal particles in the bulk substrate. The fabrication of Au-

nanoparticles/TiO2 hybrid films on Ti wires using electrochemical methods was 

reported by Fu et al.  The efficiency of the fabricated material was studied by treating 

methyl orange dye. The percent degradation with TiO2 nanotubes, Au/TiO2/Au/TiO2, 

TiO2/Au/TiO2 and Au/TiO2 were reported to be 39.2%, 68.1%, 39.2% and 17.0%, 

respectively after 30 min of irradiation. The increased catalytic activity of the hybrid 

material was due to the reduced size of the Au particles. As a result, the surface area 

to volume ratio rises, further increasing the separation of electron and hole. 

Additionally, the Au nanoparticles exhibit electro-catalysis oxidation properties for 

biological and organic species (Fu et al. 2017). 

Interest lies in the advanced nanocomposite material based on the natural clay 

and TiO2 to remove a variety of micropollutants (Miyoshi et al., 2002; Wu et al., 1999; 

Fukugami and Sato, 2000). Bentonite clay is an aluminium silicate composite material 

in which two tetrahedral silica sheets are fused to one alumina octahedral sheet. Clay 

is a porous material showing a high surface area, which offers excellent support 

materials. Moreover, clays are abundant, non-toxic, cost-effective, and more 

importantly, environmentally friendly materials. The exchangeable cations (Na, K and 

Ca) present at the interlayer of clay structure compensate for the excess charge of the 

clay sheet (Sun et al., 2002; Liu and Zhang, 2014). Moreover, this allows the 

intercalation of charged inorganic or organic compounds within the interlayer by the 

exchange process (Amin et al., 2009; Fu et al., 2005; Wu et al., 2010; J. Li et al., 2009). 

Previously, the preparation of Ag/TiO2/Bentonite powder nanocomposite material 

using the facile thermal decomposition method was reported. The material showed 

increased antibacterial activities against Gram-negative (E. coli) bacteria and Gram-

positive (S. aureus) bacteria using the suitable diffusion method (Krishnan and 

Mahalingam, 2017). Clay-based TiO2 composites thin film, prepared using the melt 

blending method, increases the photocatalytic efficiency in removing ethylene and 

enhances the antimicrobial activity against Rhodotorula mucilaginosa and 
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Pseudomonas spp. using 8 W ultraviolet (UV) lamps (Bodaghi et al., 2015). Bentonite 

clay modified cetyl-trimethyl ammonium bromide loaded TiO2 (TiO2/CTAB-Bt) was 

successfully utilized to treat refinery wastewater such as benzene, toluene, phenol, and 

naphthalene, through simultaneous photocatalytic oxidation under UV light and 

adsorption (Ulhaq et al., 2021). 

1.10. Objectives and Scope of the Current Investigation 

Environmental pollution from micropollutants and dyes, especially personal 

care products, pharmaceuticals, antibiotics and hormones has become a major 

environmental concern around the world, as several micropollutants are highly toxic, 

low biodegradable and persistent at low levels. Most of these micro-pollutants and 

dyes are incompletely or partially removed/degraded by wastewater treatment plants, 

raising severe concerns of deleterious water quality hence, the human health (Lara-

Martín et al., 2014; Tuzen et al., 2017). Further, the residual untreated pollutants 

escape through the running water and causing several health issues in the aquatic 

environment (e.g., infertility etc.) and also posing a risk to human health (e.g., 

resistance to antibiotic) (Jafari-Kang et al., 2017). As a result, fine tuning and 

upgradation of the existing wastewater treatment plants (WWTPs) is a demand of the 

hour.   

 The advanced oxidation process (AOPs) using heterogeneous TiO2 

photocatalysis is highly efficient and relatively greener treatment processes to be 

employed in the waste water treatments. The principle of AOPs lies on the in situ 

formation of reactive hydroxyl radicals, which readily oxidizes even persistent 

compounds in aqueous wastes. Further, widespread use of TiO2 as the heterogeneous 

catalyst is because of its unique properties viz., excellent thermal and chemical 

stability, biocompatibility, low toxicity, low cost, easy fabrication, engineered material 

etc. However, the bare titanium dioxide possessed a wide band gap energy and showed 

a rapid charge recombination rate, which restricted its implications in the treatment 

processes. Therefore, alternatively the doping of titanium dioxide with noble metals 

reduces significantly the band gap energy which allows readily to absorb toward 

visible light (Mogal et al., 2014). The doped titanium dioxide shows an enhanced 

reactivity in the photocatalytic processes using the visible light or even to harness the 
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solar radiations (Ge et al., 2006; Rengaraj and Li, 2006). Noble metals (Ag, or Au) 

show unusually high Schottky barriers which helps trapping of electrons and reduces 

the electron-hole pairs recombination. They also exhibit surface plasmon resonance 

(SPR) effect which enables titanium dioxide catalysts to absorb light at the visible 

region and enhances the excitation of electrons and increases the photocatalytic 

efficiency (Selvaraj and Li, 2006). Silver (Ag) nanoparticles show enormously intense 

surface plasmon resonance (SPR) effect at the wavelength of 320-450 nm near the 

band gap energy of titanium dioxide (∼3.2 eV, 388 nm) (Rengaraj and Li, 2006). In 

Ag0 TiO2 photocatalyst, movement of electrons between the conduction band of 

titanium dioxide and Ag nanoparticles is favourable since Fermi level of silver metal 

is lowered as compared to the titanium dioxide (Selvaraj and Li, 2006). This causes 

the generation of Schottky barriers within the metal-semiconductor, and enables the 

excited electrons to move toward the electric field and the holes toward the opposite 

direction of the electric field. This inhibits the fast electron-hole pair recombination 

(Lee et al., 2014; Liu et al., 2013).  

The interest lies in the advanced nanocomposite material based on the natural 

clay and TiO2 for the removal of micro-pollutants (Miyoshi et al., 2002; Wu et al., 

1999; Fukugami and Sato, 2000). Bentonite clay is an aluminium silicate composite 

material in which two silica tetrahedral sheets fused to one alumina octahedral sheet. 

Clay is a porous material showing high surface area which offers excellent support 

materials. Moreover, clays are abundant, non-toxic, cost effective, and more 

importantly are found to be environmental friendly (Sun et al., 2002; Liu and Zhang, 

2014).  

The present research work deals with an alternative waste water treatment 

methods viz., the advanced oxidation process, which aimed at a highly efficient 

degradation of several organic micropollutants such as tetracycline, sulfamethazine, 

bisphenol A and some of the dyes including mordant orange, rhodamine B and 

rhodamine 6G. The process involves oxidation of target pollutants using immobilised 

clay supported Ag or Au nanoparticles doped TiO2 thin films using PEG (Polyethylene 

glycol) as templating agent. Numerous physico-chemical parametric investigations are 

being carried out in depth in order to gain a better understanding of the photocatalytic 



 

42 
 

degradation of these pollutants. pH-dependent photocatalytic degradation of pollutants 

were carried out at a wide range of pH. It demonstrates the degradation mechanisms 

of pollutants at the surface of a photocatalyst. Concentration dependent studies were 

carried out within a wide range of pollutant concentration (0.5-20mg/L). Further, the 

kinetic studies were carried out to determine the effectiveness of the photocatalyst, 

efficiency of pollutant degradation and to determine the rate constant in the 

photocatalytic degradation reaction. Furthermore, in order to propose a plausible 

mechanism in the photocatalytic degradation of pollutants, the reactive radical 

scavengers studies were carried out. The reusability of the thin film photocatalyst in 

the repetitive photocatalytic degradation of the contaminants in an aqueous solution is 

investigated in order to demonstrate the practical implication of the thin film. 

Moreover, the real water implications further added the utility of novel photocatalysts 

in the scaling up of the process for technology development.  
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2. METHODOLOGY 

2.1 Materials 

2.1.1. Chemicals and Apparatus 

Analytical Reagent (AR) /Guaranteed Reagent (GR) grade chemicals are 

preferably used in the entire experimentation. Tetracycline hydrochloride 

(C22H25ClN2O8) (≥95.0%) (CAS No. : 3380-34-5), sulfamethazine (C12H14N4O2S) 

(≥99.0%) (CAS No. : 57-68-1), bisphenol A (C15H16O2) (≥99.0%) (CAS No. : 99 80-

05-7), Mordant Orange-1 (C13H9N3O5) (CAS No. : 2243-76-7), Rhodamine B 

(C28H31ClN2O3) (50%) (CAS No. : 81-88-9), Rhodamine 6G (C28H31N2O3Cl)(99%) 

(CAS No. : 989-38-8), polyethylene glycol (C2nH4n+2On+1) (PEG) (CAS No. : 25322-

68-3), titanium (IV) isopropoxide (Ti(OCH(CH3)2)4) (99%) (CAS No. : 97 546-68-9), 

gold chloride hydrate (HAuCl4.xH2O) (99.9%) (CAS No. : 27988-77-8), silver 

sulphate (Ag2SO4) (99.9%) (CAS No. : 10294-26-5), and sodium borohydride 

(NaBH4) (99.9%) (CAS No. : 16940-66-2)  were purchased from Sigma Aldrich. Co., 

USA. Acetic acid (CH3COOH) (99.9%) (CAS No. : 64-19-7) and ethylenediamine 

tetra-acetic acid (EDTA) (C10H16N2O8) (98.0%) (CAS No. : 60-00-4) were obtained 

from the Loba Chemicals, India. Ethanol anhydrous (CH3CH2OH) (99.9%) (CAS No. 

: 64-17-5)  was obtained from the Changshu Yangyuan Chemicals, China. 2-propanol 

(CH3CHOHCH3) (99.7%) (CAS No. : 67-63-0), acetylacetone (CH3COCH2COCH3) 

(CAS No. : 123-54-6), sodium azide (NaN3) (99.0%) (CAS No. : 26628-22-8), sodium 

chloride (NaCl) (99.0%) (CAS No. : 7440-23-5), sodium nitrate (NaNO3) (99.0%) 

(CAS No. : 7631-99-4), copper sulphate (CuSO4) (99.0%) (CAS No. : 7758-99-8), 

oxalic acid dihydrate (C2H2O4.2H2O) (99.0%) (CAS No. : 6153-56-6), glycine 

(C2H5NO2) (99.0%) (CAS No. : 56-40-6), nickel chloride (NiCl2) (95.0%) (CAS No. 

: 7718-54-9), hydrochloric acid (HCl) (CAS No. : 7647-01-0), and sodium hydroxide 

(NaOH) (CAS No. : 1310-73-2) were obtained from the Merck India Ltd., India. 

Bentonite clay (BN) was obtained from a commercial supplier, which was collected 

near Bhuj, Gujarat, India. The clay was used after simple washing with purified water 

without any further purification, dried in an oven at 90°C and crushed to obtain 100 

BSS (British Standard Sieve). A circular borosilicate glass disk with a diameter and 
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thickness of 2.3 cm and 0.5 mm respectively was utilised for fabricating the thin film 

nanocomposite. 

Water was purified by the Sartorius water Purification System (model: Pore 

Size of 0.45 + 0.2 mm, Sartopore 2150, Sterile Plus, Arium Mini Plus UV Lab., 

Germany). The conductivity of the purified water was 0.05 µS/cm. An electric furnace 

was utilised for annealing materials (Nabertherm, Germany; Model No. 

LT/15/12/P330). A pH-meter with glass and calomel electrode assembled (Thermo 

Scientific, Sn B43460) was used for all the pH measurements in aqueous solutions. 

Using the standard buffer solutions, the pH meter was carefully calibrated before using 

it. A Light-emitting diode (LED) (visible light) bulb (Havells- Adore LED 20 W, 50 

Hz, India) and UV-A lamp (λmax = 360 nm (Philips, Model: 9W, PLS9W BLB/2P 1CT, 

Hansung UV Pvt. Co. Ltd., Korea) were employed in the photoreactor. 

2.1.2. Reagents  

i) Sample stock solutions: 50.0 mg/L solution of different micropollutants and dyes 

were prepared in purified water. The stock solutions were prepared by dissolving an 

accurate amount of analyte in the purified water. The solubility of pollutants were 

enhanced using the sonication bath.  

ii) Standard Buffers (pH 4.01, 7.00 & 12.45) (Hanna Instruments) were utilised for the 

calibration of pH meter. 

iii) Standard HCl and NaOH (0.1 mol/L) solutions were used for adjusting the pH of 

the sample solutions. 

2.1.3. Instruments 

A UV-Visible Spectrophotometer (Thermo Electron Corporation, England; 

Model: Thermo Spectronic UV1) was used to investigate the kinetics of organic 

compound degradation by measuring the variation in absorbance at a fixed wavelength 

or scanning over a range in the spectrum. The TOC Analyzer (Shimadzu, Japan; 

Model: TOC-VCPH/CPN) was used to determine the total organic carbon content data. 

The change in NPOC (Non-Purgeable Organic Carbon) values with the photocatalytic 

treatment provided the mineralization of the pollutants under the photocatalytic 
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operations. Moreover, the natural water samples were subjected for the TOC 

measurements to obtain the inorganic and organic carbon content present in the natural 

water samples. Calibration was done using standard potassium hydrogen phthalate 

solutions to obtain the required carbon concentrations. The TOC Analyzer (Shimadzu, 

Japan; Model: TOC-VCPH/CPN) used in this study is based on catalytic 

oxidation/NDIR (6800C combustion) method and is highly responsive and reliable for 

analysing parameters such as TC, IC, TOC, and NPOC with measuring ranges and 

detection limits of TC: 4 ng/L to 25000 mg/L and IC: 4 ng/L to 30000 mg/L. Atomic 

Absorption Spectrometer (Shimadzu, Japan; Model: AA-7000) was used for the 

quantitative determination of metals such as Zn, Ni, Cu, Pb, Mn, Fe, etc. Liquid 

chromatograph-mass spectrometric (LC-MS) (LCMS-8040, Shimadzu) analysis was 

performed for the treated pollutant samples in order to study the possible reaction 

pathways in the degradation of pollutant molecules and to provide the degradation by-

products. The positive ion mode mass spectra were used to identify the compounds 

present in solution. 

Scanning Electron Microscope (SEM) (FESEM: JEOL JSM 7100F; Oxford 

Xmax) (Operation condition: SEI Resolution used: 15kV, Magnification: 10-1000000, 

Accelerating Voltage: 0.2-30 kV, Probe Current: 1pA-400nA and Electron Gun used: 

In-Lens Schottky field emission gun) was utilized to obtain the surface morphology of 

nanocomposite thin films viz., Ag0(NPs)/TiO2, Clay/Ag/TiO2, Clay/Ag/TiO2(T), 

Clay/Au/TiO2 and Clay/Au/TiO2(T). Similarly, all the nanocomposite powder samples 

were subjected for the TEM (Transmission Electron Microscopic) analysis using the 

TEM Analyser (HRTEM/EDX: JEOL, JEM 2100; Oxford Xtreme) (Operation 

condition: Magnification: X40K, Accelerating Voltage: 200 kV, Emission Current 

(status): 113 μA, Spot size (diameter): TEM Spot 1, Alpha 3, Current density: 0.3 

pA/cm2, Experiment time: 0.3 sec.). TEM-EDX (Processing option : All elements 

analyzed (Normalised), Number of iterations = 3) was used to depict the percentage 

distribution spectra of the elements. Additionally, the TEM-EDX elemental mapping 

was conducted for the elements Ti, O, Si, Al, Ag and Au. Furthermore, the interplanar 

distance of Ag(NP) or Au(NP) was calculated, and the size of the particles was 

obtained. Atomic Force Microscope (AFM) (NT MDT Moscow; Ntegra Aura) 
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operated under Semi contact mode and silicon nitride as a probe was used to produce 

three-dimensional topographical images of the thin-films. 

Brunauer-Emmett-Teller (BET) surface area analyses were conducted using a 

BET Surface Area Analyser (Micromeritics) based on liquid N2 adsorption and 

desorption isotherms. The BET results provided the pore size, specific surface area 

and pore volumes of Ag0(NPs)/TiO2, Clay/Ag/TiO2, Clay/Ag/TiO2(T), Clay/Au/TiO2 

and Clay/Au/TiO2(T) powders. The X-ray diffraction machine (PANalytical, 

Netherland; Model X'Pert PRO MPD) was used to obtain the X-ray diffraction (XRD) 

pattern of the Ag0(NPs)/TiO2, Clay/Ag/TiO2, Clay/Ag/TiO2(T), Clay/Au/TiO2 and 

Clay/Au/TiO2(T) powder nanocomposite materials. The X-ray diffraction data was 

recorded at the scan rate of 0.033 of 20 illumination and the generator was set at 30 

mA, 40 kV. The Cu Kl and Cu K2 radiations were utilised, which have the 

wavelengths of 1.5406 and 1.54443 Å. Diffuse reflectance spectra (DRS) of the 

powder samples viz., Ag0(NPs)/TiO2, Clay/Ag/TiO2, Clay/Ag/TiO2(T), Clay/Au/TiO2 

and Clay/Au/TiO2(T) were obtained using a UV-Vis spectrophotometer (Evolution 

220; Thermo Scientific).  DRS results were used to calculate the bandgap energies of 

these solids. The data was taken at a bandwidth of 1 nm over a wavelength range of 

200 to 800 nm.  

2.2. Methods 

2.2.1. Synthesis of Ag Nanoparticles 

 Ag0-nanoparticle was obtained by a simple chemical reduction process (Tiwari 

et al., 2018). In brief: 30 mL of NaBH4 solution (0.2 mmol/L) was taken in a beaker, 

and kept in an ice bath. Further, 20 mL of Ag2SO4 solution (0.5 mmol/L) was slowly 

added to the sodium borohydride solution under constant and vigorous stirring. The 

reduction of Ag(I) to Ag(0) occurred, and the colloidal solution of silver was formed. 

This is confirmed by the colour change of the precursor solution from colourless to 

bright yellow (Figure 2.2.1.).  
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Figure 2.2.1.: Ag Nanoparticle colloidal solution. 

 

2.2.2. Synthesis of Au Nanoparticles 

 The Au nanoparticles were obtained using a known chemical reduction process 

as described elsewhere (McFarland et al., 2004). In summary: 0.5 mmol/L of AuCl3 

solution was prepared in purified water. 50 mL of AuCl3 solution taken in a conical 

flask and under stirring heated at ~80°C using the hot plate. Then 2.0 mL of 1% 

trisodium citrate solution was swiftly added to the AuCl3 solution under stirring. The 

Au(III) is rapidly reduced to Au(0), and forms the colloidal Au(0) solution. The 

heating was stopped. The Au(0) solution turned to deep red in colour as shown in 

Figure 2.2.2.   

 

Figure 2.2.2.: Au Nanoparticle colloidal solution. 

2.2.3. Preparation of Ag0(NPs)/TiO2 Sol Solution 

The nanocomposite Ag0(NPs)/TiO2 was synthesized by a facile sol gel process. 

Polyethylene glycol (PEG) was used as a templating agent to obtain the nanostructured 

titania network (Rtimi et al., 2013). 2.92 mL of titanium isopropoxide Ti[OCH(CH3)2]4 
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(TISP) and 2.0 g of poly(ethylene glycol) (PEG) was added to 1.3 mL acetyl-acetone 

(AcAc). Instantly, 10.0 mL of freshly prepared Ag0(NP) solution was dispersed to this 

solution mixture. The titanium solution was gently mixed with a solution mixture of 

23.3 mL ethanol (EtOH), 0.55 mL acetic acid (AcOH), and 2.25 mL distilled water 

(H2O). This results in the initiation of hydrolysis and condensation reactions. The 

resulting Ag0(NPs)/TiO2 solution mixture was vigorously stirred for 2 hrs. Then the 

sol solution was sonicated for 30 minutes in a sonication bath. A clear sol solution was 

obtained, it was then left for Ca. 24 hrs for aging (Cf Figure 2.2.3.). The sol was used 

for fabrication of thin films. 

 

Figure 2.2.3.: Ag0(NPs)/TiO2 sol solution. 

2.2.4. Preparation of Bentonite Clay Supported Ag0(NPs)/TiO2 Sol Solution 

Preparation of nano-structured TiO2 was carried out using a synthetic template 

route. The polyethylene glycol was used as a templating agent in the propagation of 

titania network. 1.3 mL of acetyl-acetone was added to a mixture of 2.9 mL TISP 

(titanium isopropoxide) and 2.0 g PEG (poly-ethylene glycol). The solution mixture 

was then stirred for 10 min followed by the addition of 10.0 mL of freshly prepared 

Ag0(NP) colloidal solution. The solution mixture of H2O (distilled water), EtOH 

(ethanol), and AcOH (acetic acid) having the volume of 2.25 mL, 23.3 mL, and 0.55 

mL, respectively, were added to the reaction mixture. The condensation and hydrolysis 

reactions commenced. The solution mixture was stirred for about 2 hrs. Further, the 

sol solution of Ag/TiO2 was introduced with the bentonite. 20.0 mg of bentonite clay 

was dispersed into the 20.0 mL of Ag/TiO2 sol solution. The mixture was stirred for 2 

hrs and then placed in a sonication bath for 30 min. The resulting Clay/Ag/TiO2 
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nanocomposite was kept for 24 hrs for possible aging of the material (Cf Figure 2.2.4.). 

Similarly, the non-template Clay/Ag/TiO2 was prepared using the same procedure 

without introducing the PEG. The non-template and template Clay/Ag0(NP)/titania 

materials were labelled as Clay/Ag/TiO2 and Clay/Ag/TiO2(T) respectively. 

 

Figure 2.2.4.: Bentonite clay supported Ag0(NPs)/TiO2 suspension. 

2.2.5. Preparation of Bentonite Clay Supported Au0(NPs)/TiO2 Sol Solution 

The sol-gel process was adopted to synthesize the template TiO2-

nanocomposite. The titania network was obtained by utilising the polyethylene glycol 

(PEG) as templating agent. The precise procedure is followed as: 2.9 mL of titanium 

isopropoxide (TISP) was mixed with 2.0 g PEG in acetyl-acetone (AcAc). 

