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1. INTRODUCTION 

1.1. Background 

Water is the most precious natural resource on earth. Unfortunately, it is the most 

neglected and abuse resource; a reliable source of clean and fresh water remains an issue of 

concern around the globe. It was reported that the total amount of water available on earth is 

approximately 1.4 billion cubic kilometers. However, about 97.5% is unfit for human 

consumption due to high salinity content lying in oceans and seas. Out of the available 2.5% 

fresh water, a large fraction (68.7%) is in the form of ice caps, glaciers and permanent snow. 

The remaining unfrozen fresh water is available as ground water (30.1%) and surface water 

(1.3%). Thus, only 20.56% of the available surface water (i.e., 0.26% of total global fresh 

water reserves or only 0.007% of total earth’s water) found in lakes and rivers is accessible 

for direct human consumption (Gleick, 1993, Greenlee et al, 2009).  Meanwhile, these 

limited amounts of freshwater resources are also under extreme stress due to unsustainable 

exploitation with increasing demand of water in various sectors of human activities. Further, 

global climate change, rapid rise in urbanization, industrial and agricultural activities has 

resulted the generation of huge amounts of wastewater contaminated with a refractory liquid 

and solid waste. The amount of waste disposed in aquatic environment around the world 

increased manifolds over the last few decades. Statistical data reveals that every year 14 

billion pounds of hazardous waste is disposed to the oceans. According to the data compiled 

by the World Water Assessment Program (WWAP), 2 million tons of human waste is 

disposed to the water bodies every day. Moreover, the tremendous increase of pollution load 

resulted extensively the degradation/deterioration of water quality around the globe limiting 

the access of fresh or clean water. According to the World Bank and World Health 

Organization, 2 billion people lack in access of fresh/clean water and 1 billion people do not 
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have enough to even meet their daily needs. Each year ~3.5 millions of death is due to the 

inadequate water supply, sanitation and hygiene related issues occur within the developing 

countries (WHO, 2008).  

The enhanced level of wastewater containing varieties of toxic hazardous chemicals 

and pathogens posed a serious threat to the aquatic life, human health and the environment. 

Diarrheal diseases, often related to contaminated drinking water, are estimated to cause the 

death of more than 1.5 million children under the age of five per year (UNICEF/WHO, 

2009). Additionally, the growing global shortages of clean water and the adverse serious 

consequences on the environment caused by the polluted wastewater necessitate the 

treatment and reduction of such wastewaters. It has become mandatory through the stringent 

environmental regulations and norms that these wastewaters collected from municipalities 

and communities is to be treated adequately as to meet the prescribed and stringent water 

quality standards prior to dispose it into the natural ecosystems. 

The main priorities of wastewater treatment systems (WWT) are effluent quality, 

cost-effectiveness, energy efficiency and nutrient removal/recovery. However, despite the 

progressive advancement in a line of wastewater treatment, the existing water treatment 

systems have their limitations in several aspects. The wastewater treatment processes 

included, in general, the screening/skimming, followed by the biological /chemical treatment 

and the advanced treatment methods composed with disinfections/mineralization. Hence, the 

treatment process comprises of several exhaustive steps needing a variety of treatment 

chemicals input. The most serious negative aspect is perhaps the implications of 

environmental concerns associated with these processes. Some of the chemical oxidants 

commonly used in wastewater treatment today included chlorine, hypochlorite and ozone. 

These chemicals are extensively employed because of their availability, perhaps cost 

effectiveness and relative efficiency as oxidants. However, their use in such environmental 
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remediation poses several health concerns because the chemicals and the by-products 

occurred seem to be toxic. Moreover, the chlorination and ozonation processes are 

associated with the formation of harmful disinfection by-products (DBPs), such as 

trihalomethanes and bromate by the use of chlorine and ozone in wastewater treatment 

(Krasner et al., 2009). Many of these by-products are potential mutagens or carcinogens, and 

may be more toxic and more difficult to remove than the parent contaminants. Similarly, the 

use of hypochlorite also causes concerns; it is used as chlorine source for water treatment at 

smaller operations, since it is inexpensive; hypochlorite is synthesized by using chlorine gas 

it readily decomposes back into the chlorine upon heating or chemical mishandling.  

Another drawback with the existing systems of wastewater treatment is the 

occurrence of excessive sludge which often contains various types of toxic chemicals, 

removal of which is therefore, an additional concern. However, the large amount of excess 

sludge produced daily has become the most troublesome for environmental engineers. The 

conventional methods for sludge treatment and disposal (e.g., landfill and compost) are 

facing an increasing challenge because of the more stringent regulations as well as the social 

concerns for environment. Furthermore, a number of organic sulphides and amines produced 

during wastewater treatment contribute on-site odors creating nuisance for human life 

calling for new methods for H2S control in municipal sanitary sewer systems and within the 

treatment plants, and industrial waste treatment facilities (WHO, 2003). Moreover, the 

occurrence of micropollutants particularly the hormones, pharmaceuticals and personal care 

products; also known as emerging contaminants at trace level concentrations in aquatic 

environment is widely accepted during recent past. The presence of these residual 

micropollutants in aquatic environment is frequently associated with a number of adverse 

effects including short term and long-term toxicity, endocrine disrupting effects and 

antibiotic resistance of microorganisms etc. (Manickum and John, 2014). These micro-
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pollutants are partially or incompletely degraded/removed by the WWTPs and were detected 

in surface water, causing a greater concern of the drinking water quality. 

Hence, there is a greater attention of effective and efficient waste water treatment 

process with viable, cost-effective, environmentally benign and sustainable treatment 

process that could be an alternative of the existing treatment process. One of such alternative 

treatment process is “Advanced Oxidation Process (AOPs)” based on heterogeneous 

photocatalysis employing TiO2 semiconductor as photocatalyst. The principle of AOPs lies 

on the in situ generation of reactive species such as hydroxyl radicals that readily oxidizes, 

non-selectively, a broad range of organic pollutants. The wide applicability of titania (TiO2) 

is because of its unique properties viz., excellent thermal and chemical stability, 

biocompatibility, low toxicity, low cost, easy fabrication, engineered material etc. The use of 

titanium dioxide semiconductor in the photocatalytic processes is found to be cost-effective, 

environmentally benign and sustainable treatment technology to align with the ‘zero’ waste 

scheme in the wastewater treatment industry. 
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1.2. Micropollutants and dyes in Aquatic Environment 

1.2.1. Micropollutants 

1.2.1.1. Diclofenac sodium (DFS) 

Diclofenac, (2-[-2',6'-(dichlorophenyl)amino]phenyl acetic acid) is a non-steroidal 

anti-inflammatory drug (NSAID) with analgesic, anti-inflammatory, and antipyretic 

properties. The sodium salt of diclofenac (DFS) (cf structure 1) is used to treat osteoarthritis, 

rheumatoid arthritis, ankylosing spondylitis, and mild to moderate pain. It is also 

recommended to reduce menstrual pain, dysmenorrhea etc. (Vogna et al., 2004; Zhang et al., 

2008).  Diclofenac is the most commonly used analgesic in the world and is commercially 

available in various formulations including ones for oral administration. The global 

consumption of diclofenac was estimated to be approximately 940 tons per year, with a 

defined daily dose of 100 mg. Approximately 65% of the dose is excreted through urine, 

mainly as hydroxylated metabolites conjugate to glucuronides after enterohepatic circulation 

(Zhang et al., 2008; Fent et al., 2006). However, the actual amount of metabolites in the 

feces is still not clear. Generally, only about 30% of diclofenac is removed in conventional 

sewage treatment plants (STPs). Because of its low biodegradability and its limited sorption 

properties onto activated sludge, it is frequently detected in STP-effluent and surface water 

even up to 4.7 μg L− 1 and 1.2 μg L− 1, respectively, and the groundwater and tap water at 

concentrations up to 380 ng L− 1 and below 10 ng L− 1, respectively (Aguinaco et al., 2012;  

Fent et al., 2006). This indicates that the fairly a high level of diclofenac in aquatic 

environment may cause for chronic toxicity of aquatic organisms. Diclofenac is also found 

in rivers, groundwater, hospital effluents and drinking water, but at concentrations in the 

order of ng L−1 (Santos et al., 2010). Moreover, diclofenac was considered to be one of the 
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most relevant compounds in terms of ecotoxicity and persistence in the environment (Wang 

et al., 2014). 

Recent studies have shown that diclofenac inhibits the activity of cyclooxygenases 

and DNA synthesis through multiple mechanisms (Chae et al., 2015). Diclofenac is assigned 

to pregnancy category C prior to 30 weeks gestation and to category D starting at 30 weeks 

of gestation by the United States Food and Drug Administration (USFDA, 2011). The 

toxicity and teratogenicity of diclofenac are measured for different animal model systems. 

Fetal neuronal cell apoptosis is significantly induced with diclofenac-treated pregnant rats 

(Gokcimen et al., 2007). Additionally, diclofenac-treated rodents delivered fetuses with 

severe morphological abnormalities such as defects of the palate, limbs, and ductus 

arteriosus (Chae et al., 2015). Diclofenac-treated Medaka fish embryos also have decreased 

survival rates, shrunken yolks, and hemorrhage (Nassef et al., 2010). These studies clearly 

indicated the toxicity of diclofenac during embryogenesis, although it seems to be safe for 

embryos at considerably lower doses. Diclofenac is found to affect damage in renal and 

gastrointestinal tissue in several vertebrate taxa and its accidental exposure in the veterinary 

use is resulted in the near extinction of critically endangered Asian vulture populations. This 

causal relationship is subsequently confirmed under controlled experimental conditions in 

both captive Asian and African white-backed vultures (G. africanus) (Oaks et al., 2004). For 

this reason diclofenac is found to be serious environmental concern. Saravanan et 

al. (2011) indicates that diclofenac interfere the biochemical functions of fish and leads to 

tissue damage even at environmentally relevant concentrations.  