Instantaneously, 10.0 mL of freshly prepared Au0(NPs) colloidal solution was added 

to this solution mixture. Furthermore, a solution containing distilled water (2.25 mL), 

acetic acid (0.55 mL) and ethanol (23.3 mL) was gently added to the titanium solution, 

allowing the condensation and hydrolysis reactions to initiate. After 2 hrs of stirring, 

10 mg of bentonite clay was added per 10 mL of the titania solution. The mixture was 

vigorously stirred for another 2 hrs before being sonicated in a sonication bath for 30 

min. A sol solution thus formed was then aged for 24 hrs at room temperature (Cf 

Figure 2.2.5.).  The sol was then used to fabricate the thin films. Likewise, a non-

template Clay/Au/TiO2 sol was prepared without the use of PEG solid. The template 

and non-template Au-nanoparticle titania sols were given the names Clay/Au/TiO2(T) 

and Clay/Au/TiO2, respectively.  
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Figure 2.2.5.: Bentonite clay supported Au0(NPs)/TiO2 suspension. 

 

2.2.6. Fabrication of Thin Films 

The borosilicate glass disk was washed with HNO3 (0.1 mol/L) and rinsed with 

plenty of purified water. The disk was dried at 100°C in a drying oven. The dried and 

cleaned circular borosilicate glass disk was fabricated with titania solution using the 

dip coating method. The disks were slowly introduced in the Ag0(NPs)/TiO2, 

Clay/Ag/TiO2, Clay/Ag/TiO2(T), Clay/Au/TiO2 and Clay/Au/TiO2(T) sol solutions 

and held vertically for 1 hrs. The disks were then taken out from the sol solutions and 

left to dry in air for 12 hrs followed by drying at 100°C for 1 hrs in a drying oven. The 

dried disks were then annealed at 500°C for 3 hrs using an electric furnace (Model No. 

LT/15/12/P330, Nabertherm; Germany). This results in the formation of an extremely 

fine nanocomposite thin film coating on the borosilicate glass substrate. The same 

procedure was repeated for three consecutive times to obtain a fine thin layer 

deposition of nanocomposite onto the glass substrate (Figure 2.2.6.). The fabricated 

thin films were kept in a sealed, dry container for later usage in photocatalytic 

operations. 
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Figure 2.2.6.: (a) Borosilicate glass disk; (b) Ag0(NPs)/TiO2; (c) Clay/Ag/TiO2; (d) 

Clay/Ag/TiO2(T); (e) Clay/Au/TiO2 and (f) Clay/Au/TiO2(T) thin film. 

 

2.2.7. Preparation of Nanocomposite Powders 

The nanocomposite powders were obtained from the previously prepared sol 

solution of nanocomposites viz., Ag0(NPs)/TiO2, Clay/Ag/TiO2, Clay/Ag/TiO2(T), 

Clay/Au/TiO2 and Clay/Au/TiO2(T). Firstly, the sol solutions were heated at 105°C 

for 1 hrs to evaporate the solvents and then annealed at 500 °C for 3 hrs in an electric 

furnace to get the powders of Ag0(NPs)/TiO2, Clay/Ag/TiO2, Clay/Ag/TiO2(T), 

Clay/Au/TiO2 and Clay/Au/TiO2(T). The solid powders were obtained by crushing the 

solids in a mortar. The powders were stored in an air tight bottles for further 

characterization purposes. 
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Figure 2.2.7.: The nanocomposite powders of (a) Ag0(NPs)/TiO2; (b) Clay/Ag/TiO2; 

(c) Clay/Ag/TiO2(T); (d) Clay/Au/TiO2 and (e) Clay/Au/TiO2(T). 

 

2.2.8. Determination of pHPZC of the Solids and Speciation Studies 

 

The point of zero charge is the pH value at which the solid surface carries no 

net charge (pHpzc). As a result, the solid's surface possessed net positive charge at pH 

< pHpzc and a negative charge at pH > pHpzc (Kragovic et al., 2019). The pHpzc was 

measured using the drift method as described elsewhere (Lalhmunsiama et al., 

2013).The detailed procedure is: In order to remove the dissolved CO2, 500 mL of 

distilled water was added to a 1000 mL Erlenmeyer flask, the top was covered with 

cotton, and the water was gently and steadily heated till boiling for 20 minutes. The 

flask was quickly covered to stop the re-absorption of atmospheric CO2. 50 mL of 0.01 

mol/L NaCl solutions were prepared using the CO2 free water. The solution pH in each 

flask was then adjusted to various pH values of 2.0, 4.0, 6.0, 8.0, 10.0, and 12.0 by 

dropwise addition of 0.1 mol/L HCl or 0.1 mol/L NaOH solutions. 100 mg of the solid 

sample was taken to each flask, which was then tightly closed before being shaken for 

24 hours at 25°C. The solutions' final pH was recorded, and graphs were drawn 
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between pHInitial and pHFinal. The point of intersection of these curves where the pHInitial 

and pHFinal gave the point of zero charge.  

The speciation study was conducted for the molecules TC, SMZ, BP-A, MO-

1, R-B and R-6G from their known pka values (Table 2.2.8) using Microsoft Excel self-

made programs. The species distribution of TC, SMZ, BP-A, MO-1, R-B and R-6G as 

a function of pH were graphically presented in the results and discussion section.  

Table 2.2.8: pka values of various micro-pollutants. 

Name of Micro-

Pollutants 

pka Values References 

pka
1 pka

2 pka
3 

Mordant Orange 1 (MO-1) 5.0 11.0 - (Nazar et al., 2010) 

Tetracycline (TC) 3.3 7.7 9.7 (Liu et al., 2012) 

Sulfamethazine (SMZ) 2.28 7.42 - (Liu et al., 2017; 

Fukahori et al., 2011) 

Bisphenol A (BP-A) 9.59 10.2 - (Wang et al., 2021) 

Rhodamine B (R-B) 4.2  - - (Maurya et al., 2006) 

Rhodamine 6G (R-6G) 6.13  - - (Rajoriya et al., 2016) 

 

2.2.9. Batch Reactor Studies 

2.2.9.1. Photocatalytic Degradation Experiment 

 Stock solutions of tetracycline (TC) (50.0 mg/L), sulfamethazine (SMZ) (50.0 

mg/L), bisphenol A (BP-A) (20.0 mg/L), Mordant Orange 1 (MO-1) (50.0 mg/L), 

Rhodamine B (R-B) (50.0 mg/L), Rhodamine 6G (R-6G) (50.0 mg/L) were prepared 

using purified water. To maximize the solubility of these pollutants in purified water, 

the solutions were sonicated for 10 minutes. Furthermore, the experimental 

concentrations were obtained by diluting the stock solutions successively. Drop by 

drop addition of HCl (1 mol/L)/or NaOH (1 mol/L) solutions enabled to adjust the pH 

of these solutions from pH 4.0-12.0. A pH-meter assembled with glass and calomel 

electrodes was used to measure the pH of these solutions. The concentration-dependent 

studies were carried out varying the initial pollutants’ concentrations from 0.5 to 20.0 
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mg/L for each. The λmax for TC, SMZ, BP-A, MO-1, R-B and R-6G were determined 

to be 360, 260, 293.5, 360, 553 and 526 nm, respectively (Yang et al., 2013; Li et al., 

2021; Ackerman et al., 2010; Nestmann et al., 1979). The calibration curve was 

obtained using the standard solutions of each pollutant at different pollutant 

concentrations (0.5 to 20.0 mg/L). Batch reactor experiments were conducted to 

evaluate the photocatalytic degradation of these pollutants. The reactor was placed 

inside the black box having a dimension of 60 x 50 x 50 cm. Inside this black box, a 

reactor made up with borosilicate glass having the capacity of 100 mL was carefully 

placed. The pollutant solution (50.0 mL) was taken in the reactor vessel and a thin film 

photocatalyst was placed horizontally at the middle and bottom of the pollutant 

solution. At 10 cm above the reactor, a LED (visible light) or UV-A lamp was mounted 

carefully to ensure greater illumination of the photocatalyst. The samples were treated 

for 2 hrs for TC, MO-1, R-B, and R-6G; 3hrs for SMZ and 4 hrs for BP-A under LED 

(Visible Light)/or UV-A light using the thin-film photocatalysts. The photocatalytic 

oxidation reaction begins as light radiation reaches the thin-film photocatalyst in the 

pollutant solutions. The reaction temperature was maintained at 25±1°C throughout 

the experiment using a self-assembled water bath. The samples were oxygenated by 

bubbling the reaction mixture using an aquarium air pump. At predetermined times, 

pollutant samples were taken from the reactor, and the pollutant concentrations were 

measured using a UV-Vis spectrophotometer. Always blank studies were carried out 

under light irradiation using the same glass disk but not coated with nanocomposite 

materials. The efficiency of degradation for different pollutants were calculated using 

the equation (2.1.):  

Removal efficiency (%)  =   
𝐶𝑖−𝐶𝑓

𝐶𝑖
𝑥 100                   …(2.1.) 

where Ci and Cf are the initial and final pollutant concentrations, respectively, i.e., 

before and after the photolytic/or photocatalytic treatment of pollutant solutions. 

2.2.9.2. Effect of Solution pH 

pH is an essential parameter in the photocatalytic process, which demonstrates 

an apparent mechanism involved at the interface i.e., the catalyst surface and the 
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pollutant species in aqueous medium. It also determines the degradation mechanisms 

of contaminants at the catalyst surface. The surface charge of the catalyst and the size 

of the catalyst aggregates are influenced by the pH of the solution (Sithamparanathan 

et al., 2021). The sorption of pollutants on the surface of the thin-film catalyst showed 

a significant impact on photocatalytic activity. The sorption process is strongly 

determined by the pH of sorptive solutions (Chong et al., 2010). Therefore, the pH-

dependent degradation of micropollutants and dyes were carried out at a wide range of 

pH 4.0 to 12.0. The results were expressed as pollutant degradation percentage as a 

function of solution pH.  

2.2.9.3. Effect of Concentration of Pollutant 

The photocatalytic degradation of organic pollutants is a surface phenomenon, 

and organic pollutants that are adsorbed at the surface of a photocatalyst are more 

vulnerable to direct oxidation. Therefore, the initial concentration of pollutant in any 

photocatalytic reaction is an important parameter that demonstrates the mechanistic 

aspects of degradation (Nasseri et al., 2017). In general, the percentage photocatalytic 

degradation of pollutants was increased at a lower initial concentration and decreased 

with an increase in pollutant concentrations. Therefore, at constant solution pH, the 

effect of initial concentration of pollutant in photocatalytic degradation of organic 

pollutants was investigated increasing the initial concentration from 0.5 mg/L to 20.0 

mg/L for TC, SMZ, MO-1, R-B, and R-6G and from 1.0 to 20 mg/L for BP-A. After 

a specified time period i.e., 2 hrs for TC, MO-1, R-B, and R-6G; 3 hrs for SMZ and 4 

hrs for BP-A) treatment, the results were provided as percent pollutant degradation as 

a function of pollutants’ initial concentrations. 

2.2.9.4. Degradation Kinetics  

In order to study the kinetics of the degradation process that occur between 

adsorbed organic pollutants and the surface reactive species, photocatalytic 

degradation kinetic study was carried. Further, the kinetic studies determine the 

effectiveness and efficiency of the photocatalyst and the time dependence elimination 

of pollutants provides an apparent rate constant values in the photocatalytic 

degradation of these organic pollutants. The time dependence change in the pollutant 
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concentration is monitored and modelled to the known kinetic equations. The pseudo-

first order rate equation is utilized as shown in Eq. 2.2: 

 𝑟 = −
𝑑[𝐶]

𝑑𝑡
=  𝑘𝑎𝑝𝑝[𝑘𝑝ℎ𝑜𝑡𝑜𝑙𝑦𝑠𝑖𝑠 + 𝑘𝑝ℎ𝑜𝑡𝑜𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑖𝑠][𝐶] = 𝑘𝑎𝑝𝑝 [𝐶]      …(2.2.) 

where [C] is the micropollutant concentration and kapp is the pseudo-first-order 

rate constant. Equation 2.2 is integrated with the extreme conditions, i.e., at t=0, 

[C]=C0. As a result, the equation 2.2 becomes: 

𝑙𝑛 (
𝐶0

𝐶𝑡
) = 𝑘𝑎𝑝𝑝 ∙ 𝑡                 …(2.3) 

The values of LN (Co/Ct) were plotted against the time 't'. The apparent first 

order rate constant for the elimination of organic pollutant was obtained by the slope 

of the straight line. 

Further, the photocatalytic oxidation of the pollutants was modelled with the 

Langmuir–Hinshelwood (L-H) isotherm. This demonstrates the adsorption properties 

of the sorbing species to the photocatalyst surface. The derived equation was used to 

its linear form: 

𝑟0 =  
𝑘𝑟 .𝐾.𝐶0 

1+𝐾.𝐶0 
                  …(2.4.) 

or  
1

𝑟0 
=

1

𝐾.𝑘𝑟 
.

1

𝐶0 
+

1

𝑘𝑟 
                 …(2.5.) 

where ‘1/r0’ is a dependent variable, ‘1/C0’ is an independent variable, 1/kr is 

the linear coefficient and (1/(K.kr)) the angular coefficient of the straight line. From 

this model, the L-H adsorption constant and the rate constant were obtained by plotting 

1/r0 against 1/C0 (Mendioroz et al., 1987). 

2.2.9.5. Effect of Coexisting ions and Scavengers 

Wastewater consists of a variety of dissolved inorganic/or organic cations and 

anions that affect the rate of photocatalytic degradation of organic pollutants in either 

a negative or positive way (Xu et al., 2015; Yuan et al., 2019). Some of the compounds 

are known scavengers of reactive species, that demonstrates even the mechanism of 
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photocatalytic degradation. To replicate the natural wastewater matrix, studies were 

carried out in the presence of several coexisting ions viz., oxalic acid, glycine, EDTA, 

ZnCl2, NaCl, NaNO2, NaNO3, and CuSO4 and scavengers viz., 2-propanol, NaHCO3 

and NaN3 in the photocatalytic degradation of different organic pollutants under 

visible light irradiations utilizing the thin film catalyst. The initial pollutant 

concentrations were taken as 10.0 mg/L at a constant pH (TC: pH-10; SMZ: pH-6; BP-

A: pH-8; MO-1: pH-6; R-B: pH-6; and R-6G: pH-6). Each coexisting ion 

concentration was taken as 100.0 mg/L and the scavengers concentration was taken as 

1000.0 mg/L.  

2.2.9.6. Mineralization Study 

The extent of mineralization of pollutants in the photocatalytic treatment 

demonstrates the efficiency/applicability of operation as it indicates total elimination 

of dissolved harmful organic compounds from the contaminated aqueous solutions. As 

a result, the TOC (total organic carbon) analyser was used to measure the extent of 

mineralization in the photocatalytic degradation process. The mineralization of 

pollutants were obtained at different initial concentrations of pollutant (0.5 – 20.0 

mg/L) for BP-A and (0.5 – 20 mg/L) for TC, SMZ, MO-1, RB and R6G, at a constant 

solution pH (TC: pH-10; SMZ: pH-6; BP-A: pH-8; MO-1: pH-6; R-B: pH-6; and R-

6G: pH-6). The NPOC (Non-Purgeable Organic Carbon) values were obtained for the 

treated and untreated pollutant solutions, hence; the percentage removal of NPOC was 

calculated. Further, the percentage mineralization was plotted against the initial 

pollutants’ concentrations.  

2.2.10. Reusability of Thin Film Photocatalyst 

The applicability of photocatalysts largely depends on extended and recurrent 

photocatalytic operations. This includes the stability of nanocomposite materials. As a 

result, the thin film photocatalysts were employed for the repeated catalytic operations 

in the batch reactor. The photocatalytic degradation of mordant orange 1, tetracycline, 

sulfamethazine, bisphenol A, rhodamine B and rhodamine 6G in an aqueous solution 

were carried out under LED (Visible Light) irradiation repeatedly for 6 times. After 

each cycle of operation, the thin film was cleaned with distilled water and then dried 
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for 1 hrs at 300°C in a drying oven. The catalyst was cooled at room temperature and 

again employed for the next photocatalytic cycle. The initial concentration (5.0 mg/L 

for MO-1 and 10 mg/L for TC; SMZ; BP-A; MO-1; R-B and R-6G) and pH (TC: pH-

10; SMZ: pH-6; BP-A: pH-8; MO-1: pH-6; R-B: pH-6; and R-6G: pH-6) of the 

solution were kept constant for each cycle of operations. 
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3. RESULTS AND DISCUSSIONS  

3.1. Characterization of Samples  

The materials synthesized viz., Ag0(NPs)/TiO2, Clay/Ag/TiO2, 

Clay/Ag/TiO2(T), Clay/Au/TiO2 and Clay/Au/TiO2(T) were successfully 

characterized using various advanced analytical methods. Surface morphology was 

carried out using scanning electron microscope (SEM), transmission electron 

microscope (TEM)/EDX/Elemental Mapping and atomic force microscopy analyses 

(AFM). Further the materials were characterised using X-ray diffraction (XRD), 

Brunauer-Emmett-Teller (BET) surface area analysis and diffuse reflectance 

spectroscopic (DRS) techniques.  

3.1.1. Scanning Electron Microscopic (SEM) Analysis 

SEM micrograph of Ag0(NP)/TiO2 is shown in Figure 3.1.1(i). The result 

showed that small sized TiO2 particles are distributed uniformly onto the silicate glass 

and formed a uniform thin film of nanocomposite. However, at some places, cracks 

are observed on the surface. Further, it is interesting to observe that the titanium 

dioxide is not agglomerated on the surface. This is because of template synthesis of 

titania. The EDX analysis of the thin film sample shown in Figure 3.1.1(i)(Inset). It is 

evident from the figure that the silver is incorporated within the titania network since 

a prominent Ag peak is observed in the EDX spectra. 
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Figure 3.1.1(i): Scanning electron microscopic images of Ag0(NP)/TiO2 and SEM-

EDX analysis of Ag0(NP)/TiO2 thin film (Inset). 

 

Figure 3.1.1(ii) illustrates the SEM images of Clay/Ag/TiO2 and 

Clay/Ag/TiO2(T) thin films. Both the thin films showed that the fine grains of TiO2 

are evenly aggregated on the surface of borosilicate glass, and the particles form a 

uniform layer on the surface. The material prepared without the template showed fine 

particles and no cracks were observed on the surface. On the other hand, the material 

synthesized with PEG showed uniform dispersion of grains on the thin film surface. 

However, the grain size was significantly increased using the template. Moreover, 

some cracks are also observed on the surface. Similarly, Ag0(NP)/TiO2 nanocomposite 

thin-film prepared using the synthetic template method was reported to have fine 

grains of TiO2 dispersed evenly on the surface of the supporting glass (Tiwari et al., 

2018). Tahir et al. 2016 used phytochemicals to make a comparable Au(NPs)/TiO2 

nanocomposite and the TiO2 was somewhat aggregated, and Au was evenly dispersed 

with the titanium dioxide (Tahir et al., 2016). 
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Figure 3.1.1(ii): Scanning electron microscopic images of (a) Clay/Ag/TiO2 and (b) 

Clay/Ag/TiO2(T)  thin films. 

(a) 

(b) 
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Figure 3.1.1(iii) displays SEM images of Clay/Au/TiO2 and Clay/Au/TiO2(T) 

nanocomposite thin films. In both samples, Au/TiO2 particles were equally 

disseminated on the substrate surface, as shown in Figure 3.1.1(iii). It is also worth 

noting that Au/TiO2 forms a heterogeneous structure on the surface of the disk, and 

the TiO2 particles are not aggregated. The surface of the Clay/Au/TiO2(T) thin film 

exhibited a very dense surface structure with minor cracks. The titania is lumped at the 

surface and forms a very disordered surface structure.  

The Clay/Au/TiO2 thin-film exhibited uniform surface coverage with no 

cracks. Moreover, the grains are dispersed very evenly on the substrate surface. 

Furthermore, the grain size was significantly larger in the templated solid i.e., 

Clay/Au/TiO2(T) as compared to the Clay/Au/TiO2. Similar findings are obtained in 

Au-nanopillars dopes TiO2 meso-porous thin films prepared using a sol-gel 

preparation method and was successfully utilised in the removal of tetracycline under 

UV-A irradiation (Tiwari et al., 2019). Furthermore, Au@TiO2 nanohybrids showing 

spherical shape, with no aggregation and uniformly-distributed (monodispersed), 

having a grain size of around 40 nm were also reported to efficiently degrade 

methylene blue dye and was also shown to have improved antimicrobial activities 

(Sagadevan et al., 2020).  

 

(a) 
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Figure 3.1.1(iii): Scanning electron microscopic images of (a) Clay/Au/TiO2 and (b) 

Clay/Au/TiO2(T) nano-composite thin film. 

 

3.1.2. Transmission Electron Microscopic (TEM) Analysis 

The TEM image of the Ag0(NP)/TiO2 nanocomposite is shown in Figure 

3.1.2(i). The high-resolution TEM image clearly showed the fringes of Ag 

nanoparticles and it is uniformly distributed with TiO2 structure. Moreover, the 

interplanar distance of the Ag0(NP) is estimated to be 0.15 nm. 

(b) 
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Figure 3.1.2(i): Transmission electron microscopic images of Ag0(NP)/TiO2 

nanocomposite. 

Further, the high-resolution TEM images of the Clay/Ag/TiO2 and 

Clay/Ag/TiO2(T) nanocomposite powders are shown in Figure 3.1.2(ii)(a) and (b). 