Research studies demonstrated that diclofenac could induce cellular apoptosis (Ng et 

al. (2008) as well as uricemia in the chicken (Naidoo et al., 2007). Zebra mussels exposed to 

the environmentally relevant (nominal) concentration of (1 μg L−1) diclofenac showed signs 

of oxidative stress with elevated lipid peroxidation levels. The defense mechanism of 
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Glutathione-S-transferase (GST) and Metallothionein (MT) are induced at higher dose 

(1000 μg L−1) of diclofenac (Schmidt et al., 2011). Among the NSAID, diclofenac shows the 

most acutely toxic nature with the effects being observed at concentrations below 

100 mg L−1 (Cleuvers, 2003). Chronic toxicity trials performed on rainbow trout 

(Oncorhynchus mykiss) evidenced cytological changes in the liver, kidneys and gills after 28 

days of exposure to just 1 μg L−1 of diclofenac. For a concentration of 5 μg L−1 renal lesions 

are evident as well as drug bioaccumulation in the liver, kidneys, gills and muscle (Santos et 

al., 2010). Brown trout (Salmo trutta f. fario) shows similar cytological damage and a 

reduction of haematocrit values after 21 days of exposure to 0.5 μg L−1 of this active 

substance (Hoeger et al., 2005). Schmitt-Jansen et al., (2007) evaluated both diclofenac 

phytotoxicity and its photochemical products on the unicellular chlorophyte Scenedesmus 

vacuolatus and found that inhibition of algal reproduction by the parent compound only 

occurred at a concentration of 23 mg L−1, hence indicated no specific toxicity. However, the 

threat significantly increases when metabolites are produced from 53 h of exposure to 

daylight. Diclofenac is also reported to inhibit the growth of marine 

phytoplankton Dunaliella tertiolecta at concentrations of 25 mg L−1 and above, and for this 

organism, 96 h EC50 is 185.69 mg L−1 of diclofenac concentration (De Lorenzo and Fleming, 

2008).  

1.2.1.2. Tetracycline (TC) 

Tetracycline is a broad-spectrum antibiotic employed in the treatment of bacterial 

infections such as Rocky Mountain spotted fever, syphilis, pneumonia, respiratory tract 

infection, amoebic infections and gonorrhea (Heaton et al., 2007). Tetracycline (cf structure 

2) is most commonly used to treat acne vulgaris and other skin disorders like rosacea and 

perioral dermatitis (Farombi et al., 2008). It is also widely used in aquaculture and the 
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livestock industry as one typical antibiotic (Niu et al., 2013), and the consumption of 

tetracycline for veterinary purposes is higher for other classes of antibiotics (Kim et al., 

2014). The emergence of bacterial resistance apparently limits its use. In spite of this, 

however, according to the National Ambulatory Medical Care Survey (2007) of visit to 

office-based physicians in the United States, tetracycline among other counterpart drugs is 

prescribed either as a new medication or as a continued medication. Moreover, the drug has 

gained wide acceptance in the third world countries because of its easy accessibility, 

availability and cost effectiveness. As such, the drug could be abused due to self-

prescription, which is rife in this part of the world (Farombi et al., 2008). 

Tetracycline enters into aquatic environment by direct runoff and excretion as un-

metabolized drugs or active metabolites and degradation products (Niu et al., 2013). The 

widespread occurrence of pharmaceuticals is demonstrated by a number of monitoring 

studies (Kim et al., 2014). Previous studies showed that nearly 90% of antibiotics could be 

excreted in the urine and up to 75% in animal feces, therefore, 70%–80% of antibiotics 

entered into the city sewage system to its parent form. However, the normal sewage 

treatment system could not eliminate antibiotics completely thereby resulting in residual 

antibiotics in the treatment effluents. It is reported that the removal rate of tetracycline is 

only 30% in WWTP. This becomes a risk both to the environment and human health. 

Recently, it is reported that tetracycline is detected in surface water, wastewater and soils, as 

well as in drinking water, while the detected concentration is at the range of ng L−1 – μg L−1 

(Yang et al., 2013). The occurrence of cumulated tetracycline in the environment can induce 

genetic exchange; increase the resistance of bacteria against antibiotics which subsequently 

threatens human health. Thus, it is of great importance to develop effective technology for 

eliminating tetracycline antibiotic from aquatic environments (Niu et al., 2013). 
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Tetracycline is a well-known antibiotic that induces nonalcoholic steatohepatitis, 

NASH  (a combination of lipid accumulation in the liver and associated liver lesions, such as 

lipid peroxidation and cell necrosis/apoptosis) in human and rodents since the first 

description in 1951 (Lepper et al., 1951). Tetracycline-induced NASH has been extensively 

reported in different studies (Shen et al., 2009). Inhibition on mitochondrial β-oxidation of 

fatty acids largely determined tetracycline-induced steatohepatitis in mice (Freneaux et al., 

1988). Besides, tetracycline was suggested to block the tricarboxylic acid cycle and 

respiratory chain in mitochondria in rats (Fromenty and Pessayre, 1995). Triglyceride 

accumulation and lipid peroxidation had also been detected, followed by the increase of 

serum alanine and aspartate aminotransferases in rodents and human. Relatively, tetracycline 

toxicity was partly evidenced based on the in vitro studies using hepatocyte monolayer. The 

reduced metabolism of fatty acid and lipid accumulation were observed in tetracycline-

treated hepatocytes from either rats or dogs while oxidative stress was demonstrated in rat 

hepatocytes as well as in human hepatocytes. In addition, the decrease of mitochondrial 

membrane potential is detected in human hepatocytes by treatment of tetracycline. Thus, 

these results by monolayer culture concerned lipid accumulation, oxidative stress or 

mitochondrial lesion which only reflected a part of cellular alternations without systematic 

description (Xu et al., 2008; Shen et al., 2009). 

Tetracycline is known to cause a number of biochemical dysfunctions and suspected 

to induce testicular damage to animals and humans. Administration of tetracycline caused to 

reduction of epididymal sperm motility, percentage of live spermatozoa, sperm count, 

increased in abnormal sperm morphology as well as induction of adverse histopathologic 

changes in the testes. Tetracycline-induced hepatotoxicity characteristically caused fatty 

infiltration of the liver and liver parenchymal cell damage. Studies have also reported that 

the drug caused hyperglycemia as well as injury to the pancreas (Asha et al., 2007; Farombi 
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et al., 2008). Mechanisms by which tetracycline elicits these effects are not well understood, 

however, reactive oxygen species (ROS) are implicated. Tetracycline causes significant 

oxidative stress in the liver and pancreas of rats by reducing the levels of antioxidant 

enzymes and glutathione (GSH), and elevating the levels of lipid peroxide formed (Asha et 

al., 2007). Immuno-histochemical expression of oxidative stress-related markers such as 8-

hydroxy deoxyguanosine, heme oxygenase-1 and superoxide dismutase (SOD) is detected in 

the livers of rats treated with tetracycline antibiotics (Kikkawa et al., 2006). 

1.2.1.3. 17α-Ethynylestradiol (EE2) 

17α-Ethynylestradiol, 19-nor-17α-pregna-1,3,5(10)-trien-20-yne-3,17-diol, also 

known as EE2 is a synthetic steroid estrogen compound and is a derivative of the natural 

hormone, estradiol (E2). EE2 (cf structure 3) is used in almost all modern formulations of 

combined oral contraceptive pills and hormone replacement therapy for the treatment of 

osteoporosis, menstrual disorders, prostate and breast cancer, and other ailments, to improve 

productivity by promoting growth, prevent and treat reproductive disorders in livestock and 

to develop single-sex populations of fish to optimize the growth in aquaculture (Han et al., 

2013; Aris et al., 2014). A survey on best-selling drugs published by Pharmacy Times® in 

2010 found that EE2 is used as an active pharmaceutical ingredient in five of the top 200 

prescribed drugs in the U.S. under different brand names (Bartholow, 2011). Mazellier et al., 

(2008) stated that the steroid hormone EE2 is used for the treatment of estrogen deficiencies 

and oral contraceptives with doses ranging from 15 to 50μg by the tablet. In France, EE2 is 

widely used by women (30–40μg per pill) and about 60%, ranging from 20–44 years old 

(Muller et al., 2010). An annual use of EE2 is estimated as 0.029 tonnes in the UK (Webb, 

2000).  
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Humans and livestock excrete a considerable quantity of hormones and human urine 

is considered as the major contributor of EE2 in the terrestrial environment (Pauwels et al., 

2008). The combined farm animal population, for example, sheep and poultry, generates 

around four times more estrogen hormones than the human population in the UK (Johnson et 

al., 2006), and the annual level of estrogen excretion by farm animals reached approximately 

33 tons in the European Union and 49 tons in the United States (Tang et al., 2013). These 

hormones penetrate the surface and ground water systems through sewage treatment plants 

(STPs), septic systems, the industrial sources that run the synthetic hormone production 

facilities, aquaculture and through agricultural runoff when sewage and manure are used as 

fertilizers (Aris et al., 2014). In fact, treated sewage effluents constitute the major source of 

environmental EE2 due to the inadequate/incomplete removal of EE2 in STPs. EE2 

undertakes extensive metabolism in the liver, principally via oxidation at C17 ethinyl triple 

bond and aromatic hydroxylation at C2/C4 on steroid nucleus by glucuronide (GLU) and/or 

sulphate (SUL) groups (Han et al., 2013). Once excreted through urine and faeces, they are 

hydrolysed and deconjugated them into estrogenically active forms by natural environment 

and sewage treatment plants (STPs) where they are discharged into effluent and entered into 

the surface waters (Atkinson et al., 2012).  Larcher and Yargeau (2013) explained that the 

treatment process in wastewater treatment plants (WWTPs) was insufficient to remove EE2, 

resulting the measured WWTP effluent concentrations of up to 62 ng/L. Cargouët et al., 

(2004) also reported that high level of free EE2 is detected in domestic wastewater at 7 ng/L 

and in the WWTP effluent of up to 42 ng/L. Li et al., (2013) estimated that the concentration 

of EE2 in reclaimed water would still be 8.7 ng/L, which is much higher than the predictive 

non-effect concentration (PNEC) of EE2 (0.002 ng/L) even though the effluent of WWTP in 

China with a treatment capacity of 2,00,000 m3/d is treated by ozonation and microfiltration 
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to produce reclaimed water. Moreover, EE2 was detected in treated drinking water and 

found at 0.5ng/L in German (Atkinson et al., 2012).  