TEM results showed different morphological results of the nanocomposites prepared 

by the template and non-template methods. The silver nanoparticles’ shape and sizes 

are significantly changed using the template. The non-template synthesis of 

Clay/Ag/TiO2 showed a uniform and spherical Ag(NP) distribution within the titanium 

dioxide. The average size of the nanoparticles was in the range of 5-10 nm. Moreover, 

the particles are dispersed and not aggregated on the surface.  On the other hand, the 

powder Clay/Ag/TiO2(T) showed a unique cubical formation of Ag(NP). The cubical 

particles are uniformly distributed within the titania network. Further, the average size 

of the nanoparticles was in the range of 10-15 nm. It was reported previously that the 

grains of TiO2 possess a spherical shape in the nanocomposite of silver-modified 

TiO2/Halloysite. The size of the TiO2 was ranged between 12 to 16 nm. Furthermore, 

the TiO2 was aggregated on the surface of support media (Panagiotaras et al., 2014). 

The TEM-EDX spectra for both the solids viz., Clay/Ag/TiO2 and 

Clay/Ag/TiO2(T) are shown in Figure 3.1.2(ii)(c) and (d). Spectra clearly showed the 
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presence of Si, Al, O, and Ag elements in both materials. The results confirmed again 

that the Ag(NP) are decorated with the composite materials (Clay/TiO2). 

 

 

(a) 

(b) 
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Figure 3.1.2(ii): Transmission electron microscopic images of (a) Clay/Ag/TiO2 and 

(b) Clay/Ag/TiO2(T) nanocomposite powders; TEM-EDX spectra for (c) 

Clay/Ag/TiO2 and (d) Clay/Ag/TiO2(T) nanocomposite. 

 

(c) 

(d) 
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In Figure 3.1.2(iii)(a) and (b), TEM pictures of nanocomposites Clay/Au/TiO2 

and Clay/Au/TiO2(T) are shown. The TEM images clearly indicates that the cubical 

Au(NP) is distributed within the titania network and the average particle size is from 

10 to 20 nm. For both the samples, it is also observed that fine disordered and 

heterogeneous surface structures are obtained. It was reported previously that 

Au/TiO2/Au nanocomposite has TiO2 nanosheets middle layer thickness of about 5 nm 

and was successfully employed as a plasmonic coupling photocatalyst (Wang et al., 

2012). Furthermore, the heterogeneous nanocomposite Au0(NPs)/TiO2 with a particle 

size from 20-25 nm was obtained using the sol-gel method (Lalliansanga et al., 2020). 

The TEM-EDX of Clay/Au/TiO2 and Clay/Au/TiO2(T) were obtained and the results 

are depicted in Figure 3.1.2(iii)(c) and (d). Figure shows that Au0(NP) are finely 

distributed within the titania network.  

 

 

(a) 
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(b) 

(c) 
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Figure 3.1.2(iii): Transmission electron microscopic images of (a) Clay/Au/TiO2 and 

(b) Clay/Au/TiO2(T) nanocomposite powders; TEM-EDX spectra for (c) 

Clay/Au/TiO2 and (d) Clay/Au/TiO2(T) nanocomposite. 

 

The TEM-elemental mapping of Clay/Au/TiO2 and Clay/Au/TiO2(T) are 

displayed in Figure 3.1.2(iv). It is worth observing that the clay is distributed uniformly 

as Si and Al and provides a good support material. Further, the titania is dispersed on 

the support material. The O atom is intimately bonded with the Ti, which confirmed 

the formation of the Ti-O bond in both the materials, possibly forming the TiO2. 

Further, the Au(NPs) are decorated within the titania network and uniformly 

disseminated. Moreover, the spatial and orderly distribution of Au(NPs) indicated that 

the Au(NPs) are not aggregated on the surface. 

(d) 
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Figure 3.1.2(iv): TEM-elemental mapping of the nanocomposites Clay/Au/TiO2(T) 

(upper side) and Clay/Au/TiO2 (Lower side). 

 

3.1.3. Atomic Force Microscopic (AFM) Analysis 

The AFM image of Ag0(NP)/TiO2 nanocomposite thin film is shown as in 

Figure 3.1.3(i). AFM image infers that the surface of thin film of photocatalyst is 

highly uneven or heterogeneous in nature and the surface is possessed with small-sized 

pillars of titanium dioxide having maximum height of Ca. 350 nm. Further, the root 

mean square roughness (Rq) and mean roughness (Ra) of thin film is 16.952 nm and 

12.250 nm, respectively.  
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Figure 3.1.3(i): Atomic Force Microscopic (AFM) image of Ag0(NP)/TiO2 

nanocomposite thin film. 

The three-dimensional atomic force microscopic images of the Clay/Ag/TiO2 

and Clay/Ag/TiO2(T) thin-films are illustrated in Figure 3.1.3(ii) (a) and (b) 

respectively. Both the materials showed heterogeneous surface structure and forming 

pillars on the substrate. Relatively, the Clay/Ag/TiO2 surface showed a smoother 

surface compared to the templated nanocomposite material Clay/Ag/TiO2(T). 

Furthermore, the mean roughness (Ra) and the root mean square roughness (Rq) of 

Clay/Ag/TiO2 samples were found to be 6.879 nm and 9.012 nm, respectively. On the 

other hand, the Clay/Ag/TiO2(T) thin-film showed the Ra and Rq, respectively 52.831 

nm and 100.102 nm. These results evidenced that nanocomposite template synthesis 

enabled the enhancement of the surface heterogeneity.  
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Figure 3.1.3(ii): Atomic force microscopic images of (a) Clay/Ag/TiO2; and (b) 

Clay/Ag/TiO2(T) 

The 3D-AFM images of nanocomposite Clay/Au/TiO2 and Clay/Au/TiO2(T) 

are depicted in Figure 3.1.3(iii) (a) and (b). Both samples showed heterogeneous and 

disordered structures on their respective surfaces. Moreover, the Clay/Au/TiO2 

nanocomposite thin film showed a more dense surface structure. The template 

(a) 

(b) 
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synthesis enabled to create the dense titania network on the substrate surface. The TiO2 

pillared on the substrate surface and the pillar height is 8 and 4 nm, for the 

Clay/Au/TiO2(T) and Clay/Au/TiO2, respectively. The mean roughness (Ra) and the 

root mean square roughness (Rq) of Clay/Au/TiO2(T) were obtained to be 1.165 nm 

and 1.454 nm, respectively, and 0.386 nm and 0.572 nm, respectively for 

Clay/Au/TiO2. This inferred that the template synthetic process allowed for greater 

heterogeneity. The non-templated TiO2 nanocomposite, on the other hand, has a 

relatively smoother surface compared to the templated TiO2. 

 

 

(a) 



74 
 

 

Figure 3.1.3(iii): Atomic force microscopic images of (a) Clay/Au/TiO2 and (b) 

Clay/Au/TiO2(T). 

3.1.4. X-ray Diffraction (XRD) Analysis 

XRD patterns of the nanocomposite powders revealed that both materials have 

crystalline structure (Fig. 3.1.4(i)). Both powders have distinct and characteristic 

diffraction peaks at the 2θ values of 25.42°, 37.90°, 48.12°, 54.02°, 55.14°, and 62.61° 

which confirmed the predominant occurrence of anatase phase of TiO2 (JCPDS Card 

No.: 21-1272). Relatively less intensive diffraction peaks of Ag(NP) were observed at 

the 2θ values of 38.39°, 44.45°, 64.37°, and 77.53° referring to the (111), (200), (220), 

and (311) planes (JCPDS Card No.: 01-087-0719). However, these diffraction peaks 

are not predominant due to the low content of silver nanoparticles in the materials and 

also the peaks are merged with the predominant peaks of TiO2 or bentonite.  

                                          

(b) 
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Figure 3.1.4.(i): X-ray diffraction pattern for Clay/Ag/TiO2 and Clay/Ag/TiO2(T) 

nanocomposite powders 

 

XRD patterns of the two nanocomposite materials, Clay/Au/TiO2 and 

Clay/Au/TiO2(T) are given in Figure 3.1.4.(ii). TiO2 is predominantly present in the 

anatase mineral phase in both the materials. The distinct peaks at the 2θ values of 

25.42, 37.90, 48.12, 54.02, 55.14, and 62.61 are due to the anatase phase of TiO2  

(JCPDS Card No. 21-1272). On the other hand, the Au(NPs) Peaks are not quite visible 

in the spectra. Hence, the diffraction intensity was enhanced, as shown in figure 

3.1.4.(ii) (Inset). It is apparent from the XRD pattern that the distinct diffraction pattern 

of Au(NPs) is obtained at the 2θ values of 38.34, 44.25, 64.34, and 77.32 (JCPDS Card 

No. 04-0784). This again confirmed the presence of Au0(NP) in the solid samples. 
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Figure 3.1.4.(ii): X-ray diffraction pattern for Clay/Au/TiO2 and Clay/Au/TiO2(T) 

nanocomposite powders [Inset: the expanded XRD pattern of Clay/Au/TiO2(T) 

solid]. 

3.1.5. Brunauer–Emmett–Teller (BET) Analysis 

The N2 adsorption/desorption data are utilized to demonstrate the physical 

characteristics of Clay/Ag/TiO2, and Clay/Ag/TiO2(T) solids along with the 

determination of pore volume, pore size and specific surface area. Figure 3.1.5.(i) 

depicts the N2 adsorption/desorption results. The results indicated that both the solids 

showed H1 type hysteresis loops, which stated the porous nature of solid and solid 

composed with a regular array of uniform spheres (Sing, 1984). Further, Table 3.1.5.(i) 

included the pore volume, pore size and specific surface area of the two materials. It 

revealed that both solids Clay/Ag/TiO2 and Clay/Ag/TiO2(T) possessed mesoporous 

structure. The sample Clay/Ag/TiO2(T) showed relatively enhanced specific surface 

area as compared to the non-template Clay/Ag/TiO2 solid. These results are consistent 

with the results obtained by the SEM and TEM analyses.  
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Figure 3.1.5.(i): (a) Nitrogen adsorption-desorption isotherms of Clay/Ag/TiO2 and 

Clay/Ag/TiO2(T) solids 

Table 3.1.5.(i): BET pore size, pore volume and specific surface area of the 

Clay/Ag/TiO2 and Clay/Ag/TiO2(T) solids. 

Sample BJH adsorption 

pore size (nm) 

BJH adsorption 

pore volume 

(cm3/g) 

BET specific 

surface area 

(m2/g) 

Clay/Ag/TiO2 7.561 0.077 41.413 

Clay/Ag/TiO2(T) 11.438 0.153 53.951 

 

Similarly, figure 3.1.5.(ii) shows the BET analysis results for Clay/Au/TiO2 

and Clay/Au/TiO2(T). The pore sizes, pore volume and specific surface area of the 

nanocomposite materials were determined using N2 adsorption/desorption data and the 

findings are shown in Table 3.1.5.(ii). The adsorption/desorption isotherm curves for 

Clay/Au/TiO2(T) followed hysteresis loops of H1 type, which revealed that the 

material is highly porous and consists of the orderly distribution of even spheres. 

Alternatively, the Clay/Au/TiO2 exhibited a hysteresis loop of H2 type, which revealed 
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that the materials’ pores are associated with slender mouths with an even channel-like 

network (Sing, 1984). The H2 type loop indicated the particles were non-uniform 

shaped and sized (Sangiorgi et al., 2017). Moreover, the BET surface area of 

Clay/Au/TiO2(T) is almost double compared to Clay/Au/TiO2. The template synthesis 

enabled to enhance the surface area of the solid. 

 

Figure 3.1.5.(ii): Nitrogen adsorption-desorption isotherms of Clay/Au/TiO2 and 

Clay/Au/TiO2(T) solids 

Table 3.1.5.(ii): BET pore size, pore volume and specific surface area of 

Clay/Au/TiO2 and Clay/Au/TiO2(T) solids 

Sample BJH adsorption  

pore size (nm) 

BJH adsorption pore 

volume (cm3/g) 

BET specific  

surface area 

(m2/g) 

Clay/Au/TiO2(T) 94.88 0.142 60.12 

Clay/Au/TiO2 66.08 0.052 31.42 
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3.1.6. Diffuse Reflectance Spectroscopy (DRS) Analysis 

Spectroscopic measurement of diffuse reflectance in UV-Vis spectral range is 

a standard technique to determine powder samples' bandgap (Pal et al., 2012). Thus 

UV-Vis spectrophotometer was used to produce diffuse reflectance spectra (DRS) for 

powder photocatalysts. The solid band gap energy was estimated by obtaining the 

adsorption coefficient from diffuse reflectance data utilizing the Kubelka-Munk 

equation (Equation. 3.1.). Using the Kubelka-Munk equation the reflectance was 

converted into a Kubelka-Munk function (equivalent to the absorption coefficient), 

F(R) (Hamrouni et al., 2020; Sangiorgi et al., 2017). The values of F(R) are directly 

proportional to the absorbance. The band gap energy of the materials can be found 

using Tauc plot i.e. by extrapolating the linear portion of a graph of (F(R)xhν)1/2 vs the 

energy of photon of light. 

 

F(R) = (1 − R)2 /2R        …(3.1.) 

where R is the reflectance of a given sample concerning a reference at each 

wavelength. 

The band gap energies for TiO2 and Ag0(NPs)/TiO2 were compared and were 

determined to be 3.28 and 2.9 eV respectively. This clearly indicates that the presence 

of Ag0(NPs) greatly reduced the band gap energy of the Ag0(NPs)/TiO2 

nanocomposite material. The resulting Tauc plot was depicted in Figure 3.1.6.(i). 
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Figure 3.1.6.(i): Tauc plots for TiO2 and Ag0(NPs)/TiO2. 

Diffuse reflectance spectra (DRS) of the Clay/Ag/TiO2 and Clay/Ag/TiO2(T) 

solids were also obtained using the UV-Visible spectrophotometer. Further, using 

Tauc's relation, plots were obtained between the h vs. (F(R)xhν)1/2 as depicted in 

Figure 3.1.6.(ii) (Sangiorgi et al., 2017). The intermediate band gap energies (Eg) were 

obtained by extrapolating the flat portion of the plot to its zero value. The band gap 

energies of bare TiO2, Clay/Ag/TiO2, and Clay/Ag/TiO2(T) were determined to be 

3.28, 2.86, and 2.88 eV, respectively. This specifies that the presence of Clay/Ag(NP) 

significantly lowered the energy of the bandgap of the nanocomposite material. The 

low bandgap energy of nanocomposite is helpful in the visible-light-induced 

photocatalytic degradation processes (Mugunthan et al., 2018). 
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Figure 3.1.6.(ii): Tauc plots of TiO2, Clay/Ag/TiO2 and Clay/Ag/TiO2(T) solids. 

 

Further, Diffuse reflectance spectra (DRS) of the Clay/Au/TiO2 and 

Clay/Au/TiO2(T) solids are also obtained using the UV-Visible spectrophotometer. 

The absorption spectra of TiO2, Clay/Au/TiO2 and Clay/Au/TiO2(T) are given in 

Figure 3.1.6.(iii). The energy of the band gap of the bare TiO2, Clay/Au/TiO2(T) and 

Clay/Au/TiO2 solids were determined to be 3.24, 2.85, and 2.88 eV, respectively. This 

indicated that the occurrence of Au nanoparticles significantly lowered the band gap 

energy of these materials. Ben Saber et al. reported that Au@TiO2/reduced graphene 

oxide (rGO) obtained by the solvothermal process possessed the band gap energy of 

3.43eV (Ben Saber et al., 2021). Similarly, Au/TiO2 (NPs) were obtained using a 

hydrothermal process. The materials have band gap energy within 3.1 – 3.15 eV as 

varied with the weight percentage of Au and Ti. The materials are efficient in the 

photocatalytic degradation of resorcinol under UV-A irradiation (Al-Hajji et al., 2020). 
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Figure 3.1.6.(iii): a) UV-vis absorption spectra for TiO2, Clay/Au/TiO2 and 

Clay/Au/TiO2(T) b) Tauc plot for TiO2, Clay/Au/TiO2 and Clay/Au/TiO2(T) 
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3.2. Photocatalytic Degradation of Micropollutants and Dyes Using Thin Film 

Photocatalysts (Mordant Orange 1 by Ag0(NP)/TiO2; Tetracycline, 

Sulfamethazine and Bisphenol-A by Clay/Ag/TiO2 and Clay/Ag/TiO2(T); 

Rhodamine B and Rhodamine 6G by Clay/Au/TiO2 and Clay/Au/TiO2(T)).   

3.2.1. Batch Reactor Studies  

3.2.1.1. Effect of pH in the Photocatalytic Degradation of Mordant Orange 1 (MO1) 

Effect of pH is a useful parameter that demonstrates the mechanism of 

photocatalytic elimination of pollutant molecules. This is mainly due to the pH 

dependence transitions in pollutant species as well as the surface properties of active 

sites of photocatalysts (Lalhriatpuia et al., 2015). Therefore, the pH influences 

significantly the overall efficiency of the photocatalyst in the degradation of pollutant 

molecules (Zucca et al., 2008).  Photocatalytic elimination of MO1 is carried out for a 

wide range of pH (4.0-10.0) using Ag0(NP)/TiO2 and results are depicted in Figure 

3.2.1.1. The percentage removal of the MO1 was obtained after the 2 hrs irradiation. 

Results clearly showed that the decrease in pH i.e., pH 10.0 to 4.0 has caused an 

increase in elimination of MO1. Quantitatively, with a decrease in solution pH from 

10.0 to 4.0, the corresponding increase in percentage removal of MO1 is from 29.15 

to 61.3% (for UV-A) and 16.65 to 35.81% (for LED light) using nanocomposite thin 

film photocatalyst. The MO1 molecule contains two dissociable hydrogens one from 

the carboxylic group and second is due to the phenolic group which are having the pka 

values of 5.0 and 11.0 (Nazar et al., 2010). Therefore, within the pH region 6.0-10.0, 

the MO1 molecule usually exists as a mono-anionic species. However, the phenolic 

and carboxylic groups forming the hydrogen bonding result in a non-ionic species. 

Hence, in this pH range the MO1 molecule exists in equilibrium between the mono-

anionic species (Cf Figure 3.2.1.1 (Inset)) (Nazar et al., 2010). Further, pH >10.0, both 

the protons of MO1 molecule are dissociated hence, the mono-anionic MO1 molecule 

becomes di-anionic species. Thus, the net charge of the MO1 species carries extra 

negative charge at and above pH 10.0. On the other hand, the pHpzc of nanocomposite 

was obtained 6.8. This infers that the thin film possesses net positive charge pH <6.8 

whereas its surface possesses negative charges pH >6.8. These studies showed that 
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increasing the pH gradually enhances the net negative charges both on the 

nanocomposite surface and MO1 species. This eventually caused an enhanced 

coulombic repulsion between the MO1 species and nanocomposite surface, which 

resulted in gradual decrease of MO1 removal at pH>6.0 (pH 6~10). Photocatalytic 

removal of Alizarin Yellow using the catalyst Au0(NPs)/TiO2 thin film showed similar 

removal behaviour (Lalliansanga et al., 2019). Copper deposited TiO2 nanoparticles 

(Cu2O-CuO/TiO2) prepared by using a combination of impregnation and precipitation-

deposition method utilized in the pH dependent photocatalytic degradation of 

commercial dyes such as Reactive Blue 49 (RB 49), Reactive Red 24 (RR 24) and 

Reactive Yellow 160 (RY 160) under UV irradiation (Ajmal et al., 2016). The 

nanocomposite catalyst greatly favoured the elimination of MO1 in aqueous media by 

UV-A or LED lights. Further, compared to the UV-A and LED light illumination, the 

UV-A light showed relatively higher degradation of MO1 throughout the studied pH.  
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Figure 3.2.1.1: Effect of pH in the photocatalytic degradation of MO1 (Initial 

concentration of MO1: 5.0 mg/L) and the Inset, equilibrium of MO1 as 

function of pH.  

 

3.2.1.2. Effect of pH in the Photocatalytic Degradation of Tetracycline (TC) and 

Sulfamethazine (SMZ) 

pH dependence degradation of pollutant molecules greatly demonstrates the 

degradation mechanisms of contaminants at the surface of photocatalyst. The sorption 

of pollutants on the surface of the thin-film catalyst showed a significant impact on 

photocatalytic activity. The sorption process is strongly determined by the pH of 

pollutant solutions (Chong et al., 2010). Therefore, the pH-dependent degradation of 

TC and SMZ was carried out at a wide range of pH i.e., pH 4.0 to 10.0 using 

Clay/Ag/TiO2 and Clay/Ag/TiO2(T). The pollutant samples were treated for 2 hrs and 

3 hrs respectively for TC and SMZ under LED (Visible Light) and UV-A light using 

the thin-film photocatalysts. The results are shown in Figure 3.2.1.2. Initial TC and 

SMZ concentrations were taken 5.0 mg/L. In general, oxidation of TC was favoured 

at higher pH (pH 10.0), while in the case of SMZ, the oxidation was favoured at pH 

6.0, as shown in Figure 3.2.1.2. More specifically, in the case of TC, increasing the 

solution pH from 4.0 to 10.0 increased the percentage elimination of TC from 32.4 % 

to 50.4 % under LED (visible light) and 54.0 % to 72.4 % under UV-A light using 

Clay/Ag/TiO2(T). On the other hand, the SMZ removal efficiency was increased from 

28.46 % to 31.74%, with the increase in pH from 4.0 to 6.0 and a further increase in 

pH from pH 6.0 to 10.0 caused to decrease the removal efficiency of SMZ from 31.7 

to 21.5% under LED (visible light) using the Clay/Ag/TiO2(T) solid. Similarly, under 

the UV-A irradiation, the removal efficiency of SMZ was increased from 54.3% to 

58.3 % with an increase in pH from 4.0 to 6.0. However, further increase in the pH 

from 6.0 to 10.0 had caused the removal efficiency to decrease from 58.3 to 42.7% 

using the Clay/Ag/TiO2(T) solid. 

In addition, the photolytic reaction was carried out in the absence of a 

photocatalyst by irradiating the TC and SMZ for 2 hrs and 3 hrs, respectively under 

LED (visible light) and UV-A light sources. The removal efficiency of TC and SMZ 
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was recorded as 1.1% (pH 10.0) and 1.1% (pH 6.0) respectively under LED (visible 

light). Similarly, under UV-A irradiation, the removal efficiency of TC and SMZ was 

found to be 26.3 % (pH 10.0) and 15.3 % (pH 6.0), respectively. The results indicated 

that minimal removal efficiency was obtained in removing TC and SMZ under the 

photolytic process. However, a significant increase in removal efficiency was recorded 

in the photocatalytic process. This inferred the potential use of catalyst in the 

degradation of recalcitrant water contaminants efficiently. 

The photocatalytic degradation of micro-pollutants is highly influenced by the 

surface properties of the catalyst and its interaction with the micro-pollutants. The 

pHPZC of powder Clay/Ag/TiO2 and Clay/Ag/TiO2(T) were determined to be 6.3. Thus 

in acidic conditions (pH<6.3), the catalyst surface carries a net positive charge, 

whereas in pH>6.3, the catalyst surface possesses net negative charge. On the other 

hand, the pollutant molecule TC is a triprotic compound, which means it has three 

dissociable hydrogens with dissociation constant values of 3.3, 7.7, and 9.7 correspond 

to the pka
1, pka

2, and pka
3, respectively and the percentage species distribution at varied 

pH is shown in Figure 3.2.1.2(a)(Inset)) (Liu et al., 2012) . Furthermore, due to the 

deprotonation from the phenolic diketone moiety, TC existed to its zwitterion (TCH2
0 

or TCH2
0+–) configuration within the pH 3.3–7.7. At pH>7.7, TC molecules exist in 

anionic species (TCH− or TCH+ − −) by deprotonation reaction. Therefore, with the 

deprotonation of the third proton from the tri-carbonyl group and the phenolic diketone 

group at pH>9.7, the TC molecule existed as a di-anionic species (Kang et al., 2010). 

Hence, the thin-film catalyst and TC molecules carried a net negative charge at higher 

pH values. This possibly repels the TC molecule at the catalyst surface, hence; 

relatively less sorption is expected. However, the increase in percentage degradation 

of TC at higher pH values is primarily due to the fact that the TC molecule showed 

higher affinity towards the catalyst surface and enabled to enhance the removal 

efficiency of TC in the photocatalytic process. Similar results were obtained 

previously, where TC was treated using Ag0(NP)/TiO2 nanocomposite thin film under 

UV-A irradiation (Tiwari et al., 2018). 

On the other hand, the SMZ molecule has two dissociable hydrogens with pka
1 

and pka
2 values of 2.28 and 7.42, respectively. It can acquire cationic, neutral, or 
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anionic forms depending on pH. The speciation of the SMZ showed that SMZ 

molecule predominantly present with the anionic species of SMZ- and SMZ-- within 

the studied pH region, i.e., pH 4.0-10.0 (Cf Figure 3.2.1.2(b)(Inset)). (Liu et al., 2017; 

Fukahori et al., 2011). The photocatalyst possessed a net positive charge at pH<6.3. 

Hence, the negatively charged SMZ molecules are preferably attracted by catalyst until 

pH 6.3 and showed enhanced removal efficiency of SMZ. However, with a further 

increase in pH>6.3, the SMZ and catalyst surface are negatively charged. Hence, 

repulsive forces between the solid surface and pollutant molecules resulted from a 

decrease in removal efficiency of SMZ at pH>6.0. Bendjabeur et al. demonstrated that 

electrostatic attraction and repulsion occurred between the target pollutant and the 

photocatalyst (Gentian Violet and TiO2) with the change in the solution’s pH 

significantly affected the efficiency of the photocatalytic degradation of the pollutant 

molecules using a UV irradiation (Bendjabeur et al., 2017). 

 

 

(a) 
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Figure 3.2.1.2: Effect of pH in the photocatalytic degradation of (a) tetracycline (TC) 

(Initial concentration of TC: 5.0 mg/L) and the Inset, species distribution of TC as a 

function of pH (5.0 mg/L; Temperature: 25C) and (b) sulfamethazine (SMZ) (Initial 

concentration of SMZ: 5.0 mg/L) and the Inset, species distribution of SMZ as a 

function of pH (5.0 mg/L; Temperature: 25C) 

3.2.1.3. Effect of pH in the Photocatalytic Degradation of Bisphenol A (BP-A) 

The pH-dependent degradation of BP-A was studied over a wide range of pH 

from 6.0 to 12.0 using photocatalyst Clay/Ag/TiO2 and Clay/Ag/TiO2(T). The 

pollutant samples were treated for 4 hrs under LED (Visible Light) and UV-A light 

irradiation. The initial concentration of BP-A was taken 5.0 mg/L and the pH 

dependence removal of BP-A is shown in Figure 3.2.1.3. BP-A oxidation is generally 

favoured at lower pH (pH 6), as shown in Figure 3.2.1.3. More specifically, increasing 

the solution pH from 6 to 12, caused to decrease the percentage removal of BP-A from 

(b) 
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46.31% to 20.24% under LED (Visible Light) and 68.3% to 40.6% under UV-A light 

using the photocatalyst Clay/Ag/TiO2(T). In addition, without using the photocatalyst, 

a photolytic reaction was carried out under UV-A irradiation for 4 hrs and results 

showed that A minimal percentage degradation of BP-A was obtained under the 

photolytic reaction (Cf Figure 3.2.1.3). 

The surface characteristics of the photocatalyst and its interaction with the 

pollutants, possibly, impact the percentage degradation of pollutants in the 

photocatalytic process. The surface of the photocatalyst develops a partial positive 

charge in acidic conditions, i.e., when the solution pH is lower than the pH 6.3, whereas 

it develops a partial negative charge in alkaline conditions, i.e., when the solution pH 

is higher than pH 6.3. BP-A consists of two dissociable hydrogens having the pka
1 and 

pka
2 values of 9.59 and 10.2, respectively (Wang et al., 2021). Thus, below pH 9.59 

BP-A existed as a neutral compound and it began to deprotonate to a negatively 

charged species above pH 9.59. Further at pH 10.2, BP-A exists predominantly as 

anionic species (BP-A2-) (Cf Figure 3.2.1.3(Inset)). Thus, at lower pH (acidic 

conditions) pH~6.3, the neutral molecules of BP-A showed higher affinity towards the 

surface of the catalyst, hence causing enhanced elimination of BP-A at this pH.  

However, with a gradual increase in pH (pH >8), the catalyst surface carries net 

negative charge and the pollutant molecules also gradually dissociate the dissociable 

hydrogens which causes gradual increase in surface negative charge. Therefore, due 

to the electrostatic repulsion between the catalyst surface and the pollutant molecules, 

a gradual decrease in elimination of BP-A was recorded at higher pH values. Similar 

results were obtained by Moussavi et al., during the photochemical decomposition and 

detoxification of bisphenol A using vacuum UV (VUV)/H2O2 process (Moussavi et 

al., 2018). Additionally, the pH of solution influences the generation of hydroxyl 

radicals, hence;  the degradation efficiency (Kuo et al., 2010). The oxidation potential 

of hydroxyl radicals is decreased significantly with an increase in the solution pH 

(Buxton et al., 1988). Therefore, the reduced photocatalytic degradation of BP-A was 

recorded. A similar result was shown for the elimination of BP-A using the TiO2 

catalyst (Kuo et al., 2010). Moreover, comparatively less degradation of BP-A at 
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higher pH was stated due to the negative charge on the surface of TiO2 and the 

generation of carbonate ions during the BPA oxidation (Chiang et al., 2004).  

 

 

 

Figure 3.2.1.3: Effect of pH in the photocatalytic degradation of BP-A (Initial 

concentration of BP-A: 5.0 mg/L) and the Inset, species distribution of BP-A as a 

function of pH (5.0 mg/L; Temperature: 25C) 

 

3.2.1.4. Effect of pH in the Photocatalytic Degradation of Rhodamine B (Rh-B) and 

Rhodamine 6G (Rh-6G) 

The pH dependence removal of Rh-B and Rh-6G was investigated by altering 

the pH of the dye solutions from pH 4.0 to 10.0 at a constant dye concentration (5.0 

mg/L) using Clay/Au/TiO2 and Clay/Au/TiO2(T) photocatalyst. Figure 3.2.1.4. shows 
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the percentage degradation of Rh-B and Rh-6G as a function of pH. In case of Rh-B, 

it is clearly shown that with an increase in pH from pH 4 to 6, the percentage 

degradation is increased from 34.38 to 35.62 under visible light irradiation and from 

55.35 to 56.74 under UV-A light using Clay/Au/TiO2(T). However, further increase 

in pH from pH 6.0 to 10.0, the rate of percentage degradation is decreased from 35.62 

to 21.84, respectively under visible light irradiation and from 56.74 to 38.33, 

respectively under UV-A light (Figure 3.2.1.4.(a)). In case of Rh-6G, increasing pH 

from pH 4 to 8, results in up surging in the degradation percentage from 25.38 to 36.03, 

respectively under visible light and from 46.35 to 60.46, respectively under UV-A light 

using Clay/Au/TiO2(T). However, further increase in pH from pH 8.0 to 10.0 results 

in decline in the rate of percentage degradation from 36.03 to 18.84, respectively under 

visible light and from 60.46 to 36.33, respectively under UV-A light (Figure 

3.2.1.4.(b)). The pHPZC of both the catalysts was 6.5, hence, both the thin films have a 

net positive charge below this pH value (pH < 6.5) and become negatively charged 

above it (pH > 6.5). 

Rh-B is having a dissociable hydrogen with pka value of 4.2 (Maurya et al., 

2006). Therefore, the speciation studies indicated that the negatively charged species 

of Rh-B is gradually increasing with increase in the pH (pH>4.2) (Figure 

3.2.1.4(a)(Inset)).  However, relatively higher percentage removal of Rh-B within the 

pH region 4.2 - 6.5, implied that a strong affinity of pollutant molecules towards the 

positively charged surface of the catalyst. Moreover, the oxidation potential of 

hydroxyl radical is relatively higher at lower pH values, which favoured the 

elimination of Rh-B within this pH region 4.2 - 6.5. Further increase in pH pH >6.5, 

relatively stronger electrostatic repulsion occurred between the thin film catalyst and 

anionic species of Rh-B molecules, which resulted in lesser percentage removal of Rh-

B. Similar results were reported in the photocatalytic degradation of Rh-B using Fe-

Doped TiO2 anchored on Reduced Graphene Oxide (Fe-TiO2 /rGO) (Isari et al., 2018). 

Similarly, the R-6G has the acid dissociation constant (pka) value 6.13 

(Rajoriya et al., 2016). This showed that the undissociated R-6G molecule is 

predominating at pH<6.13 and a dissociated negatively charged R-6G at pH>6.13. 

However, a very high percentage removal of R-6G is observed within the pH region 
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6.0-8.0, indicating a strong affinity of catalyst towards the pollutant molecules (Figure 

3.2.1.4.(b)). Further, at an extremely high pH value (pH 10.0), a sharp decline in 

percentage removal of R-6G is because of the strong repulsive forces between the 

pollutant molecules and the solid surface. Moreover, in a highly alkaline solution, the 

hydroxyl radical formation rate is decreased significantly due to the formation of 

hydroxyl ions (Khlyustova et al., 2016).  

 

(a) 
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Figure 3.2.1.4.: Effect of pH in the photocatalytic degradation of (a) Rh-B (Initial 

concentration of Rh-B: 5.0 mg/L) and the Inset, species distribution of Rh-B as a 

function of pH (5.0 mg/L; Temperature: 25C) and (b) Rh-6G (Initial concentration of 

Rh-6G: 5.0 mg/L) and the Inset, species distribution of Rh-6G as a function of pH (5.0 

mg/L; Temperature: 25C) 

 

3.2.1.5. Effect of Concentration in the Photocatalytic Degradation of Mordant 

Orange 1 (MO1)  

Concentration dependent elimination of MO1 is analysed for varied 

concentrations of MO1 (0.5 - 20.0 mg/L; pH 6.0) using thin film catalyst 

Ag0(NP)/TiO2, and results are illustrated in Figure 3.2.1.5. It demonstrates that 

decrease in concentration greatly favoured the removal efficiency of MO1. Decreasing 

(b) 
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the concentration of MO1 from 20.0 to 0.5 mg/L has enabled to increase the percentage 

degradation of MO1 from 13.7 to 60.6% (for UV-A) and 6.5 to 38.14% (LED light), 

respectively. The decrease in degradation efficiency with an increase in concentration 

of MO1 is, perhaps, due to the reason that the contact possibility of MO1 at the 

photocatalyst surface was relatively less at higher concentration of MO1 dye (Tiwari 

et al., 2015). It is also evident that at high concentration of MO1, the scavenging effect 

increases, which possibly results in decrease of percentage removal of the MO1 

(Nasseri et al., 2017). These results are in line with the results obtained in the 

photocatalytic degradation of Reactive Green 12(RG 12) using TiO2 impregnated 

polyester in which the dye removal was significantly reduced with an increase in RG 

12 concentration. At lower concentration of RG 12, the solution was more transparent, 

that penetration of light on the photocatalyst surface was more hence, favoured the 

formation of more reactive species (Hichem et al., 2017). Furthermore, a dark reaction 

is performed employing the catalyst Ag0(NPs)/TiO2 at various concentrations of MO1 

(0.5–20.0 mg/L;  pH 6.0). It is observed that almost negligible amounts of MO1 were 

removed even after 12 hrs of contact. Therefore, this indicated that the surface 

adsorption is almost negligible however, surface attraction favoured the degradation 

of MO1 under the photocatalytic process.  
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Figure 3.2.1.5.: Effect of concentration in the photocatalytic degradation of (MO1) 

[pH of solution: 6.0]. 

 

3.2.1.6. Effect of Concentration in the Photocatalytic Degradation of Tetracycline 

(TC) and Sulfamethazine (SMZ) 

The initial concentration of TC and SMZ was varied from 0.5 mg/L to 20.0 

mg/L in the removal of TC and SMZ at constant pH (pH 10.0 for TC and pH 6.0 for 

SMZ). The LED (Visible Light)/or UV-A light irradiation was used to treat the TC 

and SMZ solution for a total of 2 hrs and 3 hrs, respectively using Clay/Ag/TiO2 and 

Clay/Ag/TiO2(T) thin film catalysts. Figure 3.2.1.6. shows the percentage degradation 

of TC and SMZ as a function of initial antibiotic concentration. In brief, the percentage 

photocatalytic degradation of TC and SMZ was higher at lower initial antibiotic 

concentrations (Figure 3.2.1.6.). More specifically, using Clay/Ag/TiO2(T) thin-film 

under LED (Visible Light), the degradation percentage of TC was decreased from 

57.89 % to 34.46%, with an increase in the initial concentration of TC from 0.5 mg/L 

to 20.0 mg/L, respectively. Under UV-A light with Clay/Ag/TiO2(T) thin film, 

increasing the initial concentration of TC from 0.5 mg/L to 20.0 mg/L, resulted in a 

decrease in percentage degradation of TC from 81.13% to 50.36%, respectively. 

Similarly, using Clay/Ag/TiO2(T) thin-film under LED (Visible Light), the 

degradation percentage of SMZ was decreased from 37.83 % to 18.42%, with an 

increase in the initial concentration of SMZ from 0.5 mg/L to 20.0 mg/L, respectively. 

Under UV-A light with Clay/Ag/TiO2(T) thin film, increasing the initial concentration 

of SMZ from 0.5 mg/L to 20.0 mg/L, caused a decrease of SMZ percentage 

degradation from 64.58% to 36.21%, respectively. Thus, for both TC and SMZ, a 

higher degradation percentage at lower antibiotic concentrations was due to the fact 

that at lower antibiotic concentrations, the catalyst surface possesses relatively more 

number of accessible surface active sites (Bendjabeur et al., 2017). At the same time, 

at higher concentrations, the accumulation of pollutant molecules on the surface of the 

thin film hinders the penetration of light radiation onto the photocatalyst resulting in a 

lesser percentage of removal (Tiwari et al., 2015; Augugliaro et al., 2002). It was 

previously reported that increasing pollutant concentrations caused an increase in the 
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scavenging effect, and resulted in a drop in pollutant removal efficiency (Omrani and 

Nezamzadeh-Ejhieh, 2020). 

 

 

 

Figure 3.2.1.6.: Effect of concentration in the photocatalytic degradation of (a) TC 

(pH 10.0) and (b) SMZ (pH 6.0). 
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3.2.1.7. Effect of Concentration in the Photocatalytic Degradation of Bisphenol A 

(BP-A) 

BP-A concentrations ranging from 1.0 mg/L to 20.0 mg/L were taken at 

constant pH 8. LED (Visible Light) and UV-A lamps were utilized to treat the pollutant 

solutions for 4 hrs using Clay/Ag/TiO2 and Clay/Ag/TiO2(T) thin film catalysts. The 

degradation percentage of BP-A as a function of initial BP-A concentration is shown 

in Figure 3.2.1.7. The percentage of photocatalytic degradation of BP-A is higher at 

lower initial pollutant concentrations. However, increasing the initial concentration of 

BP-A from 1.0 mg/L to 20.0 mg/L, the percentage removal of BP-A was decreased 

from 50.0% to 25.35% under LED (Visible Light) and 75.3% to 40.6% under UV-A 

light irradiation using the photocatalyst Clay/Ag/TiO2(T). A gradual decrease in 

percentage degradation of BP-A with an increase in initial concentration of BP-A is 

because, at lower concentrations, the catalyst surface has more accessible active sites 

on the surface hence, favoured the percentage removal at lower BP-A concentration. 

However, relatively lesser active sites are available for the large number of BP-A 

molecules at higher concentration of BP-A, which caused a gradual decrease in 

percentage removal of BP-A at higher BP-A concentration. Additionally, at higher 

concentrations of BP-A, the pollutant molecules restricting the penetration of light on 

the thin film surface, which hindered the efficiency of photocatalyst in photocatalytic 

process (Bendjabeur et al., 2017; Lalhriatpuia et al., 2015). It was also reported that 

increasing the concentration of BP-A, caused to enhance the scavenging effect, hence 

relatively lesser percentage removal of BP-A was obtained at higher BP-A 

concentration (Jia et al., 2012). 
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Figure 3.2.1.7.: Effect of concentration in the photocatalytic degradation of Bisphenol 

A (BP-A) (pH 8.0) 

 

3.2.1.8. Effect of Concentration in the Photocatalytic Degradation of Rhodamine B 

(Rh-B) and Rhodamine 6G (Rh-6G)  

The effect of initial concentration in the degradation of Rh-B and Rh-6G was 

studied by varying the concentration from 0.5 to 20.0 mg/L at constant pH 6.0. Using 

Clay/Au/TiO2 and Clay/Au/TiO2(T) photocatalyst, both the dyes solutions were 

treated under visible light and UV-A lamp for a total of 2 hrs. Figure 3.2.1.8. depicts 

the degradation results of Rh-B and Rh-6G with the change in initial dyes 

concentration. In brief, the percentage photocatalytic breakdown of Rh-B and Rh-6G 

is higher at lower initial dye concentrations (Cf Figure 3.2.1.8). More specifically, 

increasing the initial concentration of the Rh-B dye from 0.5 mg/L to 20.0 mg/L, the 

corresponding percentage degradation was decreased from 54.13% to 6.07% under 

visible light and from 76.26% to 17.64% under UV-A irradiation using photocatalyst 

Clay/Au/TiO2(T). In case of Rh-6G, with an increase in the initial concentration of dye 

from 0.5 mg/L to 20.0 mg/L, the corresponding percentage removal of Rh-6G is 

reduced from 60.37% to 8.42% under visible light and from 84.68% to 19.66% under 
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UV-A light irradiations using photocatalyst Clay/Au/TiO2(T). Jain et al reported 

photocatalytic degradation of Rh-B using TiO2 in the occurrence of electron acceptor 

H2O2, also followed the same trends in the percentage removal with an increase in the 

dye concentrations (Jain et al., 2007). Similar results were obtained in the 

photocatalytic degradation of Rh-6G using ZnO-Ag nanoparticles prepared using 

pulsed laser ablation in liquid (PLAL) in which percentage removal was decreased 

drastically with an increase in the dye concentration (Yudasari et al., 2021).  
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Figure 3.2.1.8.: Effect of concentration in the photocatalytic degradation of (a) Rh-B 

(pH 6.0) and (b) Rh-6G (pH 6.0) 

 

3.2.1.9. Degradation Kinetics of Mordant Orange 1 (MO1) 

 The time dependence kinetics is carried out to assess the performance of 

Ag0(NP)/TiO2 nanocomposite photocatalysts in the elimination of MO1. The kinetic 

results at varied concentrations of MO1 are shown in Table 3.2.1.9. It is observed that 

degradation of MO1 proceeds through the pseudo-first-order rate equation. Further, 

the time dependent degradation kinetics of MO1 is favoured with the dilution i.e., 

increasing the concentration of the dyes causes a decrease in the rate constant values. 

Moreover, the rate of degradation of MO1 is faster using the UV-A light irradiations 

compared to the LED light irradiations. Similar results were reported previously where 

the degradation of methylene blue followed pseudo-first-order rate kinetics and the 

rate constant values were decreased increasing the methylene blue concentrations 

using graphene decorated TiO2 (Acosta-Esparza et al., 2020). 
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Table 3.2.1.9.:  Pseudo-first order rate constants in the photo-catalytic degradation of 

of MO1 [pH of solution: 6.0] using Ag0(NP)/TiO2 nanocomposite thin film 

under UV-A and LED (Visible light) irradiations. 

 

 

Initial 

Concentration of 

MO1  

(mg/L) 

UV-A Irradiation LED Light Irradiation 

Rate constant 

k1x10-3(s-1) 

R2 Rate Constant 

k1x10-3(s-1) 

R2 

0.5 7.0 0.965 4.1 0.998 

1.0 5.9 0.993 3.4 0.982 

5.0 4.0 0.987 2.5 0.999 

10.0 2.9 0.9895 1.8 0.998 

15.0 2.0 0.979 1.1 0.995 

20.0 1.4 0.952 0.5 0.994 

 

  

Additionally, the removal of MO1 is modelled to the Langmuir–Hinshelwood 

(L-H) rate kinetics using the standard equations. Therefore, the Langmuir–

Hinshelwood (L-H) adsorption constant (kr; mg/L/min) and the reaction rate constant 

(K; L/mg) were computed as 0.038 and 0.202 (R2: 0.997 for UV-A) and 0.018 and 

0.255 (R2: 0.976 for LED), respectively.  