The environmental implications of steroidal hormones have received increasing 

attention in recent years as these chemicals are having potential to behave like endocrine 

disrupting compounds (EDCs) in the environment where these act as mimics of natural 

hormones, agonists or antagonists of hormone receptors and causes indirect effects by 

modulating certain processes (e.g., synthesis, transport, metabolism) that disrupt endocrine 

function (Belgiorno et al., 2007). EE2 has become a widespread problem in aquatic 

environment particularly, because of its high resistance to degradation, ultra-high 

estrogenicity and tendency to absorb organic matter as well as accumulate in sediment and 

concentrate in biota (Aris et al., 2014). EE2 is identified as the most potent estrogenic 

chemical in all endocrine-disrupting chemicals discovered to date (USFDA, 2012). Recently, 

the European Commission announced a proposal to limit EE2 in European water bodies to 

an annual average below 0.035 ng L−1 under its Water Framework Directive, which has 

sparked wide debate due to the potentially high treatment costs (Han et al., 2013). Currently, 

Water Quality Guidelines in British Columbia recommended that a 30-day average 

concentration of EE2 in water should not exceed 0.5 ng L-1 for the protection of freshwater 

aquatic life (Nagpal and Meays 2009).  

In Australia, the risk of human exposure to EE2 through affected drinking water is a 

real concern in water-stressed regions where the drinking water supply is augmented by 

recycled water produced from municipal wastewater effluents (Ying et al., 2004). The 

Australian Guidelines for Water Recycling recommended a maximum level of 

1.5 ng L−1 EE2 in drinking water, which represents the lowest threshold in a suite of ten 

targeted estrogens due to the high estrogenicity of EE2 (Middleton et al., 2008). EE2 

showed the highest estrogenic potency in the in vitro tests compared to the other estrogens 
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E2 and E1. However, the toxicity of EE2 varies and depends on the studied species and 

whether in vitro or in vivo assays are used (Aris et al., 2014). 

Numerous experiments proved that EE2 is very toxic to a large number of exposed 

organisms. Endocrine-disrupting effects of EE2, both in vivo and in vitro, are observed in 

freshwater fish species in both laboratory and field studies at low nanogram per liter levels. 

Several studies show that exposure to concentrations of EE2 in the range of those detected in 

the environment, elicit the synthesis of the egg-yolk precursor vitellogenin, increases 

incidences of histological aberrations, and cause the feminization of male fish (Dussault et 

al., 2009). Both field and laboratory studies are provided abundant evidence concerning the 

effects of exposure to these chemicals, such as the increase of plasma vitellogenin in male 

and female fish, accelerated proportions of intersex fish, decreased egg and sperm 

production, reduced gamete quality, complete feminization of male fish, reduced fertility 

and fecundity and also behavioral changes (Larcher and Yargeau, 2013; Aris et al., 2014). It 

is directly or indirectly reduced the fate of survival, the growth of early-life stage of 

organisms, and reproductive success (e.g., fertility and hatching success), and also impact on 

the population level (Yan et al., 2012). 

Other than aquatic organisms, the vertebrates, including mammals have also shown 

to be sensitive to EE2, particularly during their postnatal development (PND). For example, 

Vosges et al. (2008) reported that male rats that are exposed to EE2 in their drinking water 

for 3 weeks at a concentration of 0.1 and 1 ppm (PND 22–PND 43) are found to be 

significantly affected the ponderal growth of the animals. The males exposed to 10 ng/mL 

EE2 in drinking water from PND 5 onwards conceived a significant higher proportion (25%) 

of small litters (one to five pups) than the control males (0–3%). Delclos et al., (2009) 

reported that 50 ppb of EE2 can affect the exposed Sprague Dawley rats, by decreasing body 

weight, accelerating the vaginal opening, and altering the estrous cycles in young animals. 
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At higher doses, anogenital distance is subtly affected and significantly increased the 

incidence of uterine lesions (a typical focal hyperplasia and squamous metaplasia). Exposure 

during development (from gestational day 7 to postnatal day 8) to oral micromolar doses of 

EE2 permanently disrupted the reproductive tract of male rats (Larcher et al., 2012). 
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Structure of micro-pollutants:  (1) Diclofenac sodium  (2) Tetracycline  
(3) 17α-Ethynylestradiol (4) Methylthymol Blue 
(5) Alizarin Yellow R. 
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1.2.2. Dyes in aquatic environment 

Synthetic dyes are chemical compounds which are widely used for dyeing materials, 

fabrics and as tracer compounds by textile, dyeing, paper and pulp, tannery and paint, 

cosmetic, food and pharmaceutical industries. Thus the main entry route of synthetic dyes in 

aquatic environment is through the effluent discharged from these industries as well as those 

from plants manufacturing dyes (Forgacs, et al., 2004). There are over 10,000 kinds of 

commercial dyes with over 7 x 105 tons of dyes being produced annually (Verma et al., 

2012; Papic et al., 2004; Lee et al., 2006; Riera-Torres et al., 2010). About 10-15% of the 

dyes are disposed-off to the effluent from dyeing operations (Husain, 2006; Hai et al., 2007; 

Gupta and Suhas, 2009). These industrial effluent dyes are characterized by high alkalinity, 

biological oxidation demand, chemical oxidation demand and total dissolved solids 

(Srinivasan and Viraraghavan, 2010). Dyes are generally classified as anionic (direct, acid 

and reactive dyes); cationic (basic dyes); and non-ionic (disperse dyes). The chromophores 

in ionic and non-ionic dyes mostly consist of azo (-N=N-) groups or anthraquinone types. 

Anthraquinone based dyes are more resistant to degradation due to their fused aromatic 

structures. The metal complex dyes are mostly based on chromium and azo dyes which are 

most widely used and presented for 70% of the total dye structures manufactured (Singh and 

Arora, 2011; Salazari et al., 2012). 

1.2.2.1. Alizarin Yellow R (AYR) and Methylthymol blue (MTB) 

The Alizarin Yellow R (AYR) or Mordant Orange-1 (MO1), also known as a 5-(3-

Nitrophenylazo) salicylic acid sodium salt is readily water soluble dye.  It is an azo group of 

dye and a derivative of salicylic acid. The alizarin is predominantly used for yellow and 

orange hues. On the other hand, Methylthymol blue sodium also known as 3, 3'-Bis[N,N-

di(carboxymethyl)aminomethyl] thymolsulfonephthalein sodium is also water soluble dye.  
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It is one of the sulphonephtalein groups of anionic dye. Methylthymol blue is primarily used 

as metallochromic indicator dye in calorimetric and photometric trace determination of 

metals. The synthetic origin and complex aromatic structures of these dyes make them stable 

and difficult to biodegrade; hence, possess relatively high persistency or recalcitrant in soils 

and aquatic systems (Florenza et al., 2014; Chung and Stevens, 1993; Calvosa et al., 1991). 

It is reported that several dyes and their decomposition derivatives are found to be toxic to 

the aquatic life (aquatic plants, microorganisms, fish and mammals) (Georgiou et al., 2002; 

Kim et al., 2004; Ustun et al., 2007). According to current EU regulations, synthetic dyes 

based on benzidine, 3, 3′-dimethoxybenzidine and 3,3′-dimethylbenzidine are classified as 

carcinogens of category 2, that is, as “substances which should be regarded as if they are 

carcinogenic to men” (Golka et. al., 2004). Additionally, fairly intensive studies infer that 

such colored allergens may undergo chemical and biological assimilations, cause 

eutrophication, consume dissolved oxygen, prevent re-oxygenation in receiving streams and 

possess a tendency to sequester by metal ions accelerating genotoxicity and microtoxicity 

(Walsh et al., 1980). In a wider sense, sporadic and excessive exposure to colored effluents 

is susceptible to a broad spectrum of immune suppression, respiratory, circulatory, central 

nervous and neurobehavioral disorders presage as allergy, autoimmune diseases, multiple 

myeloma, leukemia, vomiting, hyperventilation, insomnia, profuse diarrhoea, salivation, 

cyanosis, jaundice, quadriplegia, tissue necrosis, eye (or skin) infections, irritation even to 

lungs edema etc. (Verma et al., 2012; Foo and Hameed, 2010). Moreover, Azo and nitro 

compounds are reported to reduce the sediments of aquatic bodies giving rise to potentially 

carcinogenic amines (Chen, 2006). Some azo dyes are also linked to bladder cancer in 

humans; to splenic sacromas, hepatocarcinomas and nuclear anomalies in experimental 

animals and caused chromosomal aberration in mammalian cells (Mendevedev, 1988, Percy 

et. al., 1989). 
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1.3. Removal of Micropollutants in Wastewater Treatment Plants 

(WWTPs) 
There are currently no legally regulated maximum permitted concentrations of most 

of the micropollutants in the environment, despite their impact on the environment and 

human health. Based on the precaution principle, the European Union Water Framework 

Directive produces an updated list of priority substances every at four years (2000/60/EC) 

and has identified compounds from pharmaceuticals as potential pollutants (Rivera-Utrilla, 

2013). 

The use of chlorine is still the most widespread conventional treatment for 

disinfection of drinking waters. Various studies on the chlorination of aromatic compounds 

demonstrated that the chlorine reaction rate could be strongly affected by the presence of 

different functional groups in the benzene ring. The reaction is usually rapid in 

pharmaceutical products containing amines, giving rise to chlorinated compounds (Pinkston 

and Sedlak, 2004). However, these chlorinated by-products are identified as toxic 

compounds (Glassmeyer and Shoemaker, 2005). Moreover, the degree of mineralization 

achieved in most of the chlorination processes is not acceptable (Bedner and MacCrehan, 

2006). 