 

3.2.1.10. Degradation Kinetics of Tetracycline (TC) and Sulfamethazine (SMZ) 

The kinetic studies were carried out to determine the effectiveness of the 

photocatalyst (Clay/Ag/TiO2 and Clay/Ag/TiO2(T)), the efficiency of pollutant 

degradation, and the rate constant in the photocatalytic degradation reaction of TC and 

SMZ. The removal of TC and SMZ was obtained as a function of time and pollutant 

concentrations utilizing the LED (Visible Light) and UV-A light irradiation. The initial 

concentration of TC and SMZ was taken 5.0 mg/L at constant pH 10.0 and pH 6.0, 
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respectively. Straight lines were obtained while plotting the curve between ln(C0/Ct) 

(where C0 is the initial concentration of TC /or SMZ and Ct is the concentration of 

TC/SMZ at time ‘t’) and ‘t’ is the reaction time. The slope of straight lines yields the 

pseudo-first-order rate constant (k1). Hence, at various pollutant concentrations, the k1 

values are computed and given in Table 3.2.1.10. The results showed that the kinetic 

data fitted well to the pseudo-first-order rate kinetics since reasonably high R2 values 

were obtained for both the antibiotics. Furthermore, it is observed that the decrease in 

pollutant concentration favoured the rate constant values using both the photocatalysts 

viz., Clay/Ag/TiO2 and Clay/Ag/TiO2(T). Moreover, the rate constant values were 

significantly higher using UV-A light than the visible light (LED light) irradiation. 

Previous studies showed that the photocatalytic degradation of Alizarin Yellow dye 

followed the pseudo-first-order rate kinetics by utilizing Ag0(NP)/TiO2 catalyst 

(Lalliansanga et al., 2020). 

The adsorption properties of TC and SMZ on the photocatalyst surface and the 

degradation process were modelled with a known Langmuir-Hinshelwood (L-H) 

adsorption isotherm at different initial concentrations (Khuzwayo and Chirwa, 2015). 

In case of TC, the rate constant ‘kr’ (mg/L/min) and the L-H adsorption constant ‘K’ 

(L/mg) were obtained to be 0.136 and 0.064 (R2: 0.995; for Clay/Ag/TiO2(T)); 0.085 

and 0.087 (R2: 0.987; for Clay/Ag/TiO2) respectively. In case of SMZ, the rate constant 

‘kr’ (mg/L/min) and the L-H adsorption constant ‘K’ (L/mg) were obtained to be 0.045 

and 0.069 (R2: 0.997; for Clay/Ag/TiO2(T)); 0.029 and 0.085 respectively (R2: 0.996; 

for Clay/Ag/TiO2). 

 

 

 

Table 3.2.1.10.: Pseudo-first order rate constants in the photo-catalytic degradation of 

TC [pH of solution: 10.0] and SMZ [pH of solution: 6.0] using Clay/Ag/TiO2 

and Clay/Ag/TiO2(T) nanocomposite thin film under LED (Visible light) 

irradiations. 
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Initial 

Concent

ration 

of 

TC/or 

SMZ 

(mg/L) 

TC SMZ 

Clay/Ag/TiO2(T) Clay/Ag/TiO2 Clay/Ag/TiO2(T) Clay/Ag/TiO2 

Rate 

constant 

k1x10-3(s-1) 

R2 Rate 

Constant 

k1x10-3(s-1) 

R2 Rate 

constant 

k1x10-3(s-1) 

R2 Rate 

Constant 

k1x10-3(s-1) 

R2 

0.5 8.6 0.872 7.4 0.899 3.0 0.952 2.4 0.974 

1.0 7.6 0.892 6.1 0.935 2.7 0.945 2.1 0.977 

5.0 6.7 0.898 5.3 0.902 2.3 0.967 1.8 0.970 

10.0 5.5 0.897 4.1 0.940 2.0 0.926 1.5 0.938 

15.0 4.8 0.883 3.6 0.892 1.7 0.909 1.2 0.923 

20.0 4.1 0.894 3.1 0.879 1.3 0.951 0.9 0.944 

 

3.2.1.11. Degradation kinetics of Bisphenol A (BP-A)  

Kinetic studies were conducted to define the efficiency of BP-A degradation 

and the value of the reaction rate constant in the photocatalytic degradation of BP-A 

was computed at different concentrations of BP-A. The time dependence degradation 

of BP-A under LED (Visible Light) at pH 8.0 utilizing both the catalysts Clay/Ag/TiO2 

and Clay/Ag/TiO2(T) were utilized to deduce the rate constant values.  

Further, it is evident that the photocatalytic degradation of BP-A followed the 

pseudo-first-order rate kinetics. The pseudo-first-order rate constant values along with 

the R2 values at varied BP-A concentrations, are returned in Table 3.2.1.11. It is 

evident that the dilution of BP-A favoured the rate constant values. It was reported 

previously that the photocatalytic breakdown of tetracycline in an aqueous solution 

followed the pseudo-first-order rate kinetics using the thin films Au0(NP)/TiO2 

catalyst (Tiwari et al., 2019). 

The photocatalytic degradation process of BP-A was modelled with a known 

Langmuir-Hinshelwood (L-H) adsorption isotherm at different concentrations to 

explore the properties of adsorption on the photocatalyst surface (L. Liu et al., 2019). 

The rate constant ‘kr' (mg/L/min) and the L-H adsorption constant ‘K' (L/mg) for 
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nanocomposite Clay/Ag/TiO2 thin film (R2: 0.997) were computed as 0.036 and 0.057, 

respectively. On the other hand, for the nanocomposite Clay/Ag/TiO2(T) thin film (R2: 

0.999), the rate constant ‘kr' (mg/L/min) and the L-H adsorption constant ‘K' (L/mg) 

were found 0.051 and 0.063, respectively. 

Table 3.2.1.11.: Pseudo-first order rate constants in the photo-catalytic degradation of 

BP-A [pH of solution: 8.0] using Clay/Ag/TiO2 and Clay/Ag/TiO2(T) 

nanocomposite thin film under LED (Visible light) irradiations. 

 

Initial 

Concentration of 

BP-A 

(mg/L) 

Clay/Ag/TiO2 Clay/Ag/TiO2(T) 

Rate constant 

k1x10-3(s-1) 

R2 Rate Constant 

k1x10-3(s-1) 

R2 

     

1.0 1.9 0.997 3.0 0.997 

5.0 1.8 0.996 2.6 0.993 

10.0 1.3 0.997 2.0 0.992 

15.0 1.1 0.995 1.7 0.995 

20.0 0.8 0.995 1.3 0.993 

 

 

3.2.1.12. Degradation Kinetics of Rhodamine B (Rh-B) and Rhodamine 6G (Rh-6G) 

The time dependence elimination data of these two dyes (pH 6.0) under the 

photocatalytic degradation utilizing the thin film catalysts Clay/Au/TiO2(T) and 

Clay/Au/TiO2 are fitted well to the pseudo-first-order rate equation (Equation 2.3).  

Further, the pseudo-first-order rate constant values along with the R2 values for 

these two dyes were computed, and shown in Table 3.2.1.12. Results inferred that the 

lowering the concentrations of dye, favoured the rate constant values. The 

photocatalytic removal of triclosan in aqueous solution followed the pseudo-first order 

rate kinetics using thin film Ag(NPs)/TiO2 (Tiwari et al., 2020).  
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Further, the photocatalytic degradation of Rh-B and Rh-6G was modelled 

using a known Langmuir-Hinshelwood (L-H) adsorption isotherm at various 

concentrations (L. Liu et al., 2019). In case of Rh-B, the rate constant ‘kr’ (mg/L/min) 

and the L-H adsorption constant ‘K’ (L/mg) were obtained 0.016 and 0.524 (R2: 0.955; 

for Clay/Au/TiO2(T)); 0.009 and 0.790 (R2: 0.886; for Clay/Au/TiO2), respectively. In 

case of Rh-6G, the rate constant ‘kr’ (mg/L/min) and the L-H adsorption constant ‘K’ 

(L/mg) were found 0.022 and 0.468 (R2: 0.985; for Clay/Au/TiO2(T)); 0.011 and 

0.922, respectively (R2: 0.772; for Clay/Au/TiO2). 

 

 

Table 3.2.1.12.: Pseudo-first order rate constants in the photo-catalytic degradation of 

Rh-B and Rh-6G [pH of both the solution: 6.0] using Clay/Au/TiO2(T) and 

Clay/Au/TiO2 nanocomposite thin film under LED (Visible light) 

irradiations. 

 

Initial 

Concent

ration of 

TC/SM

Z 

(mg/L) 

Rh-B Rh-6G 

Clay/Au/TiO2(T) Clay/Au/TiO2 Clay/Au/TiO2(T) Clay/Au/TiO2 

Rate 

constant 

k1x10-3(s-1) 

R2 Rate 

Constant 

k1x10-3(s-1) 

R2 Rate 

constant 

k1x10-3(s-1) 

R2 Rate 

Constant 

k1x10-3(s-1) 

R2 

0.5 6.4 0.999 5.1 0.998 8.3 0.990 6.6 0.997 

1.0 5.6 0.998 4.1 0.999 6.9 0.987 5.4 0.995 

5.0 3.1 0.999 2.3 0.998 3.8 0.992 2.8 0.993 

10.0 1.5 0.999 1.0 0.997 2.1 0.993 1.4 0.985 

15.0 0.9 0.999 0.5 0.997 1.2 0.990 0.7 0.981 

20.0 0.5 0.998 0.3 0.998 0.8 0.993 0.3 0.981 
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3.2.1.13. Effect of Coexisting Ions in the Photocatalytic Degradation of Mordant 

Orange 1 (MO1)  

Applicability of Ag0(NP)/TiO2 thin film photocatalyst in the removal of MO1 

is further assessed in presence of variety of co-ions viz., glycine, oxalic acid, NaNO3, 

NaCl, CuSO4, NiCl2 and EDTA. The initial concentration of MO1 and co-existing ions 

was taken 5.0 mg/L and 50.0 mg/L, respectively (pH 6.0 and UV-A illumination for 2 

hrs). The removal efficiency of MO1 for simultaneous presence of co-ions is shown in 

Figure 3.2.1.13. The removal efficiency of MO1 is affected in the presence of NaCl, 

EDTA and glycine. However, the other ions introduced have not significantly affected 

the degradation of MO1 in the photocatalytic reactor operations. The competitive 

sorption of Na+ ions towards the TiO2 surface caused decreased degradation of MO1 

molecules in the photocatalytic degradation of these pollutants in aqueous medium 

(Sofyan et al., 2019; Yong et al., 2002). Glycine is also readily adsorbed on the TiO2 

surface through its zwitterion form, favourably by deprotonation of the carboxyl 

group, forming a (2 × 1) over layer at the catalyst surface, which inhibits the 

degradation of MO1 molecule in presence of glycine (Thompson and Yates, 2006).  
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Figure 3.2.1.13.: Effect of Co-existing Ions (100.0 mg/L) in the photocatalytic 

degradation of MO1  [5.0 mg/L; pH:6.0] using Ag0(NP)/TiO2 under UV-A 

irradiation. 

3.2.1.13.1. Degradation Mechanism of Mordant Orange 1 (MO1) 

It is known that the photons carrying enough energy (hυ) may generate electron 

and hole pairs ( )e h− +− (Selvaraj and Li, 2006). However, titanium dioxide possessed 

wide band gap energy (3.2 eV) hence, excited predominantly by the photons at UV 

region. However, the doping of titanium dioxide by noble metals (Ag or Au) lowers 

apparent band gap energy. Noble metal nanoparticles generate a phenomenon called 

localised surface plasmon resonance, which enables TiO2 photocatalysts to absorb 

light within the visible region and enhances the photo-excitation of electrons 

(Zangeneh et al., 2015). It also traps the newly generated electrons thus helping in 

reducing the charge recombination rate and allowing it to proceed further for 

photocatalytic reaction. Therefore, in order to demonstrate the possible mechanism 

involved in the elimination of MO1 using the nanocomposite photocatalyst, the 

investigation was extended in presence of several scavengers. 2-propanol and HCO3
− 

compounds are known •OH radical scavengers (Lalhriatpuia et al., 2016; Xu et al., 

2015); whereas EDTA scavenges the h+ of photocatalyst (Jia et al., 2016). Similarly, 

the sodium azide traps singlet oxygen which are generated in reaction of O2
−• with h+ 

(Xu et al., 2015). Thus, the degradation of MO1 (5.0 mg/L; pH 6.0) in presence of 

these scavengers is carried out using the UV-A irradiation for 2 hrs. The degradation 

efficiency of MO1 is shown as in Figure 3.2.1.13.1. The results imply that the 2-

propanol, HCO3
− and sodium azide greatly hampered the percentage degradation of 

MO1. This indicated that hydroxyl radicals are primarily involved in the degradation 

process. A sharp drop in the photocatalytic degradation of oxolinic acid (OA) using 

TiO2/cellulosic paper catalysts in the presence of 2-propanol and EDTA was 

demonstrated elsewhere and inferred that reactive hydroxyl radicals are predominantly 

involved in the degradation process (Zeghioud et al., 2019). Additionally, NaN3 

suppressed the removal efficiency of MO1, inferring that singlet oxygen is taking part 

in the photocatalytic degradation reaction. Hence, these results showed that the 
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elimination mechanism of MO1 proceeds in two different possible pathways. First, the 

Ag(NPs) traps the newly generated electrons which helps in inhibiting the charge 

recombination and allows it to proceed further for reaction to form peroxide radical 

and hydroxyl radicals (R. Ahmad et al., 2016). Peroxide radicals are generated at the 

conduction band through interaction of trapped electrons and oxygen in presence of 

water, while hydroxyl radicals are generated at the valence band through the 

interaction of the H2O and oxygen (Akpan and Hameed, 2009). Both the radicals then 

interacted with the pollutant molecule at the vicinity of the thin film photocatalyst, 

which results in the degradation of MO1 (Vogna et al., 2004; Tiwari et al., 2019). The 

other possible pathway is that Ag(NPs) absorbs light radiations resulting in the 

generation of electromagnetic fields as because of localized surface plasmon resonance 

(Lee et al., 2014). Further, Schottky barrier present with metal-semiconductor causes 

the excited electrons to move toward the electric field and the holes towards the 

opposite direction of the electric field. This inhibits the recombination of electron-hole 

pairs (D. Wang et al., 2018a). Further, the electron-hole pairs undergo further reaction 

to form peroxide radical and hydroxyl radical which take part in the degradation of 

MO1.  
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Figure 3.2.1.13.1.: Effect of Scavengers (500.0 mg/L) in the photocatalytic 

degradation of MO1 [5.0 mg/L; pH:6.0] using Ag0(NP)/TiO2 under UV-A 

irradiation. 

3.2.1.14. Effect of Coexisting Ions in the Photocatalytic Degradation of Tetracycline 

(TC) and Sulfamethazine (SMZ) 

The existence of coexisting ions in removing TC and SMZ provides useful 

input data in the treatment of real water samples. The studies are carried out in the 

presence of oxalic acid, glycine, ZnCl2, NaCl, NaNO2, NaNO3, EDTA, and CuSO4 in 

the photocatalytic degradation of TC and SMZ under LED (Visible Light) irradiation 

utilizing the Clay/Ag/TiO2(T) catalyst. The initial pollutant concentration and pH were 

taken as 10.0 mg/L and pH 10.0 (for TC) and 10.0 mg/L and pH 6.0 (for SMZ), 

respectively. Each coexisting ion concentration was taken as 100.0 mg/L. Figure 

3.2.1.14. show the removal of TC and SMZ in the presence of these co-ions. These 

ions showed varying effects in the removal of TC and SMZ. The presence of NaCl, 

EDTA, and glycine significantly affected the removal efficiency of TC.  

On the other hand, in case of SMZ the removal efficiency was significantly 

hampered in the presence of oxalic acid, EDTA, and CuSO4. This is because these ions 

compete with the pollutant molecules for sorption on the photocatalyst surface. Hence, 

it prevents the target molecule from reaching the photocatalyst surface and hinders the 

photocatalytic degradation of pollutant molecules. Additionally, the EDTA scavenges 

efficiently the photogenerated hole (h+) in the TiO2 photocatalysts, hence suppressing 

the generation of •OH (Xu et al., 2015; Yuan et al., 2019). Similarly, SO4
2– showed a 

strong affinity towards the TiO2 surface compared to the Cl–  ions. Hence, preferably 

are attracted by the catalyst surface over TC and SMZ. This results from the inhibition 

of TC and SMZ degradation (Dionysiou et al., 2000; Lin et al., 2016). Furthermore, 

SO4
2– ions are recognized as an efficient h+/•OH quencher (Selvam et al., 2007). This 

resulted in an apparent decrease in removal efficiency of TC and SMZ in the presence 

of CuSO4. 
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Figure 3.2.1.14.: Effect of Coexisting Ions (100.0 mg/L) in the photocatalytic 

degradation of TC [10.0 mg/L; pH:10.0] and SMZ [10.0 mg/L; pH:6.0] 

using Clay/Ag/TiO2(T) under LED (Visible Light) irradiation. 

3.2.1.14.1. Degradation Mechanism of Tetracycline (TC) and Sulfamethazine 

(SMZ) 

The radical scavenger studies were extensively carried out to propose a 

plausible mechanism in the photocatalytic degradation of TC and SMZ. The HCO3
– 

and 2-propanol are effective scavengers of the hydroxyl radicals (Xu et al., 2015). 

EDTA inhibits the generated h+ of the photocatalyst (Jia et al., 2017). Similarly, the 

NaN3 traps the singlet oxygen created by the reaction of O2
• – radical with h+. Singlet 

oxygen is a very reactive state of oxygen, capable of degrading organic compounds in 

an aqueous solution (Hussain et al., 2016). Therefore, the photocatalytic degradation 

of TC and SMZ (10.0 mg/L each) using Clay/Ag/TiO2(T) photocatalyst under LED 

(Visible) light irradiation was conducted in the presence of various scavengers viz., 2-

propanol, NaHCO3, and NaN3 (1000.0 mg/L each). The percentage elimination of TC 

and SMZ in the presence of these scavengers is illustrated in Figure 3.2.1.14.1(a). The 

results indicated that the percentage elimination of TC and SMZ was significantly 
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hindered in the presence of 2-propanol and NaHCO3. This revealed that the •OH 

radicals highly mediated the photocatalytic degradation of TC and SMZ.  

Furthermore, previously it was observed that the addition of EDTA 

significantly suppressed the elimination of both these pollutants. These results showed 

that the degradation of TC and SMZ is predominantly proceeded through the •OH 

radicals.  Additionally, the existence of NaN3 also inhibited the degradation of both 

antibiotics, suggesting that singlet oxygen was involved in the oxidation of TC and 

SMZ.  

Therefore, these results further enabled us to deduce the mechanism in the 

degradation of TC and SMZ. The absorption of light by the thin-film photocatalyst 

excites the electron from the VB to the CB (Díaz-Uribe et al., 2018). The excited 

electrons are trapped by the Ag0(NPs) efficiently preventing the recombination of e–

/h+ pairs. The electron trapped by the Ag0(NPs) undergoes the formation of O2
• – 

radical, which further facilitate the generation of •OH radicals. On the other hand, h+ 

generated in the VB reacts with an oxygen molecule, which results the generation of 

O2
• – radicals. This again leads to formation of •OH radical, as shown in Figure 

3.2.1.14.1.(b) (Xu et al., 2012; Vogna et al., 2004). Moreover, the Ag0(NP) itself 

absorbs light radiations and lead to the LSPR (localized surface Plasmon resonance) 

effect (D. Wang et al., 2018a). This causes the local excitation and simultaneous 

generation of e-/h+ pairs with Ag(NP). Moreover, the recombination of e-/h+ pairs were 

successively suppressed. This synergizes the degradation of TC and SMZ in the 

photocatalytic process (Figure 3.2.1.14.1(b)) (Saavedra et al., 2014; Xu et al., 2012). 
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Figure 3.2.1.14.1.: (a) Effect of Scavengers (1000.0 mg/L) in the photocatalytic 

degradation of TC [10.0 mg/L; pH:10.0] and SMZ [10.0 mg/L; pH:6.0] using 

Clay/Ag/TiO2(T) under LED (Visible Light) irradiation; (b) Schematic 

representation of the photocatalytic degradation of TC and SMZ using the 

Clay/Ag/TiO2(T) thin film photocatalyst. 
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3.2.1.15. Effect of Coexisting Ions in the Photocatalytic Degradation of Bisphenol 

A (BP-A) 

Studies were carried out to determine the photocatalytic removal of BP-A in 

the presence of several coexisting ions such as glycine, and oxalic acid, NaCl, EDTA, 

NaNO3, CuSO4, NaNO2, and ZnCl2. The thin film photocatalyst Clay/Ag/TiO2(T) 

under LED (Visible Light) was employed and the initial concentration of BP-A was 

taken 10.0 mg/L at pH 8.0 and the concentrations of each ion was taken 100.0 mg/L. 

Figure 3.2.1.15 depicts the elimination of BP-A in the presence of these co-ions. As 

shown in Figure 3.2.1.15., the presence of various ions had varying effects in the 

elimination of BP-A. The percentage removal of BP-A was significantly suppressed 

in the presence of NaCl, NaNO3, EDTA, and glycine. to stabilize the adsorption 

(Sowmiya and Senthilkumar, 2015). According to DFT molecular dynamics 

simulations, glycine is readily adsorbed on the TiO2 surface through its zwitterion 

form, favourably by deprotonation of the carboxyl group, forming a (2 × 1) overlayer 

(Thompson and Yates, 2006). Sowmiya and Senthilkumar, proposed a binding model 

for TiO2 and glycine in which the adsorbate binds to the TiO2 surface through the -

COOH end (by forming the oxygen bridge) and also to a surface oxygen ion through 

the –NH2 end (by forming hydrogen bonding). Here, the hydrogen bonding through 

the amine group helps  

Furthermore, various ions and molecules are capable of trapping radical 

species, which hampers the breakdown process. EDTA was reported to decrease the 

formation of •OH by reducing the generation of the hole (h+) in TiO2 photocatalysts 

(Xu et al., 2015; Yuan et al., 2019).  
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Figure 3.2.1.15.: Effect of Coexisting Ions (100.0 mg/L) in the photocatalytic 

degradation of BP-A [10.0 mg/L; pH: 8.0] using Clay/Ag/TiO2(T) under LED 

(Visible Light) irradiation.  

3.2.1.15.1. Degradation Mechanism  of Bisphenol A (BP-A) 

It is further important to investigate the mechanism involved in the degradation 

of BP-A under the photocatalytic reactor operations. Therefore, the photocatalytic 

elimination of BP-A (10.0 mg/L) was carried out in the presence of radical scavengers 

viz., NaHCO3, 2-propanol, and NaN3 (1000.0 mg/L each) utilizing Clay/Ag/TiO2(T) 

photocatalyst under LED (Visible Light). Figure 3.2.1.15.1.  shows the percentage 

elimination of BP-A in the presence of these scavengers. The percentage removal of 

BP-A was severely hampered in the presence of 2-propanol and NaHCO3, as illustrated 

clearly in Figure 3.2.1.15.1. This demonstrated that •OH radicals were profoundly 

involved during the photocatalytic degradation of BP-A (Hussain et al., 2016). Also, 

the use of EDTA significantly inhibited the removal of the BP-A (contained within the 

coexisting ions). This indicated that the hole (h+) was simultaneously taken part in the 

formation of •OH radicals and involved in the degradation of BP-A. Furthermore, the 

presence of NaN3 caused suppression of the elimination of BP-A, implied that singlet 

oxygen was also involved in the oxidation process (Demyanenko et al., 2019). 

0

5

10

15

20

25

30

35

40

Blank NaCl NiCl2 CuSO4 EDTA Glycine Oxalic

Acid

NaNO3 NaNO2

%
 R

em
o
v
a
l 

o
f 

B
P

-A



115 
 

Finally, the scavenging experiments revealed that in the presence of LED light, 

the Clay/Ag/TiO2(T) thin-film photocatalyst caused photocatalytic degradation of BP-

A via two distinct mechanisms. The photon causes the excitation of electrons from the 

VB to the CB in the photocatalyst. The excited electrons at the CB are then quickly 

trapped by Ag(NPs). This effectively disallowed the recombination of e–/h+ pairs. The 

trapped e– by the Ag0(NPs) undergoes further reactions with H2O and O2, resulting in 

the formation of the O2
•–  radical. This further results in the generation of the •OH 

radical (Ajmal et al., 2014). Simultaneously, h+ formed in the VB reacts with 

molecules of O2, resulting in the generation of reactive O2
• – radicals. This results in 

the formation of •OH radical (El Mragui et al., 2021). The second reaction mechanism 

is that the Ag0(NP) absorbs photons of light and causes a phenomenon known as LSPR 

(localized surface Plasmon resonance) (Eom et al., 2013). The electrons get excited 

from their ground states, and there occurs rapid collective oscillation of electron 

density on the noble metals, which results in the induction of surface plasmons (Wang 

et al., 2018a; Zanella et al., 2018). When the wavelength of the incoming light 

radiation is dimensionally greater than the wavelength of the nanoparticles, then there 

is a resonance between the frequency of the electron cloud and the frequency of the 

incident light. This resulted in the generation of an electromagnetic field in the vicinity 

of the nanoparticles (Lal et al., 2007). As a result, the TiO2 was stimulated locally, 

resulting in the formation of e–/h+ pairs. Thus, the •OH radicals, which are essential 

for BP-A degradation, were then produced simultaneously and synergised the 

oxidation of BP-A molecules. 
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Figure 3.2.1.15.1.: Effect of Scavengers (1000.0 mg/L) in the photocatalytic 

degradation of BP-A [10.0 mg/L; pH: 8.0] using Clay/Ag/TiO2(T) under LED 

(Visible Light) irradiation. 

 

3.2.1.16. Effect of Coexisting Ions in the Photocatalytic Degradation of Rhodamine 

B (Rh-B) and Rhodamine 6G (Rh-6G) 

Similarly, the photocatalytic removal of Rh-B and Rh-6G in the presence of 

several coexisting ions viz., glycine, ZnCl2, oxalic acid, NaCl, NaNO2, EDTA, CuSO4 

and NaNO3 is carried out using the thin film photocatalyst Clay/Au/TiO2(T) and under 

the LED light illumination. The initial concentration of Rh-B and Rh-6G was taken 

10.0 mg/L at pH 6.0 and each ion's concentration was taken to 100.0 mg/L. Figure 

3.2.1.16.  demonstrates the removal of Rh-B and Rh-6G in the presence of these co-

ions. The presence of various ions had variable effects in the removal of Rh-B and Rh-

6G, as shown in Figure 3.2.1.16. The NaCl, NiCl2, EDTA and glycine significantly 

suppressed the removal of Rh-B, however, the other co-ions showed insignificant 

effect in the photocatalytic degradation of these Rh-B. Similarly, the elimination of 

Rh-6G was also suppressed in the presence of NaCl, NiCl2, EDTA, oxalic acid and 

glycine. Usually, the preferential sorption of ions on the photocatalyst's surface, 

prevents the sorption of target molecules on the catalyst surface hence, causing 
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reduced elimination (Sofyan et al., 2019; Yong et al., 2002). Additionally, different 

ions and molecules are having the ability to trap radical species, inhibiting the 

breakdown process. In TiO2 photocatalysts, the EDTA scavenges the generation of 

•OH by lowering the formation of hole (h+) (Meichtry et al., 2014). From DFT 

molecular dynamic studies, the surface of TiO2 readily adsorbs the glycine molecules 

in its zwitterion state, with deprotonation of the carboxyl group (Thompson and Yates, 

2006). Similarly, the competitive adsorption of Na+ ions towards the TiO2 surface 

inhibits the degradation efficiency of catalysts in presence of Na+ (Sofyan et al., 2019; 

Yong et al., 2002). Direct oxidation/reduction of oxalic acid takes place at the TiO2 

surface by the formation of hole-electron pairs under light irradiation, which inhibits 

the target pollutant to be degraded (Mendive et al., 2015). 

3.2.1.16.1. Degradation Mechanism of Rhodamine B (Rh-B) and Rhodamine 6G 

(Rh-6G)  

In order to provide a probable mechanism involved during the degradation of 

Rh-B and Rh-6G, it is necessary to investigate the reaction steps that occur during the 

photocatalytic reaction. The hydroxyl radicals were known to scavenge by HCO3
– and 

2-propanol (S et al., 2012). EDTA suppresses the generation of h+ during the reaction 

(Meichtry et al., 2014). Similarly, NaN3 traps the singlet oxygen created by the 

reaction of the O2
• – radical with h+. Singlet oxygen is a highly reactive radical in an 

aqueous medium, capable of quickly removing organic molecules (Aldred et al., 

2009). Therefore, photocatalytic degradation of Rh-B and Rh-6G (10.0 mg/L) was 

performed using Clay/Au/TiO2(T) thin film photocatalyst in the presence of NaHCO3, 

NaN3 and 2-propanol (1000.0 mg/L each) under visible light irradiation. Figure 

3.2.1.16. depicts the percentage removal of Rh-B and Rh-6G in the presence of these 

scavengers. With the addition of 2-propanol and NaHCO3, the percentage removal of 

R-B and R-6G was considerably inhibited. This showed that •OH radicals are 

predominantly involved in the photocatalytic breakdown of both the dyes (Kaur et al., 

2019). In addition, EDTA also suppressed the removal efficiency of both dyes 

(included in Coexisting ions). This implies that the holes (h+) are also involved in the 

formation of •OH radicals, which are taking part in the removal of Rh-B and Rh-6G.  
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Furthermore, the addition of NaN3 also significantly inhibited the degradation 

of both the dyes; it concluded that singlet oxygen was produced during the oxidation 

process (Nosaka et al., 2004). As a result, these studies demonstrated that the thin-film 

photocatalyst triggered photocatalytic degradation of Rh-B and R-6G via two distinct 

pathways in light. Excitation of electrons takes place from the valence band (VB) to 

the conduction band CB, when the light illuminates the semiconductor. The electrons 

excited at the CB were promptly taken by the Au(NPs), preventing the e–/h+ pair 

recombination. The trapped electrons at the Au0(NPs) react again with H2O and O2, 

yielding the O2
• – radical. Consequently, the •OH radical is generated (Ajmal et al., 

2014). Simultaneously, h+ produced in the VB interacts with O2 molecules to produce 

an O2
• – radical. As a result, the •OH radical is formed (El Mragui et al., 2021). Another 

possibility for the degradation mechanism is that Au0(NP) absorbs incoming light 

radiation and generates LSPR (localised surface Plasmon resonance) effect, which is 

a collective oscillation of free conduction electrons of Au(NPs) (X. Li et al., 2009). 

These oscillating electrons, also called hot electrons, can jump to the conduction band 

of the TiO2. This electron then interacts with oxygen molecules in the presence of 

water molecules, leading to the formation of •OH radicals.  

Further, the •OH radicals then interact with the dye molecules, resulting in the 

photocatalytic breakdown of R-B and R-6G. The LSPR effect also leads to the 

generation of intense electric fields near the surface of metal NPs. This permits 

plasmonic Au(NPs) to behave as nanoantenna, concentrating and amplifying light in 

the vicinity of TiO2 surface. This increases the light absorption in a nearby 

semiconductor (TiO2) (Kumar et al., 2021). 
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Figure 3.2.1.16.: Effect of Coexisting Ions (100.0 mg/L) and Scavengers (1000.0 mg/L) 

in the photocatalytic degradation of a) Rh-B [5.0 mg/L; pH:6.0] and b) Rh-

6G [5.0 mg/L; pH:6.0] using Clay/Au/TiO2(T) under LED (visible light) 

irradiation. 

In order to study the possible degradation mechanism of Rh-B and Rh-6G, 
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dyes [5.0 mg/L; pH:6.0] were treated for 1 hrs under photocatalytic treatment using the 

Clay/Au/TiO2(T) thin film catalyst under visible light irradiation. The initial solution 

and the treated solution of Rh-B and Rh-6G were analysed by the LC-MS, and the by-

products formed in the degradation process were identified. The positive ion mode mass 

spectra were used to identify the compounds. On the basis of m/z values of by-products 

obtained during the course of treatment, a plausible degradation mechanism of Rh-B 

and Rh-6G is proposed in Figure 3.2.1.16.1. (a) and (b), respectively. It was observed 

that the degradation reaction of Rh-B and Rh-6G were induced by the hydroxyl radical 

(•OH). Mass peak at m/z 443 (Base peak) was observed for both the dye solutions i.e., 

Rh-B and Rh-6G (blank solution), and is attributed to the Rh-B and Rh-6G molecules 

of a chloride ion.  

In case of Rh-B, peak at m/z 415 is assigned to the de-ethylated intermediates 

of Rh-B (Path 2). After losing a fragment of 74 mass units {(C2H5)2NH}, it undergoes 

a decarboxylation reaction (Path 1). The hydroxyl radical (•OH) attacks the double bond 

on the aromatic ring and causes the molecules to undergo ring opening and are 

eventually decomposed into CO2, NH4
+ and H2O. Further, the signal at m/z 74 was 

relatively strong. This peak suggests that the (C2H5)2NH fragment was not broken down 

into small molecules while the parent compounds are successfully decomposed into 

CO2, NH4
+ and H2O. 

In the case of Rh-6G, peak at m/z 415 is designated to the de-esterification (or 

hydrolysis) by-product of Rh-6G (Path 1 & 2), and the de-ethylated intermediates of 

Rh-6G (Path 3). The de-esterification by-product of Rh-6G then undergoes 

decarboxylation reaction followed by rearrangement reaction and gives the reaction 

intermediate with m/z 272. This undergoes ring opening with the production of CO2, 

NH4
+ and H2O (Path 1). The de-esterification by-product of Rh-6G also undergoes with 

a fragmentation reaction in which benzoic acid is released as a by-product and the parent 

aromatic ring undergoes with ring opening with the formation of CO2, NH4
+ and H2O 

(Path 2). Further, the de-ethylated intermediates of Rh-6G undergo ring opening with 

the elimination of CO2, NH4
+ and H2O (Path 3). 
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The ring-opening of the intermediate from Paths 1, 2, and 3 leads to the 

generation of benzoic acid (m/z 122), oxalic acid (m/z 90), and other small molecules. 

These molecules are further oxidized by hydroxyl radical (•OH) and decomposed into 

CO2 and H2O. Similar by-products were also reported for R-B and R-6G, including 

gradual de-ethylation and breaking of the double bond of the benzene ring (Yang and 

Yang, 2018; Rajoriya et al., 2016). 

 

 

 

Figure 3.2.1.16.1.(a): Mechanism of the photocatalytic degradation of Rh-B [5.0 mg/L; 

pH:6.0] using Clay/Au/TiO2(T) thin film under visible light irradiation. 
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Figure 3.2.1.16.1.(b): Mechanism of the photocatalytic degradation of Rh-6G [5.0 

mg/L; pH:6.0] using Clay/Au/TiO2(T) thin film under visible light irradiation. 

 

3.2.1.17. Reusability of Thin Film in the Photocatalytic Degradation of Mordant 

Orange 1 (MO1)   

The efficacy of the photocatalyst largely depends on its reusability for 

successive reactor operations. Therefore, the reusability of Ag0(NP)/TiO2 
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nanocomposite thin film photocatalyst is carried out for repeated reactor operations in 

the elimination of MO1 (MO1 concentration: 5.0 mg/L; pH 6.0). The percentage 

elimination of MO1 as a function of repeated cycle of reactor operations is shown in 

Figure 3.2.1.17. The degradation efficiency of the photocatalyst is almost unaffected 

even at the end of six successive cycles of reactor operations. Quantitatively, the 

percentage degradation of MO1 is decreased only from 40.29% to 40.23% (i.e., 

0.06%). The results show that the thin film catalyst is reasonably stable towards the 

reactor operations in photocatalytic degradation of MO1. Hence, the photocatalyst is 

shown to be employed for prolonged and sustainable operations.   

 

 

 

Figure 3.2.1.17.: Removal efficiency of MO1 (5.0 mg/L; pH 6.0) after 6 repeated 

cycles of Ag0(NP)/TiO2 catalyst operations. 
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conducted, as usual; at the end of each cycle, the disk was rinsed with purified water 

and dried at 300°C for 1 hrs. The dried catalyst was again subjected to the subsequent 

reactor operations. The initial concentration and solution pH of TC was 10.0 mg/L and 

pH 10.0, respectively. Similarly, the solution pH and starting concentration of SMZ 

was maintained at pH 6.0 and 10.0 mg/L, respectively. The removal efficiency of TC 

and SMZ are shown in Figure 3.2.1.18. The results indicated that the catalyst is 

reasonably stable since the removal efficiency of TC and SMZ was not affected even 

after the six repeated operations. Quantitatively, completing the six cycles of 

operations caused only a 1.13 and 1.25% decrease in removal efficiency, respectively, 

for TC and SMZ. The results demonstrated that the nanocatalyst is reasonably stable 

and showed potential in the scale-up reactor operations. Previously it was reported that 

Fe-doped TiO2 film showed reasonably good stability in the photocatalytic 

degradation of methylene blue as attempted for three repetitive time cycles (Bansode 

et al., 2015). 

 

Figure 3.2.1.18.: Removal efficiency of TC (10.0 mg/L; pH 10.0) and SMZ (10.0 

mg/L; pH 6.0) after 6 repeated cycles of Clay/Ag/TiO2(T) catalyst operations. 
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3.2.1.19. Reusability of Thin Film in the Photocatalytic Degradation of Bisphenol A 

(BP-A)  

The thin film Clay/Ag/TiO2(T) catalyst was employed for the repeated 

photocatalytic degradation of BP-A under LED (Visible Light) irradiation. The results 

are displayed in Figure 3.2.1.19. After completion of each cycle, the thin film catalyst 

was cleaned with distilled water and then dried for 1 hrs at 300°C in a drying oven. 

The successive photocatalytic cycle was then carried out using the dried thin film. The 

initial concentration and pH of the solutions were kept at 10.0 mg/L and 8.0, 

respectively. Figure 3.2.1.19 inferred that even after 6 cycles of photocatalytic 

operations, the removal efficiency of the catalyst was almost unaffected at least in the 

elimination of BP-A. More specifically, the percentage of BP-A elimination was 

decreased only from 36.09% to 35.02% (i.e., a 1.07% decrease) at the end of the sixth 

cycle of operations. These results showed that the thin film photocatalyst is reasonably 

stable throughout the repeated photocatalytic operations. This increases the utility of 

thin-film in various wastewater treatment technologies for real implications (Tiwari et 

al., 2019). 

 

Figure 3.2.1.19.: Removal efficiency of BP-A (10.0 mg/L; pH 8.0) after 6 repeated 

cycles of Clay/Ag/TiO2(T) catalyst operations. 
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3.2.1.20. Reusability of Thin Film in the Photocatalytic Degradation of Rhodamine 

B (Rh-B) and Rhodamine 6G (Rh-6G)  

Extended and recurring photocatalytic activity is crucial for real-world 

applicability of photocatalysts. This would bring the extent of stability of the 

nanocomposite material. As a result, the photocatalytic degradation of Rh-B and Rh-

6G in an aqueous solution was repeated six times using a thin film Clay/Au/TiO2(T) 

catalyst and the results are shown in Figure 3.2.1.20(a) and (b). The pH and initial 

concentration of both the dyes solution (Rh-B and Rh-6G) were taken at pH 6.0 and 

10.0 mg/L, respectively. The percentage efficiency of dye removal using the 

photocatalyst remained essentially constant even after 6 cycles of treatment (Cf Figure 

3.2.1.20(a) and (b)). After six repeated cycles photocatalytic degradation reaction, the 

efficiency of Rh-B removal was decreased from 30.45 % to 29.43 % (a drop of 1.02%) 

(Figure 3.2.1.20(a)) and that of the efficiency of Rh-6G removal was decreased from 

35.05 % to 34.12 % (a drop of 0.93%) (Figure 3.2.1.20(b)). These results revealed that 

both the thin film photocatalysts are reasonably stable even for repeated photocatalytic 

treatments.  
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Figure 3.2.1.20: Removal efficiency of (a) Rh-B (5.0 mg/L; pH 6.0) and (b) Rh-6G 

(5.0 mg/L; pH 6.0) after 6 repeated cycles of Clay/Au/TiO2(T) catalyst 

operations. 

3.2.1.21. Mineralization of Mordant Orange 1 (MO1)  

 The extent of mineralization of pollutants in the photocatalytic treatment 

demonstrates the efficiency of operation. The percentage mineralization of MO1 is 

obtained at a wide range of concentration (1.0 to 20.0 mg/L; pH~6.0) using 

Ag0(NP)/TiO2 thin film catalyst. Results are shown in Figure 3.2.1.21, which indicated 

that decrease in concentration of MO1 from 20.0 to 1.0 mg/L had caused to increase 

the percentage mineralization of MO1 from 7.72 to 27.38% (for UV-A light) and from 

4.12 to 17.1% (for LED light), respectively. These results further inferred that a single 

reactor operation enabled to significantly mineralize the percentage mineralization of 

MO1. The findings are similar to the concentration dependent studies conducted 

previously in the removal of MO1. On the other hand, the photolysis using the UV-A 

or LED irradiation showed almost negligible degradation of MO1. Therefore, the 

photocatalytic operations favoured the mineralization of MO1 using the Ag0(NP)/TiO2 

nanocomposite thin film photocatalyst (Tiwari et al., 2015). 

 

0

5

10

15

20

25

30

35

40

1 2 3 4 5 6

%
 R

em
o
v
a
l 

o
f 

R
h

-6
G

Number of Cycles

(b)



128 
 

 

 

Figure 3.2.1.21.: Percentage mineralization of MO1 [pH:6.0] as a function of change 

in initial concentrations under photolytic and photocatalytic process using 

Ag0(NP)/TiO2 thin film. 
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to 20.0 mg/L, the percentage mineralization was decreased from 31.3% to 18.2% 

(using the Clay/Ag/TiO2(T) under LED (Visible Light)) and from 42.6% to 27.3% 

(using Clay/Ag/TiO2(T) under UV-A light). On the other hand, increasing the SMZ 

concentration from 0.5 to 20.0 mg/L, the corresponding percentage mineralization was 

decreased from 20.1 to 10.4% (with Clay/Ag/TiO2(T) under LED (Visible Light)) and 

from 34.2% to 21.8% (using Clay/Ag/TiO2(T) under UV-A light). Furthermore, 

similar to the concentration dependence studies, the Clay/Ag/TiO2(T) thin-film 

showed better catalytic efficacy in the percentage mineralization of these two 

pollutants as compared to the Clay/Ag/TiO2 thin film. Moreover, the antibiotics were 

barely mineralized under photolysis using UV-A of LED (Visible light) irradiations. 

Thus, the mineralization studies inferred that the photocatalytic treatment of these 

recalcitrant pharmaceuticals enabled the mineralization of these two antibiotics 

significantly. 
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Figure 3.2.1.22: Percentage mineralization of (a) TC [pH:10.0]; and (b) SMZ [pH:6.0] 

as a function of change in initial concentrations under photolytic and 

photocatalytic process using Clay/Ag/TiO2(T) thin film. 
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compared to the photolytic reaction, the photocatalytic degradation reaction showed 

significantly enhanced mineralization of BP-A, which further indicated the 

applicability of thin film photocatalyst in the mineralization of BP-A in aqueous 

solutions. It was reported previously that a 20 hrs of treatment resulted with almost a 

complete mineralization (Ca 99%) of BP-A using TiO2 under UV irradiation (Ohko et 

al., 2001). 