Chlorine dioxide is a more potent oxidant than chlorine and can degrade numerous 

organic compounds by oxidation. However, it does not combine with ammonium or 

chlorinated organic substances, which is an advantage with respect to taste, smell, and the 

formation of organochlorinated toxic species. However the use of ClO2 to oxidize persistent 

pharmaceutical products in the environment is only effective for certain antibiotics, 

including 17α-ethinylestradiol, sulfamethoxazole, roxithromycin, and diclofenac (Huber et 

al., 2005), which reacts selectively with functional groups with high electron density, such 
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as tertiary amines and phenoxides, thus shows limited applications to treat several 

micropollutants (Huber et al., 2005). 

Municipal WWTPs are designed to control a wide range of substances, such as 

particulates, carbonaceous substances, nutrients and pathogens. While these substances 

could be efficiently and consistently eliminated, the removal of micropollutants was often 

insufficient. Hence, the evaluation of the fate and removal of micropollutants during 

wastewater treatment was imperative for the optimization of treatment processes, in order to 

prevent the release of these potentially harmful micropollutants.  

Wastewater treatment plants generally employ a primary, a secondary and an 

optional tertiary treatment processes. Primary treatment process aims to remove the solid 

content of the wastewater (oils and fats, grease, sand, grit and settle-able solids). This step is 

performed entirely mechanically by means of filtration and sedimentation and is common at 

all WWTPs. 

Primary treatment processes aim to remove suspended solids that enter WWTPs and 

are ineffective in the removal of most micro-pollutants (Carballa et al., 2005). Micro-

pollutants are removed mainly by sorption on primary sludge, as distribution of a compound 

into organic (lipophilic) layer is a predominant way of sorption (Ternes et al., 2004). 

Fragrances (galaxolide and tonalide) are found to be well removed (40%) during primary 

treatment (aerated grit chamber followed by circular sedimentation tank) due to their high 

partition coefficients between the solid and liquid phase (Carballa et al., 2004). Primary 

treatment (sedimentation tank) is also able to remove partly some of the EDCs at the 

removal efficiency from Ca13% (nonylphenol monoethoxylate) to Ca 43% (Bisphenol A) 

(Stasinakis et al., 2013). However, primary treatment using aerated grit chamber could cause 

significant increase of phenolic compounds, such as bisphenol A and nonylphenol, because 

the compounds originally attached to the grits could be peeled off due to air agitation in grit 
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chamber (Nie et al., 2012). For pharmaceuticals and hormones, removal efficiency in 

primary treatment is achieved only up to 28% (diclofenac and estriol), which suggested that 

adsorption of investigated compounds to sludge particles is rather limited (Behera et al., 

2011). No considerable reduction is reported for ibuprofen, naproxen, sulfamethoxazol and 

estrone (Carballa et al., 2004). 

In secondary treatment, micropollutants are subjected to a range of processes, 

including dispersion, dilution, partition, biodegradation and abiotic transformation. The total 

removal during secondary treatment generally refers to the losses of a parent compound 

contributed by different mechanisms of chemical and physical transformations, 

biodegradation and sorption to solids (Jelic et al., 2011). Biodegradation/ biotransformation 

and sorption are the two major removal mechanisms during biological treatment, while 

volatilization occurs to a lesser extent (Verlicchi et al., 2012). During secondary treatment, 

micro-pollutants are biologically degraded to various degrees, resulting in mineralization or 

incomplete degradation (production of by-products). Biological treatment is based on the 

natural role of micro-organisms to close the elemental cycles such as C, N, P (Silva et al., 

2012), which is related to their biodegradation capacity. Thus biodegradation is the process 

by which microbial organisms transform or alter (through metabolic or enzymatic action) the 

structure of chemicals introduced into the environment (USEPA, 2010). Biodegradation of 

micro-pollutants occurs via different mechanisms: (i) single substrate growth of a small 

subset of specialist oligotrophic organisms, which is less common in WWTPs and more 

likely to occur in receiving water or sediment (Daughton and Ternes, 1999); (ii) co-

metabolism, in which micropollutants are decomposed by enzymes generated for other 

primary substation degradation (e.g. ammonia monooxygenase (AMO)) and are not used as 

carbon and energy source for microbial growth; and (iii) mixed substrate growth, in which 



Introduction 
 

21 
 

micropollutants are used as carbon and energy source and get mineralized (Vader et al., 

2000). 

Sorption of micropollutants mainly occurs by (i) absorption, in which hydrophobic 

interactions occur between the aliphatic and aromatic groups of a compound and the 

lipophilic cell membrane of micro-organisms as well as the fat fractions of sludge, and (ii) 

adsorption, involving the electrostatic interactions of the positively charged groups with the 

negatively charged surfaces of the micro-organisms and sludge (e.g., amino groups) (Ternes 

et al., 2004). However, it is reported that micro-organisms present in treatment plants could 

convert the excreted conjugates - in humans and animals, estrogenic steroid hormones 

undergo various transformations being mainly excreted as inactive conjugates of sulphuric 

and glucuronic acids (Ying et al., 2002)-back to the active unconjugated forms (Racz and 

Goel, 2010). Moreover, the biodegradation products of some micro-pollutants (e.g. 

estrogens) are found to be more harmful than the parent substances (International Union of 

Pure and Applied Chemistry, 1993). Thus, in short, conventional biological treatment 

processes could not completely remove most of these emerging micropollutants as they 

remain in the WWTPs effluents and contaminate surface and ground waters, which are the 

main feed of drinking water sources. Thus more effective and specific treatments are 

required to reduce the environmental and potential impact of effluents to comply with an 

increasingly strict legislation (Rivera-Utrilla, 2013). 

To resolve these new challenges and use of more efficient and sustainable processes, 

various advanced treatment technologies is being proposed, tested, and applied in recent 

years to meet both current and anticipated treatment requirements. Among these, adsorption 

on activated carbon, membrane process and advanced oxidation processes (AOPs) are 

proven successfully to remove a wide range of potential water contaminants and possess 

great promise in water and wastewater treatment technologies. 
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1.4. Treatments Alternative for Micropollutants Removal 

1.4.1. Adsorption by Activated Carbon (ACs) 

Adsorption by activated carbons (ACs) is commonly employed for controlling the 

taste and odor of drinking water. This technique shows great potential for treatment of 

secondary effluent and is proved to be more effective in removing micropollutants in 

comparison with coagulation-flocculation processes (Choi et al., 2008). AC is most 

commonly applied as a powder feed (powdered activated carbon, PAC) or in a granular form 

(granular activated carbon, GAC) in packed bed filters (Liu et al., 2009). An advantage of 

employing PAC, provides fresh carbon continuously or can be used seasonally or 

occasionally when risk of trace organics is present at high levels (Snyder et al., 2007). 

Kovalova et al., (2013) investigated the elimination of micro-pollutants (diclofenac, 

carbamezapine, propranolol, sulfametoxazole) using PAC treatment at a retention time of 

2day with PAC doses of 8, 23 and 43 mg/L. Results showed that the reduction of total load 

of selected pharmaceuticals and metabolites is around 86%. Batch tests performed by 

Hernández-Leal et al., (2011) also demonstrated a significant removal (>94%) of various 

micropollutants (personal care products, bisphenol A and nonylphenol) using PAC treatment 

with initial compound concentrations of 100–1600 μg/L at a dose of 1.25 g/L and a contact 

time of 5 min. The performance of PAC in eliminating micropollutants depends upon PAC 

dose and contact time, the molecular structure and behavior of the targeted compound, as 

well as the water/wastewater composition (Boehler et al., 2012). Either higher dose or 

longer contact time could probably result in greater removal of micro-pollutants (Westerhoff 

et al., 2005). 

In general, efficient removal of micropollutant by adsorption by PAC or GAC is 

potentially achievable when the compounds are non-polar characteristics (KOW > 2) as well 
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as matching pore size/shape requirements (Rossner et al., 2009). However, activated carbon 

efficacy might be significantly lowered by the presence of natural organic matter (NOM) 

which competes for binding sides, thereby resulting to block the available pores. Besides, 

PAC dose, GAC regeneration as well as contact time play important roles in efficient 

removal of micropollutants (Luo et al., 2014).   

1.4.2. Membrane Process 

Membrane filtration could be broadly defined as a separation based on the difference 

in physical or chemical properties of two phases involved with a process that employed a 

semi-permeable membrane. This membrane acts as a separation wall and certain substances 

could pass through it while others are retained/trapped (Silva et al., 2012). Membrane 

processes, such as microfiltration (MF), ultrafiltration (UF), nanofiltration (NF) and reverse 

osmosis (RO) are demonstrated a promising option for contaminant removal in advanced 

water and wastewater treatment strategies (Bolong et al., 2009). The retention of 

micropollutants in membrane processes could generally achieve by size exclusion, 

adsorption onto membrane, and charge repulsion. Rejection, but also pressure requirements 

and energy consumption, followed the order RO > NF > UF > MF, which meant that RO 

offered almost complete removal, but conversely would be more inconvenient because of its 

high energy consumption (Liu et al., 2009). RO/NF membranes are among the most studied 

for the removal of micro-pollutants from water, their rejection efficiency being strongly 

dependent to pollutant physicochemical properties (such as, molecular weight, Kow, Sw, 

electrostatic properties), membrane operating conditions (like flux and water feed quality), 

membrane properties (for example, permeability, pore size, surface charge and 

hydrophobicity/ hydrophilicity), membrane fouling and parameters like pH, temperature and 

salinity (Bellona et al., 2004; Schäfer et al., 2011). Another factor that could influence the 
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performance of RO membranes is its fouling, that results in numerous and damaging effects, 

membrane degradation and decrease of the permeate quality. It is reported that the fouling of 

a RO membrane could cause a noticeable decrease in the rejection of organic compounds, 

such as estrogens (Ng and Elimelech, 2004). 