 

Figure 3.2.1.23.: Percentage mineralization of BP-A [pH:8.0] as a function of change 

in initial concentrations under photolytic and photocatalytic process using 

Clay/Ag/TiO2(T) thin film. 
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increased, the percentage removal of NPOC is decreased significantly. In case of Rh-

B, when the concentration was increased from 0.5 to 20.0 mg/L, the percentage of 

NPOC removal was decreased from 29.37 % to 3.32 % (using Clay/Au/TiO2(T) thin 

film) under visible light and from 41.12 % to 9.64 % (using Clay/Au/TiO2(T) thin 

film) under UV-A light illumination.  

On the other hand, increasing the Rh-6G concentrations from 0.5 to 20.0 mg/L 

caused for decrease in percentage NPOC removal from 33.25 % to 5.16 % (using 

Clay/Au/TiO2(T) thin film) under visible light and from 43.16 % to 10.74 % (using 

Clay/Au/TiO2(T) thin film) under UV-A light. Thus, according to the concentration 

dependent mineralization study, high mineralization percentage was achieved at lower 

dye concentrations under the photocatalytic treatment. Further, the Clay/Au/TiO2(T) 

thin film is more efficient for the mineralization of Rh-B and Rh-6G as compared to 

the Clay/Au/TiO2 thin film. Moreover, the photolysis showed insignificant 

mineralization of these dyes in the aqueous solutions. Hence, the photocatalytic 

operations enabled to achieve a significant mineralization of recalcitrant dyes in the 

aqueous medium, which enhances the applicability of catalysts in real implications. 
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Figure 3.2.1.24.: Percentage mineralization of (a) Rh-B [pH:6.0]; and (b) Rh-6G 

[pH:6.0] as a function of change in initial concentrations under photolytic and 

photocatalytic process using. 
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removal of MO1 is carried out using Ag0(NP)/TiO2 nanocomposite thin film catalyst 

under UV-A and LED light illuminations for 2 hrs. Percentage degradation of MO1 

was obtained and compared with the result obtained with the purified water samples 

(Cf Figure 3.2.1.25.). The study revealed that the percentage degradation of MO1 is 

not significantly decreased in real water samples. This signifies the potential of 

nanocomposite thin film catalysts in the removal of MO1. 

Table 3.2.1.25.: Various Physico-chemical Parametric Analysis of Reiek Kai Site, 

Tlawng River Water. 

Parameters Studied Analytical Results 

pH 7.60 

Conductivity 0.02 S/m 

Resistivity 0.01 Mohm.cm 

Salinity 0.12 PSU 

Ox. Red. Potential 210.7 mV 

Elements studied 

(AAS) 

(mg/L) 

 

Ni 0.0 

Zn 0.53 

Pb 0.08 

Mn 0.01 

Fe 0.20 

Ca 2.34 

Cu 0.0 

 

TOC Analysis 

 

(mg/L) 

Inorganic Carbon 13.94 

NPOC 2.49 

 

Anions studied  

 

(mg/L) 

Nitrate 11.43 
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Fluoride 

Sulphate 

Phosphate 

0.0 

6.12 

0.09 
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Figure 3.2.1.25.: Photocatalytic degradation of MO1(pH 6.0) in distilled water and 

real water (obtained from Tlawng river) using Ag0(NP)/TiO2 thin film catalyst 

under (a) UV-A and (b) LED light 

 

3.2.1.26. Photocatalytic Degradation of Tetracycline (TC) and Sulfamethazine 

(SMZ) Tagged Real Water Samples. 

Similarly, the applicability of thin film nanocatalyst Clay/Ag/TiO2(T) in the 

real water implications are assessed using the catalyst in the degradation of TC and 

SMZ tagged river water samples. Therefore, the river water was collected from Tuipui 

River, Champhai District, Mizoram, India, (GPS location: 22.8795° N, 92.9357° E) 

and carefully analyzed for various physico-chemical parameters. The analyzed 

physicochemical parameters are returned in Table 3.2.1.26. It is evident from the 

analytical results that the river water is contained with relatively higher concentrations 

of Fe and Ca. Additionally, the TOC data revealed that the river water is having 

relatively high value of inorganic and organic carbon. The inorganic ions are within 

the permissible level. 

 Further, the river water was spiked with varying concentrations of TC and SMZ 

(0.5 to 20.0 mg/L) at pH 10.0 and 6.0, respectively. The photocatalytic degradation of 

TC and SMZ was carried out under LED (Visible light) light irradiation for 2 hrs and 

3 hrs, respectively, utilizing the nanocomposite Clay/Ag/TiO2(T) thin film. The 

removal efficiency of TC and SMZ was obtained and shown in Figure 3.2.1.26.(a) and 

(b). The results are well compared with the purified water treatment results.  It is 

evident from Figure 3.2.1.26.(a) and (b) that the removal efficiency of TC and SMZ 

was not significantly affected in the river water samples. This inferred the potential 

use of nanocomposite thin film catalysts in the selective and efficient elimination of 

TC and SMZ in aqueous wastes. 
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Table 3.2.1.26.: Various Physico-chemical Parametric Analysis of Tuipui River 

Water. 

Parameters Studied Analytical Results 

pH 7.13 

Conductivity 0.02 S/m 

Resistivity 0.03 Mohm.cm 

Salinity 0.16 PSU 

Ox. Red. Potential 198.0 mV 

Elements studied 

(AAS) 

(mg/L) 

 

Ni 0.00 

Zn 0.18 

Pb 0.07 

Mn 0.01 

Fe 0.41 

Ca 3.54 

Cu 0.00 

 

TOC Analysis 

 

(mg/L) 

Inorganic Carbon 11.53 

NPOC 2.21 

 

Anions studied  

 

(mg/L) 

Nitrate 

Fluoride 

Sulphate 

Phosphate 

1.95 

0.39 

7.0 

0.86 
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Figure 3.2.1.26.: Photocatalytic degradation of (a) TC (pH 10.0); and (b) SMZ (pH 

6.0) in distilled water and real water (obtained from Tuipui river) using 

Clay/Ag/TiO2(T) thin film catalyst under LED (Visible light) 
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3.2.1.27. Photocatalytic Degradation of Bisphenol A (BP-A) Tagged Real Water 

Samples. 

The effectiveness of the developed thin-film nanocomposite depends on its 

application in natural water samples for real water treatment. Therefore, a natural water 

sample was collected from the Tiau (Indo-Myanmar Boundary) River in Champhai 

District, Mizoram, India (GPS location: 23.4713° N, 93.3220° E). The physico-

chemical parameters of river water is shown in Table 3.2.1.27. The river water 

contained a relatively high content of total Fe, Ca, and Zn along with the inorganic 

carbon content. However, low value of NPOC and other inorganic anions are found in 

the river water samples.  

Further, the river water is tagged with the known concentrations of BP-A  (1.0 

to 20.0 mg/L) at pH 8. The photocatalytic degradation of BP-A in natural water was 

carried out using a thin film nanocomposite Clay/Ag/TiO2(T) catalyst under LED 

(Visible Light) irradiation for 4 hrs. The percentage degradation of BP-A is obtained 

and compared with the percentage removal of BP-A in the distilled water (Cf Figure 

3.2.1.27.). It is evident from the results that the percentage elimination of BP-A in real 

water samples is minimally affected as compared to the distilled water results. This 

suggests that the thin film nanocomposite Clay/Ag/TiO2(T) photocatalyst is promising 

in the real implications at least in the removal of emerging water contaminant BP-A 

from aqueous medium. 

Table 3.2.1.27.: Various Physico-chemical Parametric Analysis of Tiau River Water. 

Parameters Studied Analytical Results 

pH 6.82 

Conductivity 0.03 S/m 

Resistivity 0.03 Mohm.cm 

Salinity 0.32 PSU 

Ox. Red. Potential 123.26 mV 

Elements studied 

(AAS) 

(mg/L) 
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Ni 0.00 

Zn 0.36 

Pb 0.03 

Mn 0.01 

Fe 1.02 

Ca 2.68 

Cu 0.00 

 

TOC Analysis 

 

(mg/L) 

Inorganic Carbon 8.63 

NPOC 1.04 

 

Anions studied  

 

(mg/L) 

Nitrate 

Fluoride 

Sulphate 

Phosphate 

2.8 

0.14 

5 

0.18 
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Figure 3.2.1.27.: Photocatalytic degradation of BP-A (pH 8.0) in distilled water and 

real water (obtained from Tiau river) using Clay/Ag/TiO2(T) thin film catalyst 

under LED (Visible light) 

 

3.2.1.28. Photocatalytic Degradation of Rhodamine B (Rh-B) and Rhodamine 6G 

(Rh-6G) Tagged Real Water Samples. 

The use of fabricated thin film nanocatalyst in the real water determines the 

effectiveness of the catalyst in the real-world implications. As a result, the tagged Rh-

B and Rh-6G solutions were prepared using the river water and employed for the 

photocatalytic degradation of these dyes. The river water was collected from the Serlui 

B river (Near Serlui B hydel Project), Kolasib District, Mizoram, India (GPS location: 

24.3384° N, 92.7685° E). Table 3.2.1.28. shows the physical and chemical parameters 

of river water samples. The water is contained with rather high quantities of Fe, Ca, 

and Zn. The inorganic carbon concentration was quite high, while the NPOC content 

was relatively low. At a constant pH of 6, real water solutions of Rh-B and Rh-6G with 

varied concentrations (0.5 to 20.0 mg/L) were prepared. Further, the photocatalytic 

process was carried out using the nanocomposite Clay/Au/TiO2(T) photocatalyst and 

pollutant solutions were illuminated with LED light for a period of 2 hrs. The 

photocatalytic elimination of Rh-B and Rh-6G in the river water samples were 

obtained and compared with the results obtained with distilled water samples [Cf 

Figure 3.2.1.28. (a) and (b)]. The percentage degradation of Rh-B and Rh-6G was not 

significantly reduced in the real water sample, (Cf Figure 3.2.1.28. (a) and (b)). This 

shows that fabricated thin film catalysts possessed potential in the real implications for 

the remediation of water contaminated with emerging dye contaminants. Moreover, 

the studies are the initial laboratory scale inputs useful for scaling up the process for 

large scale treatment of water contaminated with emerging water contaminants.   
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Table 3.2.1.28.: Various Physico-chemical Parametric Analysis of Serlui B river 

Water. 

Parameters Studied Analytical Results 

pH 7.22 

Conductivity 0.02 S/m 

Resistivity 0.03 Mohm.cm 

Salinity 0.25 PSU 

Ox. Red. Potential 167.0 mV 

Elements studied 

(AAS) 

(mg/L) 

 

Ni 0.00 

Zn 0.48 

Pb 0.07 

Mn 0.01 

Fe 0.20 

Ca 1.98 

Cu 0.00 

 

TOC Analysis 

 

(mg/L) 

Inorganic Carbon 9.56 

NPOC 2.33 

 

Anions studied  

 

(mg/L) 

Nitrate 

Fluoride 

Sulphate 

Phosphate 

3.15 

0.08 

5.44 

0.12 
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Figure 3.2.1.28.: Photocatalytic degradation of (a) Rh-B (pH 6.0); and (b) Rh-6G (pH 

6.0) in distilled water and real water (obtained from Serlui B river) using 

Clay/Au/TiO2(T) thin film catalyst under LED (Visible light) 
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4. CONCLUSION 

Ag0(NP) doped TiO2 nanocomposite (Ag0(NPs)/TiO2), bentonite clay 

supported Ag0(NP) doped TiO2 nanocomposite (Clay/Ag/TiO2 and Clay/Ag/TiO2(T)) 

and bentonite clay supported Au0(NP) doped TiO2 nanocomposite (Clay/Au/TiO2 and 

Clay/Au/TiO2(T)) were synthesised using a facile template synthetic route using 

polyethylene glycol as filler medium. The thin film catalysts were fabricated by the 

simple dip coating process. The materials were characterized by advanced analytical 

methods. The SEM images of Ag0(NPs)/TiO2 showed that Ag spatially distributed 

within the titania network and the interplanar distance of Ag0(NPs) was 0.15 nm. The 

AFM analysis indicated that the nanocomposite forms a heterogeneous structure on 

the glass substrate. The root mean square roughness (Rq) and mean roughness (Ra) of 

Ag0(NPs)/TiO2 catalyst was 16.952 nm and 12.250 nm, respectively. The diffuse 

reflectance spectra (DRS) for powder TiO2 and Ag0(NPs)/TiO2 was obtained using 

UV-Vis spectrophotometer and the band gap energy of the material was obtained by 

converting the diffuse reflectance data in to its adsorption coefficient (α) values using 

Kubelka-Munk equation and the Tauc's relationship. The band gap energies for TiO2 

and Ag0(NPs)/TiO2 were determined to be 3.28 and 2.9 eV respectively. This clearly 

indicates that the presence of Ag0(NPs) caused a reduction in the band gap energy of 

the nanocomposite material. On the other hand, the Clay/Ag/TiO2 and 

Clay/Ag/TiO2(T), the SEM images showed that fine grains of nanocomposite materials 

are evenly distributed on the substrate. Further, the TEM images showed that the 

Ag0(NPs) are very distinctly distributed on the surface and formed cubical shape 

particles. Moreover, the AFM analyses showed that the mean roughness (Ra) of 

Clay/Ag/TiO2 and Clay/Ag/TiO2(T) thin-film was found to be 6.879 nm and 52.831 

nm, respectively. The anatase phase of titanium dioxide was present in the synthesized 

materials. The N2 adsorption/desorption results showed the H1 type hysteresis loops, 

which indicated that the porous material has a regular array of uniform spheres. The 

bandgap energies of Clay/Ag/TiO2 and Clay/Ag/TiO2(T) were found to be 2.85, and 

2.9 eV, respectively. Similarly, in case of Clay/Au/TiO2 and Clay/Au/TiO2(T) 

composite materials, the SEM images revealed that both the thin films showed surface 

heterogeneous structure and the fine particles of Au/TiO2 are dispersed on the substrate 
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surface. The TEM images revealed that the interplanar distance of the Au(NPs) was 

found to be 0.34 nm for both Clay/Au/TiO2(T) and Clay/Au/TiO2 solids. 3D-AFM 

analysis revealed that the mean roughness (Ra) and the root mean square roughness 

(Rq) of Clay/Au/TiO2(T) were determined 1.165 nm and 1.454 nm, respectively, and 

0.386 nm and 0.572 nm respectively for Clay/Au/TiO2. DRS study revealed that 

doping of Au(NPs) with TiO2 results in decrease of band energy from 3.24 to 2.85 and 

2.88 eV for Clay/Au/TiO2(T) and Clay/Au/TiO2 respectively. 

The photocatalytic degradation of micropollutants are carried out with several 

parametric studies to obtain the insights of mechanisms involved at the catalyst 

surface. The decrease in pH (from pH 10.0 to 4.0) has caused to increase the 

photocatalytic degradation efficiency of mordant orange 1 (MO1) (using 

Ag0(NPs)/TiO2) and bisphenol A (BP-A) (using Clay/Ag/TiO2) (from pH 12.0 to 6.0). 

However, increase in solution pH from 4.0 to 10.0 significantly favoured the 

photocatalytic degradation efficiency of tetracycline (TC) (using Clay/Ag/TiO2). 

Sulfamethazine (SMZ) (using Clay/Ag/TiO2) and rhodamine B (Rh-B) (using 

Clay/Au/TiO2) showed maximum degradation efficiency at pH ~6.0, while rhodamine 

6G (Rh-6G) (using Clay/Au/TiO2) showed its maximum degradation efficiency at pH 

~8.0.  

The decrease in pollutant concentrations (20.0 to 0.5 mg/L) significantly 

favoured the removal efficiency of MO1 (using Ag0(NPs)/TiO2), TC, SMZ and BP-A 

(using Clay/Ag/TiO2), Rh-B and Rh-6G (using Clay/Au/TiO2) under the 

photocatalytic treatment. With increase in pollutant concentrations from 0.5 to 20.0 

mg/L, the percentage degradation of MO1 decreased from 60.6% to 13.7% (UV-A) 

and 38.14% to 6.5% (LED light). Further, the percentage degradation of TC decreased 

from 81.13% to 50.36% (UV-A) and 57.89 % to 34.46% (LED light). Furthermore, 

the percentage degradation of SMZ decreased from 64.58% to 36.21% (UV-A) and 

37.83% to 18.42% (LED light). Moreover, the percentage degradation of BP-A 

decreased from 75.3% to 40.6% (UV-A) and 50.0% to 25.35% (LED light). 

Furthermore, the percentage degradation of Rh-B decreased from 76.26% to 17.64% 

(UV-A) and 54.13% to 6.07% (LED light). The percentage degradation of Rh-6G also 

decreased from 84.68% to 19.66% (UV-A) and 60.37% to 8.42% (LED light). These 
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results shows that the thin film photocatalysts could be used effectively at an 

extensively wide range of solution pH and concentration for the degradation of these 

micro-pollutants. Thus the thin film photocatalysts are highly effective in the 

degradation of these micro-pollutants in an aquatic environment. Further, the TOC 

(total organic carbon) data showed that the extent of mineralization of these pollutants 

was increased with decrease in the micropollutant concentrations. The decrease in 

concentration of pollutants from 20.0 to 0.5 mg/L has caused the percentage 

mineralization of MO1 to increase from 7.72% to 27.38% (UV-A) and 4.12% to 17.1% 

(LED light). Further, the percentage mineralization of TC increased from 27.3% to 

42.6% (UV-A) and 18.2% to 31.3% (LED light). Furthermore, the percentage 

mineralization of SMZ increased from 21.8% to 34.2% (UV-A) and 10.4% to 20.1% 

(LED light). Moreover, the percentage mineralization of BP-A increased from 26.2% 

to 45.8% (UV-A) and 14.3% to 27.5% (LED light). Furthermore, the percentage 

mineralization of Rh-B increased from 9.64% to 41.12% (UV-A) and 3.32% to 29.37% 

(LED light). The percentage mineralization of Rh-6G also increased from 10.74% to 

43.16% (UV-A) and 5.16% to 33.25% (LED light).  

The degradation kinetics of mordant orange 1 (MO1), tetracycline (TC), 

sulfamethazine (SMZ), bisphenol A (BP-A), rhodamine B (Rh-B) and rhodamine 6G 

(Rh-6G) follow pseudo-first-order rate kinetics, and the degradation rate was utilized 

to fit the Langmuir-Hinshelwood isotherm. The photocatalytic degradations of MO1, 

TC, SMZ, BP-A, Rh-B and Rh-6G follow the L-H isotherm reasonably well. L-H 

adsorption constant ‘K’ (L/mg) and the reaction rate constant ‘kr’ (mg/L/min) for MO1 

were computed as 0.038 and 0.202 (R2: 0.997 for UV-A) and 0.018 and 0.255 (R2: 

0.976 for LED), respectively. In case of TC, the rate constant ‘kr’ (mg/L/min) and the 

L-H adsorption constant ‘K’ (L/mg) were obtained to be 0.136 and 0.064 (R2: 0.995; 

for Clay/Ag/TiO2(T)) respectively (using LED light). For SMZ, kr (mg/L/min) and K 

(L/mg) were obtained to be 0.045 and 0.069 (R2: 0.997; for Clay/Ag/TiO2(T)) 

respectively (using LED light). In case of BP-A, kr (mg/L/min) and K (L/mg) for 

Clay/Ag/TiO2(T) thin film (R2: 0.999) were found 0.051 and 0.063, respectively (using 

LED light). In Rh-B, kr (mg/L/min) and K (L/mg) were obtained 0.016 and 0.524 (R2: 

0.955; for Clay/Au/TiO2(T)), respectively (using LED light). In case of Rh-6G, the 
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rate constant ‘kr’ (mg/L/min) and the L-H adsorption constant ‘K’ (L/mg) were again 

found to be 0.022 and 0.468 (R2: 0.985; for Clay/Au/TiO2(T)) respectively (using LED 

light). Further, the effect of co-existing ions and scavengers in the photocatalytic 

degradation of MO1 (using Ag0(NPs)/TiO2), TC, SMZ and BP-A (using 

Clay/Ag/TiO2), Rh-B and Rh-6G (using Clay/Au/TiO2) were studied. The removal 

efficiency of MO1 is affected in the presence of NaCl, EDTA and glycine. The 

scavengers such as 2-propanol, HCO3
− and sodium azide hamperd significantly the 

percentage degradation of MO1. The presence of NaCl, EDTA, and glycine 

significantly affected the removal efficiency of TC. In case of SMZ the removal 

efficiency was significantly hampered in the presence of oxalic acid, EDTA, and 

CuSO4. The percentage elimination of TC and SMZ was significantly hindered in the 

presence of scavengers such as 2-propanol and NaHCO3. Moreover, the degradation 

efficiency of BP-A was significantly lowered in the presence of NaCl, NaNO3, EDTA, 

glycine, 2-propanol and NaHCO3. Furthermore, the Rh-B and Rh-6G degradation was 

suppressed in the presence of NaCl, NiCl2, EDTA, oxalic acid, glycine, 2-propanol, 

HCO3
− and sodium azide. These studies inferred that the degradation of these 

pollutants predominantly proceeded through the •OH radicals. Additionally, the 

singlet oxygen is also taking part in photocatalytic degradation reactions. The 

occurrence of several anions and cations affected the photocatalytic degradation of 

these micro-pollutants at varied levels. This is because these ions compete with the 

pollutant molecules for sorption on the photocatalyst surface. Hence, it prevented the 

target molecule from reaching the photocatalyst surface and hindered the 

photocatalytic degradation of pollutant molecules. 

The repeated use of thin films, viz., Ag0(NPs)/TiO2, Clay/Ag/TiO2, 

Clay/Ag/TiO2(T), Clay/Au/TiO2 and Clay/Au/TiO2(T) showed no substantial decline 

in percentage degradation of these micropollutants from aqueous solutions, which 

indicated that the thin films photocatalyst are fairly stable at least for six photocatalytic 

operations. Overall, the template synthesized photocatalysts Ag0(NPs)/TiO2, 

Clay/Ag/TiO2(T) and Clay/Au/TiO2(T) showed relatively enhanced photocatalytic 

efficiency than the corresponding non-template synthesized photocatalysts 

Clay/Ag/TiO2 and Clay/Au/TiO2. The efficiency of the photocatalytic process were 
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obtained to be remarkably higher than the photolytic process in the degradations of 

MO1 (using Ag0(NPs)/TiO2), TC, SMZ and BP-A (using Clay/Ag/TiO2), Rh-B and 

Rh-6G (using Clay/Au/TiO2). This emphasized that the thin film catalysts are having 

potential in the efficient degradation of several pollutants in the aqueous medium. 

Further, the photocatalytic degradation of these pollutants were carried in the real 

water samples and the removal efficiency of these pollutants was not affected as 

compared to the purified water degradation. These results further inferred the 

selectivity of catalyst in the degradation of these pollutants and wider implacability in 

real implications. The entire treatment process is relatively "greener" as devoid of ‘no-

waste’ generation. 

4.1. Future Perspective 

The current study focuses on efficient and cost-effective treatment of water 

contaminated with emerging water contaminants  viz., mordant orange 1 (MO1), 

tetracycline (TC), sulfamethazine (SMZ), bisphenol A (BP-A), rhodamine B (Rh-B) 

and rhodamine 6G (Rh-6G) using thin film catalysts. The thin film photocatalysts viz., 

Ag0(NPs)/TiO2, Clay/Ag/TiO2, Clay/Ag/TiO2(T), Clay/Au/TiO2 and Clay/Au/TiO2(T) 

were fabricated in facile process. The efficient and selective application of these 

photocatalysts are efficient in the break-down to significant mineralization of these 

micropollutants in the aqueous medium. The promising laboratory results are, 

possibly, utilised for large-scale treatment at a pilot plant conditions for real 

wastewater treatment. Moreover, the results are having greater applicability in scaling-

up the unit operations for the development of robust and efficient waste water 

treatment technology. 

 The plasmonic noble metal-doped titanium dioxide photocatalysts showed 

fascinating and promising results in the efficient remediation of water contaminated 

with various pollutants. This is inherently a ‘greener’ with a ‘no waste’ approach and 

merits for technology development. However, challenges are still ahead to achieve the 

ultimate goal of these studies. Therefore, the future perspectives are follows: (i) The 

widespread use of a greener approach in the material synthesis is inevitable to 

accomplish the entire process, i.e., from synthesis to applications is environment 
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friendly. (ii) The optimized shape and size of the nanocomposites need to be regulated 

precisely for efficient catalytic operations. (iii) Although, the thin film catalyst are cost 

effective, however, with enhanced efficiency and repeated use of catalyst may further 

enables the cost-effectiveness of catalyst in real implications; (iv) Although study 

addressed partly the molecular level insights, however, further insights at molecular 

levels could provide greater insights into the reaction mechanism and the interaction 

of pollutant molecules at the catalyst surface. (v) The laboratory-scale investigations 

need extensive trials for implications in real/or complex matrix treatment at the large 

scale or pilot scale treatment. 
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ABSTRACT 

 
 

The most valuable natural resource on the planet is water. However, the water 

resources are unethically and improperly treated. Therefore, a reliable fresh and clean 

water resource remains a global concern. Finite freshwater resources are under 

tremendous stress, which results in unsustainable exploitation and rising water demand 

for numerous human activities. Further, global climate change, growing urbanisation, 

agricultural and industrial activity caused massive release of wastewater contained 

with refractory contaminants and solid wastes. Over the last few decades, the volume 

of hazardous wastes deposited in aquatic environments has increased significantly. 

Furthermore, massive increase in pollutant load has resulted in widespread water 

quality degradation/deterioration around the world, limiting availability of clean or 

fresh water. About 2 billion people lack access to clean/fresh water, according to the 

World Bank and the World Health Organization, and around 1 billion people are 

unable to get their daily basic needs. Each year, 3.5 million people die in the 

developing nations due to the insufficient water supply, sanitation, and hygiene related 

issues. 

The increased amount of wastewater carrying a wide range of toxic and 

hazardous chemicals along with pathogens poses a serious threat to human health, 

aquatic life and the environment in general. Diarrheal illness is one of a prominent 

water borne disease; expected to cause 1.5 million children’s death below the age of 

five years. Furthermore, the increasing global shortages of clean water, as well as the 

catastrophic environmental repercussions of wastewater, need an urgent treatment and 

reduction of such wastewaters. Due to rigorous environmental regulations and norms, 

it is now required that wastewater collected from municipalities and communities need 

to be appropriately treated in order to meet the mandated and stringent water quality 

requirements before being disposed-off into lakes or rivers. Several monitoring 

agencies stated that the pharmaceuticals and dyes are widely detected in the 

waterbodies. 



3 
 

Tetracycline (TC) is a widely prescribed antibiotic for the treatment of bacterial 

infections like pneumonia, gonorrhoea, amoebic infections, respiratory tract 

infections, Rocky Mountain spotted fever and syphilis. It is also used to treat acne 

vulgaris, as well as other skin conditions such as perioral dermatitis and rosacea. It 

enters the water bodies as active metabolites, unmetabolized drugs and breakdown 

products by excretion and direct runoff. It is known fact that over 90% of antibiotics 

are excreted through the urine and up to 75% in animal faeces, implying that 70%-

80% of antibiotics enter into the sewage system in their parent form. However, the 

conventional sewage treatment system is unable to eliminate it completely; hence, 

resulting in residual antibiotics in the treated wastewater effluents. Sulfamethazine 

(SMZ) is also one of the most often detected antibiotics in water bodies. It is potentially 

harmful to marine species, affects animal reproduction, and interrupts the human 

endocrine system, hence; the presence of SMZ in water bodies is a serious 

environmental concern. Bisphenol A (BP-A) is a common organic compound used as 

a raw material and intermediary in the production of epoxy resins, polycarbonate 

plastics and food packaging. It is regarded as a typical chemical of endocrine 

disrupting chemicals (EDC) that leads to damage in the reproductive organs of aquatic 

organisms.  

Dyes such as Mordant Orange-1 (MO1), Rhodamine B (Rh-B) and Rhodamine 

6G (Rh-6G) are extensively utilized in the pharmaceutical, food, cosmetic, textile, 

paint, tannery, paper and pulp, and paper industries for dyeing the materials. Such dyes 

enter the water bodies through effluent discharged by these industries, as well as those 

from dye manufacturing plants. Therefore, the dye industries posing serious 

environmental concerns due to the discharge of dye compounds into the aquatic 

environment and lead to a major threat to the aquatic environment's living species 

Despite advancements in wastewater treatment, conventional water treatment 

systems are not able to completely eliminate such harmful micro-pollutants. The 

treatment process entails a number of time-consuming steps that necessitate the use of 

a range of chemicals. Perhaps the most important disadvantage is the potential of 

environmental issues to arise as a result of these activities. Hypochlorite, chlorine and 

ozone are among the chemical oxidants typically employed in wastewater treatment. 
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Because of their easy availability, possibly cost effectiveness and relative efficiency 

as oxidants, these chemicals are widely used. However, the by-products produced 

appear to be hazardous, their application in such environmental remediation raises 

various health issues. Furthermore, the use of ozone and chlorine in wastewater 

treatment is linked to the formation of toxic disinfection by-products (DBPs) such as 

bromate and trihalomethanes. Numerous by-products are potentially carcinogens or 

mutagens, making them potentially more dangerous than the original compounds. 

Another disadvantage of current wastewater treatment systems is the production of 

excessive sludge, which frequently encompasses numerous types of harmful 

substances, making pollutants removal a serious concern.  

Therefore, there is a growing concern on developing effective and efficient 

waste water treatment methods, which is feasible, cost-effective, environment friendly, 

and sustainable. "Advanced Oxidation Process (AOPs)" is one of the alternative 

methods, which relies on heterogeneous photocatalysis using the  TiO2 semiconductor 

as a photocatalyst. The basis of AOPs lies on the in situ formation of reactive species, 

such as hydroxyl radicals, which rapidly oxidises a variety of organic contaminants 

non-selectively. Titania (TiO2) has a variety of applications, which is primarily due to 

its unique qualities, that include high thermal and chemical stability, biocompatibility, 

low toxicity, cost effectiveness, ease of manufacturing and tailored material.  The use 

of TiO2 semiconductor in photocatalytic processes is found to be a cost-effective, 

environment friendly, and long-term treatment technique that aligns with the 'zero' 

waste strategy. Despite numerous advantages, TiO2 possesses a number of limitations 

that limit its wider implications in the treatment processes. TiO2 has a large band gap 

energy (3.2 eV) that requires harmful UV-C radiation to excite the semiconductor. 

Moreover, a high electron-hole pair recombination rate limits the efficiency of 

catalysts in wastewater treatment processes. The e-/h+ pairs are having very short 

lifespans, and without the presence of suitable scavengers, recombination dissipates 

the stored energy within a few nanoseconds. However, a suitable modification 

improves the applicability of TiO2 in the wastewater treatment.  

Doping of Ag or Au nanoparticles with TiO2 has shown a substantial 

importance due to the surface plasmon resonance (SPR) phenomenon. The Ag or Au 
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nanoparticles decorated TiO2 are able to absorb light towards the visible region, which 

causes a localised electric field near the TiO2 surface, resulting in the efficient 

generation of electron-hole pairs at the TiO2 surface. Furthermore, the noble metal 

nanoparticles on TiO2 surface operate as a co-catalyst, assisting the efficient 

separations of electron and hole pairs. The presence of Ag0(NPs) effectively restricts 

the electrons excited from TiO2 and leaves the holes for organic compound degradation 

reactions. It also causes a delay in their wavelength response when they approach the 

visible range. Furthermore, silver nanoparticles efficiently promote electron excitation 

by generating a local electric field, with surface plasmon resonance effect in metallic 

silver nanoparticles, which show an enhanced electric field. Similarly, the Au0(NPs) 

doped TiO2 exhibit an intense visible light absorption and the surface plasmon 

resonance effect (SPR) of their free electrons.  

Recently, interest lies on the advanced nanocomposite material based on the 

natural clay and TiO2 for the removal of micro-pollutants. Bentonite clay is an 

aluminium silicate in which two silica tetrahedral sheets fused to one alumina 

octahedral sheet. Clay is a porous material showing high surface area, which offers an 

excellent support material. Moreover, clays are abundant, non-toxic, cost effective, 

and more importantly are found environment friendly. The potential applicability of 

the bentonite clay supported TiO2 and further decorated with Ag or Au nanoparticles 

for the degradation of emerging micro-pollutants (mordant orange 1 (MO1), 

tetracycline (TC), sulfamethazine (SMZ), bisphenol A (BP-A), rhodamine B (Rh-B) 

and rhodamine 6G (Rh-6G)) in an aqueous solutions is presented in this work. 

Ag0(NP) doped TiO2 nanocomposite (Ag0(NPs)/TiO2), bentonite clay 

supported Ag0(NP) doped TiO2 nanocomposite (Clay/Ag/TiO2 and Clay/Ag/TiO2(T)) 

and bentonite clay supported Au0(NP) doped TiO2 nanocomposite (Clay/Au/TiO2 and 

Clay/Au/TiO2(T)) were synthesised using a facile template synthetic route using 

polyethylene glycol as filler medium. The thin film catalysts were fabricated by a 

simple dip coating process. The materials were characterized by advanced analytical 

methods such as scanning electron microscopy (SEM), transmission electron 

microscopy (TEM), X-ray diffraction (XRD), atomic force microscopy (AFM), 

Brunauer-Emmett-Teller (BET) and diffuse reflection spectroscopic (DRS) analyses. 
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The SEM images of Ag0(NPs)/TiO2 showed that Ag(NPs) were spatially distributed 

within the titania network and the interplanar distance of Ag0(NPs) was 0.15 nm. The 

AFM analysis indicated that the nanocomposite forms a heterogeneous structure on 

the glass substrate. BET analysis revealed that the root mean square roughness (Rq) 

and mean roughness (Ra) of Ag0(NPs)/TiO2 catalyst was 16.952 nm and 12.250 nm, 

respectively. The diffuse reflectance spectra (DRS) for powder TiO2 and 

Ag0(NPs)/TiO2 was obtained using UV-Vis spectrophotometer and the band gap 

energy of the material was obtained by converting the diffuse reflectance data in to its 

absorption coefficient (α) values using Kubelka-Munk equation and the 

Tauc's relationship. The band gap energies for TiO2 and Ag0(NPs)/TiO2 were 

determined to be 3.28 and 2.9 eV, respectively. This clearly indicated that the presence 

of Ag0(NPs) caused to reduce the band gap energy of the nanocomposite material. On 

the other hand, the Clay/Ag/TiO2 and Clay/Ag/TiO2(T), the SEM images showed that 

fine grains of nanocomposite materials were evenly distributed on the substrate. 

Further, the TEM images showed that the Ag0(NPs) are very distinctly distributed on 

the surface and formed cubical shape particles. Moreover, the AFM analyses showed 

that the mean roughness (Ra) of Clay/Ag/TiO2 and Clay/Ag/TiO2(T) thin-film was 

found to be 6.879 nm and 52.831 nm, respectively. The anatase phase of titanium 

dioxide was present in the synthesized materials. The N2 adsorption/desorption results 

showed the H1 type hysteresis loops, which indicated that the porous material has a 

regular array of uniform spheres. The band gap energies of Clay/Ag/TiO2 and 

Clay/Ag/TiO2(T) were found to be 2.85, and 2.9 eV, respectively. Similarly, in case of 

Clay/Au/TiO2 and Clay/Au/TiO2(T) composite materials, the SEM images revealed 

that both the thin films showed heterogeneous surface structure and the fine particles 

of Au/TiO2 are dispersed on the substrate surface. The TEM images revealed that the 

interplanar distance of the Au(NPs) was found to be 0.34 nm for both Clay/Au/TiO2(T) 

and Clay/Au/TiO2 solids. 3D-AFM analysis revealed that the mean roughness (Ra) and 

the root mean square roughness (Rq) of Clay/Au/TiO2(T) were determined 1.165 nm 

and 1.454 nm, respectively, and 0.386 nm and 0.572 nm, respectively for 

Clay/Au/TiO2. DRS study revealed that doping of Au(NPs) with TiO2 results in 

decrease of band energy from 3.24 to 2.85 and 2.88 eV for Clay/Au/TiO2(T) and 

Clay/Au/TiO2 respectively. 
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The photocatalytic degradation of micropollutants are carried out using the thin 

film catalysts under LED (Visible Light) and UV-A light with several parametric 

studies to obtain the insights of mechanisms involved at the catalyst surface. The 

decrease in pH (from pH 10.0 to 4.0) has caused to increase the photocatalytic 

degradation efficiency of mordant orange 1 (MO1) (using Ag0(NPs)/TiO2) and 

bisphenol A (BP-A) (using Clay/Ag/TiO2) (from pH 12.0 to 6.0). However, increase 

in solution pH from 4.0 to 10.0 significantly favoured the photocatalytic degradation 

efficiency of tetracycline (TC) (using Clay/Ag/TiO2). Sulfamethazine (SMZ) (using 

Clay/Ag/TiO2) and rhodamine B (Rh-B) (using Clay/Au/TiO2) showed maximum 

degradation efficiency at pH ~6.0, while rhodamine 6G (Rh-6G) (using Clay/Au/TiO2) 

showed its maximum degradation efficiency at pH ~8.0.  

The decrease in pollutant concentrations (20.0 to 0.5 mg/L) significantly 

favoured the removal efficiency of MO1 (using Ag0(NPs)/TiO2), TC, SMZ and BP-A 

(using Clay/Ag/TiO2), Rh-B and Rh-6G (using Clay/Au/TiO2) under the 

photocatalytic treatment. With an increase in pollutant concentrations from 0.5 to 20.0 

mg/L, the percentage degradation of MO1 was decreased from 60.6% to 13.7% (UV-

A) and 38.14% to 6.5% (LED light). Further, the percentage degradation of TC was 

decreased from 81.13% to 50.36% (UV-A) and 57.89 % to 34.46% (LED light). 

Furthermore, the percentage degradation of SMZ was decreased from 64.58% to 

36.21% (UV-A) and 37.83% to 18.42% (LED light). Moreover, the percentage 

degradation of BP-A was decreased from 75.3% to 40.6% (UV-A) and 50.0% to 

25.35% (LED light). Furthermore, the percentage degradation of Rh-B was decreased 

from 76.26% to 17.64% (UV-A) and 54.13% to 6.07% (LED light). The percentage 

degradation of Rh-6G was decreased from 84.68% to 19.66% (UV-A) and 60.37% to 

8.42% (LED light). These results show that the thin films photocatalyst could be used 

effectively at an extensively wide range of solution pH and concentration for the 

degradation of these micro-pollutants. Thus the thin film photocatalysts are highly 

efficient in the degradation of these micro-pollutants in the aquatic environment. 

Further, the TOC (total organic carbon) data showed that the extent of mineralization 

of these pollutants was increased with a decrease in the micropollutants concentrations. 

The decrease in concentration of pollutants from 20.0 to 0.5 mg/L has caused the 
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percentage mineralization of MO1 to increase from 7.72% to 27.38% (UV-A) and 

4.12% to 17.1% (LED light). Further, the percentage mineralization of TC was 

increased from 27.3% to 42.6% (UV-A) and 18.2% to 31.3% (LED light). 

Furthermore, the percentage mineralization of SMZ was increased from 21.8% to 

34.2% (UV-A) and 10.4% to 20.1% (LED light). Moreover, the percentage 

mineralization of BP-A was increased from 26.2% to 45.8% (UV-A) and 14.3% to 

27.5% (LED light). Furthermore, the percentage mineralization of Rh-B was increased 

from 9.64% to 41.12% (UV-A) and 3.32% to 29.37% (LED light). The percentage 

mineralization of Rh-6G was increased from 10.74% to 43.16% (UV-A) and 5.16% to 

33.25% (LED light).  

The degradation kinetics of mordant orange 1 (MO1), tetracycline (TC), 

sulfamethazine (SMZ), bisphenol A (BP-A), rhodamine B (Rh-B) and rhodamine 6G 

(Rh-6G) followed pseudo-first-order rate kinetics, and the degradation rate was 

utilized to fit the Langmuir-Hinshelwood isotherm. The photocatalytic degradations 

of MO1, TC, SMZ, BP-A, Rh-B and Rh-6G follow the L-H isotherm reasonably well. 

Further, the effect of co-existing ions and scavengers in the photocatalytic degradation 

of MO1 (using Ag0(NPs)/TiO2), TC, SMZ and BP-A (using Clay/Ag/TiO2), Rh-B and 

Rh-6G (using Clay/Au/TiO2) were studied. The removal efficiency of MO1 was 

affected in the presence of NaCl, EDTA and glycine. The scavengers such as 2-

propanol, HCO3
− and sodium azide hampered significantly the percentage degradation 

of MO1. The presence of NaCl, EDTA, and glycine significantly affected the removal 

efficiency of TC. In case of SMZ the removal efficiency was significantly hampered 

in the presence of oxalic acid, EDTA, and CuSO4. The percentage elimination of TC 

and SMZ was significantly hindered in the presence of scavengers such as 2-propanol 

and NaHCO3. Moreover, the degradation efficiency of BP-A was lowered in the 

presence of NaCl, NaNO3, EDTA, glycine, 2-propanol and NaHCO3. Similarly, the 

Rh-B and Rh-6G degradation was suppressed in the presence of NaCl, NiCl2, EDTA, 

oxalic acid, glycine, 2-propanol, HCO3
− and sodium azide. These studies inferred that 

the degradation of these pollutants predominantly proceeded through the •OH radicals. 

Additionally, the singlet oxygen is also taking part in photocatalytic degradation 

reactions. The occurrence of several anions and cations affected the photocatalytic 
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degradation of these micro-pollutants at varied levels. This is because these ions 

compete with the pollutant molecules for sorption on the photocatalyst surface. Hence, 

it prevented the target molecule from reaching the photocatalyst surface and hindered 

the photocatalytic degradation of pollutant molecules. 

The repeated use of thin films, viz., Ag0(NPs)/TiO2, Clay/Ag/TiO2, 

Clay/Ag/TiO2(T), Clay/Au/TiO2 and Clay/Au/TiO2(T) showed no substantial decline 

in percentage degradation of these micropollutants from aqueous solutions, which 

indicated that the thin films photocatalyst are fairly stable at least for six photocatalytic 

operations. Overall, the template synthesized photocatalysts Ag0(NPs)/TiO2, 

Clay/Ag/TiO2(T) and Clay/Au/TiO2(T) showed relatively enhanced photocatalytic 

efficiency than the corresponding non-template synthesized photocatalysts 

Clay/Ag/TiO2 and Clay/Au/TiO2. The efficiency of the photocatalytic process were 

obtained to be remarkably higher than the photolytic process in the degradations of 

MO1 (using Ag0(NPs)/TiO2), TC, SMZ and BP-A (using Clay/Ag/TiO2), Rh-B and 

Rh-6G (using Clay/Au/TiO2). This emphasized that the thin film catalysts are having 

potential in the efficient degradation of several pollutants in the aqueous medium. 

Further, the photocatalytic degradation of these pollutants were carried in the real 

water samples and the removal efficiency of these pollutants was not affected as 

compared to the purified water degradation. These results further inferred the 

selectivity of catalyst in the degradation of these pollutants and wider implacability in 

real implications. The entire treatment process is relatively "greener" as devoid with 

‘no-waste’ generation. 
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