1.4.3. Ozonation 

Ozone (O3) is a robust oxidizing agent (E0 = 2.08 eV) that either decomposes in 

water to form hydroxyl radicals which are stronger oxidizing agents than ozone itself, thus 

inducing the so-called indirect oxidation or attacks selectively certain functional groups of 

organic molecules through an electrophilic mechanism (Mantzavinos and Psillakis, 2004; 

Dantas et al., 2007). Ozonation is traditionally employed in drinking water treatment for 

odor and taste control and disinfection (Hua et al., 2006; Jasim et al., 2006). However, the 

main drawback of ozonation is that they led to a very limited mineralization of organic 

pollutants (Klavarioti et al., 2009). Another major concern associated with ozone application 

is that bromide ions in water could be oxidized into bromate ions and other harmful 

bromated organic by-products (Ozekin et al., 1997; Singer, 1990; Siddiqui et al., 1995; Song 

et al., 1997). Bromate ions are classified as potentially carcinogenic by the International 

Agency for the Research on Cancer (IARC, 1990). In addition to its high production cost, 

ozone is having relatively low solubility and stability in water and the selectively to react 

with organic compounds at acidic pH. Furthermore, ozone reacts slowly with certain organic 

substances such as inactivated aromatics or saturated carboxylic acids (Beltran et al., 2005). 

These disadvantages make the application of ozone alone to treat polluted water 

economically undesirable (Mehrjouei et al., 2015). 
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1.4.4. Advanced Oxidation Processes (AOPs) 

AOPs are near ambient temperature and pressure water treatment processes or clean 

technology process which involves the in situ generation of highly reactive species such as 

hydroxyl radicals (•OH) which oxidizes non-selectively a broad range of organic 

contaminants (Glaze et al., 1987). The high redox potential of hydroxyl radical (•OH) (E0= 

2.8V), second strongest oxidant preceded by the fluorine (Pera-Titus et al., 2004), attacks  

most of organic molecules with rate constants usually in the order of 106–109 L mol−1 s−1  

(Hoigne, 1997) and reacts 106-1012 times faster than ozone depending on the substrate to be 

degraded (Munter, 2001). The versatility of AOPs is also enhanced by the fact that they offer 

different possible ways for hydroxyl radical production thus allowing a better compliance 

with the specific treatment requirements. The various AOPs include: photolysis (UV/VUV), 

O3/H2O2, O3/UV, H2O2/UV, fenton (H2O2+Fe2+/Fe3+), photo-fenton (H2O2+Fe2+/Fe3++UV), 

electrochemical, sonolysis etc.  

Photolysis (UV/VUV) 

Photolysis involves the interaction of artificial or natural light with the target 

molecule and the induction of photochemical reactions which leads to its direct degradation 

to intermediate products whose further decomposition eventually yields mineral end-

products (Doll and Frimmel, 2003). UV treatment (and in particular UVC irradiation) is 

traditionally employed for the disinfection of drinking water with the advantage, compared 

to the chlorination, minimizing the formation of any regulated disinfection by-products 

(Pereira et al., 2007). During UV photolysis, highly reactive species viz., hydrogen atoms 

(•H) and (•OH) are formed from the water molecules (Arany et al., 2013). The 

decomposition of the pollutant molecules could start with their reaction with these radicals 

or with excited water molecules. Generally low quantum yield and the relatively small molar 
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absorptivity of the target compounds (Phenol) at 254 nm are factors that limit the efficiency, 

and therefore the applicability of direct photolysis process in water remediation (Alapi and 

Dombi, 2007). 

Ozone – Ultraviolet radiation (O3-UV) 

The O3–UV process makes use of UV photons to activate ozone molecules, thereby 

facilitates the formation of hydroxyl radicals (Peyton and Glaze, 1988). Because the 

maximum absorption of ozone molecule is at 253.7 nm, the light source commonly used is a 

medium-pressure mercury lamp wrapped in a quartz sleeve. It can generate the UV light at a 

wavelength of 200–280 nm. The O3–UV process is initially developed by Prengle et al., 

(1980) and patented by Garrison et al., (1975) for the destruction of wastewaters containing 

cyanides. Since then, it is used to oxidize aliphatic and aromatic chlorinated organic 

contaminants, NOM and pesticides (Peyton and Glaze, 1982), Beltran et al., 1994). The 

results often show that the O3-UV process is more effective than ozone alone in terms of 

reaction rate and removal efficiency. Its use for the treatment of clear groundwater 

containing trichloroethylene (TCE) and perchloroethylene (PCE) is already commercialized 

by the early 1980s. However, the O3–UV process is now considered less economical 

compared to the O3–H2O2 and H2O2–UV processes in most cases. 

Hydrogen peroxide – Ultraviolet (H2O2-UV) 

Under UV irradiation, H2O2 is photocatalysed to form two hydroxyl radicals. The so-

formed hydroxyl radicals then reacted with organic contaminants or undergo an H2O2 

decomposition–formation cycle (Crittenden et al., 1999). Unlike ozone, H2O2 possesses an 

exceptionally low molar absorptivity within the wavelength range 200–300 nm. Thus, it is 

particularly susceptible to the competing absorption of UV by organic compounds and 

suspended solids in water. If organic compounds after activation could more rapidly react 
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with H2O2, such direct photo-oxidation would be expected to have a major contribution to 

the overall degradation in the H2O2-UV system. Like the O3-UV process, the H2O2-UV 

process is mainly used for the oxidation of refractory contaminants. Beltran et al., (1993) 

studied the H2O2-UV oxidation of atrazine in water. Results show that, depending on the 

initial atrazine concentration, more than 99% of the atrazine is degraded within 15 min of 

treatment. It is also studied that that the carbonate–bicarbonate ions and humic substances 

influenced significantly the oxidation rate of atrazine. 

Ozone – hydrogen peroxide (Peroxone) 

Although H2O2 reacts very slowly with the ozone molecule in water, its conjugate 

base (HO2
−) can rapidly react with molecular ozone, thereby initiating the formation of 

hydroxyl radicals in two steps (Glaze, 1987). The O3–H2O2 process, often called the 

PEROXONE process, is used widely in practice among the AOPs except for ozonation 

because of simplicity and low radical generation costs. In water treatment, the O3–H2O2 

process is mainly used for the oxidation of micro-pollutants, the removal of pesticides, and 

the control of taste- and odor-causing materials (Karimi et al., 1997). The optimum H2O2 to 

O3 ratio usually ranges from 0.3 to 0.6. It is also tested for contaminated groundwater and 

wastewater treatment. Murphy et al., (1993) studied the removal of color from three effluent 

streams from a pulp and paper mill. They reported that the O3–H2O2 process could achieve 

color removal up to 85% for the caustic extract stream, up to 90% for the acidic stream, and 

up to 50% in the final effluent. 

Fenton oxidation 

Fenton oxidation occurs in presence of ferrous or ferric ions with hydrogen peroxide 

via a free radical chain reaction which produces hydroxyl radicals (•OH). It is considered as 

metal-catalyzed oxidation reaction, in which iron acts as the catalyst (Tekin et al., 2006). 
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Process efficiency is closely related to the solution pH whose optimal values are between 2 

and 4 as well as the COD: H2O2: catalyst ratio in the feed. Moreover, efficiency is enhanced 

in presence of UV irradiation as more hydroxyl radicals (•OH) are produced in the so-called 

photo-Fenton reaction compared to dark Fenton (Perez-Estrada et al., 2005; Shemer et al., 

2006).  Fenton process could be carried out at room temperature and at atmospheric 

pressure. In addition, required reagents are readily available, easy to store and handle, safe 

and they do not cause environmental damages (Pignatello et al., 2006). Research studies are 

demonstrated the applicability of photo-Fenton processes in the removal of micro-pollutants 

diclofenac from aqueous solution using co-centric photoreactor from aqueous solutions 

(Ravina et al., 2002). Results show that total mineralization is achieved within 1hr of 

irradiation. In most cases, Fenton oxidation is capable of mineralizing a substantial fraction 

of the polluting load yielding effluents that are less toxic and more readily amenable to 

biological post-treatment (Kulik et al., 2008). Frontistis et al., (2011) studied the degradation 

of estrogen hormones in environmental matrices by photo-Fenton process employing 

simulated solar radiation. Results show that about 25% and 50% mineralization is achieved 

after 3hr of photo-Fenton oxidation at 17.2 and 86 mg/L H2O2, respectively, while the 

corresponding dark experiments gives only 6% and 15%. Nevertheless, the major drawbacks 

associated with Fenton oxidation are; the narrow pH range of operation to avoid the 

formation and subsequent precipitation of iron oxyhydroxides and the need to recover 

dissolved ions from the treated solution, thus requiring an additional treatment stage 

(Babuponnusami and Muthukumar, 2014). 
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Electrochemical oxidation 

Electrochemical oxidation over anodes made of graphite, Pt, TiO2, IrO2, PbO2, 

several Ti-based alloys and, more recently, boron-doped diamond (BDD) electrodes in the 

presence of a suitable electrolyte (NaCl) is employed for the decontamination of various 

organic-containing effluents. Two mechanisms are responsible for electrochemical 

degradation; direct anodic oxidation where the pollutants are adsorbed onto the anode 

surface and destroy the pollutants by the anodic electron transfer reaction, and indirect 

oxidation in the liquid bulk which is mediated by the oxidants that are formed 

electrochemically; such oxidants include chlorine, hypochlorite, hydroxyl radicals, ozone 

and hydrogen peroxide. Critical operating parameters dictating performance are the working 

electrode, the type of supporting electrolyte and the applied current. Other factors include 

the effluent pH and the starting organic concentrations (Comninellis et al., 2008).  In recent 

years, BDD anodes have received growing attention for pollutants oxidation since they 

exhibit significant chemical and electrochemical stability, good conductivity as well as they 

show an increased rates of mineralization with very high current efficiencies 

(Murugananthan et al., 2007). NaCl is commonly employed as the supporting electrolyte 

whose role is: to increase effluent conductivity, and to provide chlorine and secondary 

oxidants for the indirect, bulk oxidation of contaminants. Nonetheless, the use of NaCl 

raised concern as toxic organo-chlorinated compounds are formed as reaction by products 

(Giannis et al., 2007).  

Ultrasound Irradiation (Sonolysis) 

In recent years, ultrasound irradiation or sonolysis is extensively used as an advanced 

oxidation process (AOP) for waste water treatment.  Sonochemical reactions are induced 

with high-intensity acoustic irradiation of liquids at frequencies that produce cavitation 
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(typically in the range 20– 1000 kHz). Thus, cavitation serves as a means of concentrating 

the diffused energy of ultrasound into micro-reactors with the simultaneous release of 

reactive radicals (•OH) with each reactor serving as a hot spot (Mahamuni and Adewuyi, 

2010). There are three potential sites for sonochemical reactions, namely: the cavitation 

bubble itself, the interfacial region between the bubble and the surrounding liquid and the 

bulk solutions. Pyrolytic reactions inside or near the bubble as well as solution radical 

chemistry is the two major pathways of sonochemical degradation (Emery et al., 2005). 

Organics of low solubility and/or high volatility are likely to undergo fast sonochemical 

degradation as they tend to accumulate inside or around the gas–liquid interface. Several 

factors which affect process efficiency are the frequency and intensity of ultrasound, reactor 

geometry, type and nature of contaminant, bulk temperature and the water matrix. The latter 

is of outmost importance, i.e. the presence of dissolved gases or solids usually improves 

performance as they serve as extra nucleation centers (Sanchez-Prado et al., 2008).  

Heterogeneous Photocatalysis 

Heterogeneous photocatalysis through ultraviolet (UV) or solar illumination on a 

semiconductor surface, primarily TiO2 and ZnO, is the most popular method of AOPs. The 

process is initiated by UV irradiation of the photocatalyst with the formation of electron/hole 

pairs (e-/h+), which migrates rapidly to the surface and initiate redox reactions with suitable 

substrates. Oxygen over the catalyst acts as electron acceptor to form superoxide radicals 

while adsorbed OH- groups and H2O molecules are available as electron donors to yield the 

hydroxyl radicals (Da Silva and Faria, 2003). The degradation of several organic pollutants 

by semiconductor-assisted photocatalytic processes are thoroughly investigated (Chatzitakis, 

2008). 
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1.5. Heterogeneous TiO2 photocatalysis 

Advanced Oxidation Process (AOP) based on semiconductor TiO2 photocatalyst is 

found to be one of efficient and environment friendly treatment process for various 

wastewater treatment strategies. The photo-generated electron-hole pairs (e-/h+) enables in 

oxidation and reduction of pollutant adsorbed onto the surface of TiO2. The e- and h+ lead to 

the formation of radical species viz., hydroxyl radical (•OH) and peroxide radical (•O2
-). The 

redox potential of •OH radical is relatively very high (E0 = +2.80 V) enables in efficient 

oxidation of even stable organic compounds/species from aqueous solutions (Akpan and 

Hameed, 2009).  

Photocatalytic process shows several advantages over some existing technologies; it 

destroys pollutants rather merely transferring them to another phase (e.g. activation carbon 

adsorption, gas sparging) without the use of potentially hazardous oxidants (e.g. ozone, 

chlorination) (McCullagh et al., 2010). The process is carried out under ambient conditions 

(atmospheric oxygen is used as oxidant and solar light used as light source) and usually  

leads to complete mineralization of organic pollutants into CO2, H2O and mineralized 

products (Devi and Kavitha, 2013). Moreover, titanium dioxide (TiO2) is found to be the 

most suitable photocatalyst or perhaps an ideal photocatalyst mainly because of its photo-

stability, ease of availability, rather biologically inert, low operation temperature, low energy 

consumption, high photo-catalytic activity, suitable flat band potential, relatively high 

chemical stability, water insolubility under most environmental conditions and preventing 

the formation of undesirable by-products (Li et al., 2006). 
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1.5.1. Factors affecting TiO2 Photocatalysis 

The oxidation rate and efficiency of TiO2 photocatalysis are highly affected by a number of 

operational parameters viz., pH, pollutant concentration, nature and type of photocatalyst, 

light intensity, interfering ions and temperature.  

1.5.1.1. Solution pH  

The pH is one of the most important parameters that affect heterogeneous 

photocatalytic treatment process. The variation of solution pH determines the isoelectric 

point or surface charge of the catalyst and sizes of aggregates it forms as well as the 

speciation of organic pollutants. As a result, the adsorption on the catalyst surface changes 

thereby causing a change in the reaction rate (Rauf and Ashraf, 2009; Gaya and Abdullah, 

2008). Thus the TiO2 surface becomes positively charged under acidic media (pH< pHpzc) 

and exerts an electrostatic attraction force towards anionic species however, the surface 

becomes negatively charged at alkaline condition (pH> pHpzc) and do not favor the anionic 

species due to electrostatic repulsion between them according to the following water 

equilibrium equations (Konstantinou and Albanis, 2004):  

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

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

1.5.1.2. Pollutant Concentration 

The dependence of initial pollutant concentration on photocatalytic reaction is an 

important factor from the application point of view. It is generally found that percentage 

degradation decreases with increasing the amount of pollutant concentration, while keeping 

a fixed dose of catalyst (Marcedo et al., 2007).  This could be rationalized on the basis that 

at high pollutant concentration, more organic substances are adsorbed on the surface of 

TiO2, whereas less number of photons are available to reach the catalyst surface and 
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therefore less •OH are formed, thus causing an inhibition in degradation percentage (Selvam 

et al., 2007).  

1.5.1.3. Nature and type of Photocatalyst  

The photocatalytic activity of TiO2 is dependent on its surface and structural 

properties such as crystal composition, surface area, particle size distribution, porosity, band 

gap, and surface hydroxyl density. Average crystal size is of primary importance as it is 

directly related to the efficiency of a catalyst through its specific surface area. Of the two 

crystalline phases of TiO2 the anatase form in most of the cases is more efficient 

photocatalyst than the rutile form (Litter, 1999) where the electron-hole recombination rate 

is relatively high (Fox and Dulay, 1993). TiO2 photocatalyst is applied either in powder form 

or immobilised on a stationary support. The most popular commercial powder form of TiO2 

is Degussa P-25; this sample contains around 80% anatase and 20% rutile and possesses an 

excellent activity (Litter, 1999). Moreover, the amount of catalyst concentration is directly 

proportional to the overall degradation rate. However, at certain extent, catalyst 

agglomeration could results in reduction of surface area available for light absorption 

thereby causing a drop in photocatalytic degradation rate (Mahvi et al., 2009).   

1.5.1.4. Light Intensity 

The light intensity is an important parameter which affects the degree of 

photocatalytic degradation reaction of organic compounds. The rate of initiation for 

photocatalysis, electron–hole pair formation in the photochemical reaction is strongly 

dependent on the light intensity (Cassano and Alfano, 2000). A relatively high light intensity 

is required to supply sufficient photon energy to the TiO2 surface in order to achieve high 

photocatalytic reaction rate (Ahmed et al. 2011). It is reported that the organic pollutant 

degradation rate is directly proportional to the radiant flux Ф (Glatzmaier et al., 1990; 
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Magrini and Webb, 1990).   However, the linear dependency of the photocatalytic reaction 

rate on radiant flux (Ф) as square root dependency Ф0.5 above certain value is also reported 

(Malato et al., 2009; Qamar et al., 2006).  The increase in degradation rate of organic 

compounds with increased in radiant flux is generally observed as at higher light intensity, 

the catalyst absorbs more photons producing more electron–hole pairs in the catalyst surface, 

and this increases the hydroxyl radical concentration and consequently increases the 

degradation rate (Behnajady et al., 2007; Pare et al., 2008). However, too high value of 

radiant flux could enhance the electron –hole recombination rate thereby deactivating the 

catalytic activity and hence the degradation rate (Chiou et al., 2008).  

1.5.1.5. Interfering ions 

Surface waters, ground waters and wastewaters contain dissolved anions and cations 

coexisting with the target organic pollutant to be removed. These dissolved ions have 

significant impacts on the performance of photocatalysis for the degradation of pollutants 

(Wang and Lim, 2010; Burns, 1999). It is reported that these several co-existing ions may 

compete with target pollutant for adsorption on the catalyst surface, or scavenge •OH radical 

or other oxidizing species so as to decrease the pollutant degradation rate (Kashif and 

Ouyang, 2009). On the other hand, the anions or cations may be transformed into active 

radicals or they may form an electrostatic field in the vicinity of the catalyst so as to promote 

the separation of electrons and holes (Chen and Liu, 2007; Behnajady et al., 2005; Ashraf et 

al., 2006). 

1.5.1.6. Temperature 

  The effect of temperature on the photocatalytic degradation rate is reported 

previously (Canle et al., 2005). Generally, the increase in temperature enhances the 

recombination of charge carriers and desorption process of adsorbed reactant species, 
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resulting in decrease of photocatalytic activity. This is in conformity with Arrhenius 

equation, for which the apparent first order rate constant kapp increases linearly with exp(−1/T) 

(Gaya and Abdullah, 2008). 

 

Table 1.1: Oxidation potentials of various oxidants. 
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1.6. REVIEW OF LITERATURE 

The advanced oxidation process based on the photocatalytic oxidation is found to be 

effective/efficient in the degradation/removal of water pollutants. It is the Fujishima and 

Honda who pioneered and first pointed the behavior of titanium dioxide as semiconductor 

which produces the oxygen from water as assisted with photons (Fujishima and Honda, 

1971, 1972). This paved the way for a newer area of research in particular the ‘advanced 

treatment processes’ assisted with the titania photocatalyst. The basic principles of 

heterogeneous TiO2 photocatalysis involved an absorption of photon energy (hυ) of greater 

than or equal to the band-gap energy of TiO2 (3.2 eV (anatase) or 3.0 eV (rutile)) onto its 

surface, the electrons from valence band is then photo-excited to the empty conduction band 

in femto-seconds creating the electron-hole pair (e- - h+) at the surface (Gaya and Abdullah, 

2008). The light wavelength for photon energy usually corresponds to (λ< 400 nm). The 

photogenerated holes in the valence band diffused to the catalyst surface and react with 

adsorbed water molecules, forming hydroxyl radicals (Fujishima et al., 2008). The 

photogenerated holes and the hydroxyl radicals (•OH) oxidized nearby organic molecules on 

the TiO2 surface. Meanwhile, electrons in the conduction band typically reduced the 

adsorbed molecular oxygen (O2) to produce superoxide radical anions 2( )O (Fujishima et al., 

2000). 

The mechanism of the electron-hole pair formation and the removal of pollutants on 

the surface of irradiated TiO2 particle are presented in figure 1.1 and 1.2. Series of chain 

oxidative and reductive reactions (Eqs. (1.3) to (2.3) is occurred at the photon activated TiO2 

surface which is widely postulated as follows: (Chong et al., 2010) 

Photo-excitation:    2TiO h e h        (1.3) 
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Charge-carrier trapping of e :  CB TRe e       (1.4) 

Charge-carrier trapping of h :  VB TRh h       (1.5) 

Electron-hole recombination:  ( )TR VB TR CBe h h e heat        (1.6) 

Photo-excited e- scavenging:  2 2( )adsO e O       (1.7) 

Oxidation of hydroxyls:   OH h OH        (1.8) 

Photodegradation by OH  :   2'RH OH R H O       (1.9) 

Direct photo-holes:    R h R     Intermediate(s)/Final 

        Degradation Products (2.0) 

Protonation of superoxides:   2O OH HOO       (2.1) 

Co-scavenging of e-:    2HOO e HO        (2.2) 

Formation of H2O2:    2 2HOO H H O       (2.3) 

The TRe and TRh  in (Eq. (1.5)) represent the surface trapped valence band electron 

and conduction-band hole respectively (Bahnemann et al., 1984). These trapped carriers are 

usually bounded onto the TiO2 surface and do not recombine immediately (Furube et al., 

2001). In the absence of electron scavengers (Eq. (1.6)), the photo-excited electron 

recombines with the valence band hole in nanoseconds with simultaneous dissipation of heat 

energy. Thus, the presence of electron scavengers is vital for prolonging the recombination 

and successful operation of photocatalysis. Equation (1.7) depicts how the presence of 

oxygen prevents the recombination of electron hole pair, while allowing the  
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Figure 1.1: Schematic illustration of the formation of photoinduced charge carriers (e- / h+) 

on absorption of uv light.  

 

Figure 1.2: Schematic illustration on removal of pollutants by the formation of 

photoinduced charge carriers (e- / h+) in a semiconductor TiO2 particle surfaces.  
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formation of superoxide radical 2( )O .This 2O radical can be further protonated to form the 

hydroperoxyl radical 2( )OH  and subsequently H2O2 as shown in Eqs. (2.1) and (2.3), 

respectively. The 2OH   radical form is also reported to have scavenging property and thus, 

the co-existence of these radical species can doubly prolong the recombination time of the 

TRh  in the entire photo-catalysis reaction. However, all these occurrences in photo-catalysis 

are attributed to the presence of both dissolved oxygen (DO) and water molecules. Without 

the presence of water molecules, the highly reactive hydroxyl radicals (•OH) could not be 

formed and obstruct the photo-degradation of liquid phase organics (Chong et al., 2010).  

However some simple organic compounds (e.g., oxalate and formic acid) are mineralized by 

direct electrochemical oxidation where the TRe is scavenged by metal ions in the system in 

absence of water (Byrne and Eggins, 1998). 

 Many elementary mechanistic studies on different surrogate organic compounds (e.g. 

phenol, chlorophenol, oxalic acid) are extensively investigated in their photodegradation 

over TiO2 surface (Gorska et al., 2009).  Aromatic compounds are hydroxylated by the 

reactive radical (•OH) that leads to successive oxidation/addition and eventually ring 

opening. The resulting intermediates, mostly aldehydes and carboxylic acids are further 

carboxylated to produce innocuous carbon dioxide and water (Gomez et al., 2008). Since the 

photo-catalysis reaction occurs on the photon activated surface of TiO2, the understanding of 

the reaction steps that involves photo-degradation of organics is essential in the formulation 

of kinetic expression. For heterogeneous photo-catalysis, the liquid phase organic 

compounds are degraded to its corresponding intermediates and further mineralized to 

carbon dioxide and water, if the irradiation time is extended (Eq. (2.4)). 

Organic Contaminants 2

2

/TiO h
O

 Intermediate(s)CO2+ H2O  … (2.4) 
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 The overall photocatalysis reaction is divided into five independent steps, which are 

described as (Herrmann, 1999): 

1.  Mass transfer of the organic contaminant(s) (e.g. A) in the liquid phase to the TiO2 

surface. 

2.  Adsorption of the organic contaminant(s) onto the photon activated TiO2 surface (i.e. 

surface activation by photon energy occurs simultaneously in this step). 

3.  Photocatalysis reaction for the adsorbed phase on the TiO2 surface (e.g. A B). 

4.  Desorption of the intermediate(s) (e.g. B) from the TiO2 surface. 

5.  Mass transfer of the intermediate(s) (e.g. B) from the interface region to the bulk 

fluid. 

The characteristic time for each elementary reaction in titania-catalyzed 

mineralization of organic pollutants is reported elsewhere (Mills and Hunte, 1997; Clarke, 

1997) and is shown in table 1.2. Therefore, several kinds of active oxidative species, 

including free and trapped holes (h+), hydroxyl radical (•OH), superoxide anion radical

2( )O  , and singlet oxygen (1O2) are involved in the initiation of photocatalytic oxidation 

reactions. This offers the TiO2 photocatalyst's superior ability to oxidize almost all kinds of 

organic and polymer materials, kill microbes, and mineralize these substances with the aid of 

molecular oxygen (Fujishima et al., 2008). 

Three major crystalline configurations of titanium dioxide exist: rutile (tetragonal,  

a = b = 4.584Å, c = 2.953 Å), anatase (tetragonal, a = b = 3.782 Å, c = 9.502 Å), and 

brookite (rhombohedrical, a =5.436 Å, b = 9.166 Å, c = 5.135 Å). Other structures exist as 

well; however, only rutile and anatase play role in photocatalytic applications. Among them, 

rutile is the most stable phase at all temperatures and pressures up to 60 kbar. However, 

anatase is kinetically stable under normal conditions because the phase transformation into 
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rutile at room temperature is too slow to be detected. Only at temperatures > 600°C, the 

transformation reaches a measurable speed (Pelaez et al., (2012).  

Table 1.2:  Primary processes and time domains in TiO2 catalyzed mineralization of organic 

pollutants. 

Primary process Characteristic time 

Charge carrier generation 

2TiO h e h      

 

fs (very fast) 

Charge carrier trapping 

{ }IV IVh Ti OH Ti OH      

{ }IV IIIe Ti OH TiOH     

IV IIIe Ti Ti    

 

10ns (fast) 

100ps (shallow trap; dynamic equilibrium) 

10ns (deep trap) 

Charge carrier recombination 

{ }IV IVe Ti OH Ti OH   
}III IVh Ti OH Ti OH     

 

100 ns (Slow) 

10 ns (fast) 

Interfacial charge transfer 

{ }IVTi OH  + Organic molecule 

IVTi OH + Oxidized molecule 

2 2{ }III IVTi OH O Ti OH O      

 

100ns (Slow) 

ms (Very slow) 

  

The overall photocatalytic activity of titania is determined by the interplay of 

properties like crystalline structure, catalyst surface area, density of surface hydroxyl groups, 

surface acidity, number of defects and adsorption/desorption characteristics. Moreover, the 
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way of catalyst utilization, either in slurry or fixed bed on a catalyst support, and the manner 

of light harvesting and reaction arrangement shows important influences on the apparent 

photocatalytic efficiencies (Serpone, 1997). In principle, anatase is found to be the best 

photocatalyst for use in aqueous solution. However, rutile phase shows effective at both 

oxidative and reductive chemistry in specific applications (Park et al., 2000).  

Research studies demonstrated that most of the organic pollutants in water is 

completely decomposed and mineralized at the surface of UV-excited TiO2 photocatalysts 

such as alkanes, haloalkanes, aliphatic alcohols, carboxylic acids, alkenes, aromatics, 

haloaromatics, polymers, surfactants, herbicides, pesticides, and dyes etc. (Sauer and Ollis 

1996; Ollis et al., 1991), Bahnemann, 2004; Herrmann, 2005). Boulamanti and 

Philippopoulos, (2009) studied the photocatalytic oxidation of pentane, i-pentane, hexane, i-

hexane and heptane using annular photocatalytic reactor. Results showed that over 90% 

conversions were obtained for 50 to 85 s residence times and the only products formed in the 

process were carbon dioxide and water, while no catalyst deactivation was detected. 

Photocatalytic degradation of single and binary phenol and m-nitrophenol by TiO2/UV was 

investigated by Chiou et al., (2008). Results showed that degradation was more efficient 

with lower substrate concentration and the optimal solution pH for photodegradation of 

phenol and m-nitrophenol was at 7.4 and 8.9, respectively. 

 Similarly, it was reported that various toxic inorganic pollutants were oxidized into 

harmless or less toxic compounds by using TiO2 as a photocatalyst such as, nitrite was 

oxidized into nitrate (Zafra et al., 1991), sulphide, sulphite (Frank and Bard, 1977a) and 

thiosulfate (Herrmann et al., 1988) were converted in to sulphate, whereas cyanide was 

converted either into isocyanate (Frank and Bard, 1977b) or nitrogen (Hidaka et al., 1992) or 

nitrate (Pollema et al., 1992). Literature revealed that the photocatalytic degradation kinetics 

of organic compounds usually followed the Langmuir–Hinshelwood scheme as in equation 
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(2.5) (Houas et al., 2001; Turki et al., 2015; Konstantinou and albanis, 2004) as the 

photocatalytic reaction rate is directly proportional to the fraction of surface coverage by the 

organic substrate (휃 ). 

푟 = − = 푘 휃 = ∙ ∙
∙

  … (2.5) 

  or  =
∙
∙ +    … (2.6) 

where  푟  represents the initial rate of photooxidation, 퐶  the concentration of the reactant, t 

the irradiation time, 푘  the rate constant of the reaction and 퐾 is the adsorption coefficient of 

the reactant. At millimolar concentration (퐶 ≪ 1 ), equation (2.6) was simplified to an 

apparent first order equation:  

     퐿푁 = 푘 ∙ 푡   … (2.7) 

where 푘  is the apparent first order rate constant given by the slope of the graph of ln 

C0/Ct versus t . Generally first-order kinetics is appropriate for the entire concentration range 

up to few ppm and several studies are reasonably well fitted by this kinetic model (Gaya and 

Abdullah, 2008). Valente et al., (2006) studied the photodegradation of potassium hydrogen 

phthalate using 0.5 g/L of TiO2 (Degussa P25), suspended in solutions for 2hr irradiation. 

Results showed that the photodegradation followed Langmuir-Hinselwood kinetic model 

within the studied concentration range (10 – 100 mg/L) with 1/r0 = 49.8/C0 + 0.391 was 

obtained from the L-H plot. The photocatalytic degradation of common β-blocker 

(acebutolol) on a re-circulating spiral photo-reactor in presence of TiO2 under UV radiation 

(λ = 365 nm) was studied (Bensaadi et al., 2014). Results indicated that the 

photodegradation followed a pseudo-first-order kinetic and the Langmuir–Hinshelwood 

model was successfully used to fit the experimental data within the studied initial 
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concentration of acebutolol (5–30 mg/L). Similarly, a first order reaction rate was reported 

for the photocatalytic degradation of different pollutants from aqueous solutions (Tang and 

An, 1995; da Silva and Faria, 2003). 

In general, photocatalysis is carried out employing the TiO2 photo-catalyst either as 

suspension in aqueous solution or immobilized onto supporting substrate (Segota et al., 

2011). The immobilization method is relatively convenient for practical purposes since the 

main problem in the usage of titanium dioxide suspends in an aqueous solution is the 

separation of TiO2 nano-particles after the photo-catalytic reaction. Nevertheless, the use of 

catalyst in slurry form requires an additional treatment step to remove it from the treated 

effluent, which could make the process expensive (Murray and Parsons, 2006; Dijkstra et 

al., 2001). TiO2 slurry could be separated by filtering the water through a microfiltration 

(Choo et al., 2008) or ultrafiltration membrane (Fu et al., 2006). However, the powder 

catalyst might penetrate into the pores of membrane, which in turn leads to a decline of TiO2 

concentration and perhaps blocks the membrane pores. Moreover, the conventional TiO2 

slurries or suspension in aqueous solution shows limitations of several practical applications; 

e.g., the settling velocity of aggregated TiO2 is very slow, thus requiring a long retention 

time, the dosage of TiO2 needs in excess to increase the photo-catalytic rate, the high 

turbidity occurred by the high TiO2 concentration could actually decrease the depth of UV-

light penetration. This “Shadowing Effect” drastically lowers the rate of photo-catalytic 

reaction on a unit TiO2 weight basis (Okuya et al., 2002).  Possible solution to this problem 

involves utilization of a thin layer (film or sheet) of TiO2 coated on a variety of supports, 

e.g., glass plates, aluminium sheets etc. These immobilized TiO2 particles could show 

potential applicability as it can be easily recovered and reused over and over again. Various 

methods/ techniques including sol-gel (Kenanakis, 2015), thermal treatment (Fabiyi et al., 

2000), chemical vapor deposition (Mills et al., 2002), magnetron sputtering (Heo et al., 
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2005), electro-deposition (Karuppuchamy and Jeong, 2005), ultrasonic spay-pyrolysis 

(Hateef et al., 2012) and hydrothermal (Lee et al., 2002) are reported for anchoring of titania 

onto a suitable catalyst support. Compared with many deposition techniques the sol-gel 

method offers a number of advantages such as: relatively low cost, low processing 

temperature, simple deposition, relatively simple control of composition, possibility of 

various forming processes, and ability to prepare nano-sized thin films and to produce fine 

structures (Venkatachalam et al., 2007; Shan et al., 2010; Chen et al., 2008; Nolan et al., 

2006; Chen et al., 1999).  

The term “sol-gel” refers to the first stage of material transformation from a “liquid-

like” sol to a “solid-like” gel which involves a room temperature wet chemistry-based 

formation of solid inorganic materials from molecular precursors. Sol-gel processes for the 

synthesis of TiO2 films involve a series of processing steps: (i) formulation of a sol 

containing either colloidal TiO2 precursor or Ti(OR)4 precursors, (ii) aging and deposition of 

sol on appropriate supports; (iii) evaporation of the solvent and other volatile compounds for 

gel formation and film solidification; (iv) heat treatment for the pyrolysis of residual 

organics, densification of the film, and crystallization of the Ti–O–Ti inorganic network for 

obtaining the desired crystalline TiO2 phase. A typical first step of the sol-gel process for the 

titanium oxide precursor is illustrated as follows (Kessler et al., 2006): 

4 2 2 2( ) (2 )Ti OR x H O TiO xH O   (oxide nanoparticle) + 4ROH  … (2.8) 

where, Ti(OR)4 is titanium alkoxide and R is a short aliphatic group. Thus the relationship of 

TiO2 particles with TiO2 formed from a sol precursor via hydrolysis/condensation and 

crystallization process is in fact a host–guest relationship in the composite films. The 

advantage of using this technique for the preparation of TiO2 films is that the high purity 
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commercial TiO2 nanoparticles are well glued by the presence of sol–gel derived TiO2 

matrix (Chen et al., 2009). 

Sonawane et al., (2002) prepared TiO2 thin films employing Titanium (IV) 

tetrabutoxide precursor by sol-gel dip coating method and showed that the thin films heated 

at 400oC composed with anatase crystalline phase performed excellent photocatalytic 

activity for the degradation of salicylic acid and methylene blue dye from aqueous solutions. 

Similarly, because of its high efficiency and low cost operations,  the TiO2 thin films 

immobilised on to a substrate surface in the photo-mineralization of 4-chlorophenol was 

studied by Mills and Wang, (1998). Photodegradation processes of methylene blue (MB), 

methyl orange (MO), indigo carmine (IC), chicago sky blue 6B (CSB), and mixed dye (MD, 

mixture of the four mentioned single dye) by the TiO2 thin films was studied by Zainal et  

al., (2005). Results indicated that the solution pH greatly affected the degradation of these 

dyes.  Similarly, photo-degradation of bisphenol-A (BPA) using sol-gel TiO2 thin film was 

studied. Results inferred that the 3 times coated thin films showed highest catalytic 

efficiency towards BPA degradation. Moreover, the degradation efficiency of thin films was 

decreased with increasing the solution pH from 3 to 10 (Lee et al., (2004). The 

photocatalytic degradation of 3,5-dichlorophenol using thin TiO2 films from Titanium (IV) 

butoxide was studied by Arabatzis et  al., (2002) and found that the thin film possessed 

effective catalytic activity for the degradation of the pollutant and  interestingly, the thin 

films retained almost constant activity even after 10 repeated cyclic operation. The 

photocatalytic degradation of volatile organic compounds (VOC) viz., ethylene in air at low 

concentrations (48.99 ppmv or 1055 ppmv) using a glass ring coated with TiO2 thin films 

was studied. Results suggested that the degradation rate was increased with the increase in 

film thickness up to 2 times coated and then was remained constant with further increase in 
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number of coatings. The degradation rate was described with the Langmuir-Hinshelwood-

Hougen-Watson rate expression (Sirisuk et al., 1999).  

Effort was made to increase the photocatalytic activity of TiO2 films in different 

dimensions including modification of the catalyst surface in order to obtain higher surface 

area. The higher photocatalytic performance of TiO2 porous films was reported by several 

groups. Polyethylene glycol was considered as the archetype and most effective polymer 

template for the formation of macroporous TiO2 thin films. Thus, porous TiO2 anatase film 

using polyethylene glycol as pore generating agent was obtained by Arconada et al., (2009). 

The studies suggested that the presence of inorganic polymer (PEG) generate porous surface 

area which reduced the time necessary to obtain the TiO2-anatase annealed for 3hr at 350oC. 

Moreover, high porosity and surface area implicate higher contact surface exposed to 

organic pollutant trichloroethylene (TCE) thus enhanced the degradation rate. Thus, 

Polyethylene glycol was especially suitable for modifying the porous structure of coatings 

due to its complete decomposition at relatively low temperature (Bu et al., 2004). In line, 

Segota et al., (2011) prepared PEG template sol-gel TiO2 thin films on a borosilicate glass 

substrate. The material was utilised for the degradation of Congo red dye. Results showed 

that the thin film with PEG was contained with higher surface roughness, higher ratio of 

anatase/rutile phase as well as higher photocatalytic activity than the thin films without PEG. 

Moreover, the degradation of Congo red followed pseudo first order kinetics. 

 

 

 

 



Introduction 
 

48 
 

1.7. SCOPE OF THE PRESENT INVESTIGATION 

Environmental pollution with micropollutants particularly, hormones, antibiotics, 

pharmaceuticals and personal care products in aquatic environment is become an serious 

environmental concern around the globe; since several micro-pollutants are found to be 

persistent, low biodegradable and toxic even at low levels. Many such micro-pollutants are 

partially or incompletely degraded/removed by the DWTPs causing a greater concern of the 

deleterious quality of the drinking water quality (Ziylan and Ince, 2011). Further, these 

residual micro-pollutants are creating problems in aquatic ecosystem (e.g., feminization of 

fish) and potential concern towards human health (e.g., increasing antibiotic resistance) 

(Ternes and Joss, 2006). These pollutants and the problems associated with the wastewater 

treatment plants (WWTPs) is a greater concern for the fine tuning of the water qualities in 

such treatment plants. Therefore, removal/speciation of these pollutants from waste or 

effluent waters is one of the greatest concerns due to the shortage of clean water sources. In 

this regard, Heterogeneous Photo-catalytic Oxidation (HPO) processes employing titanium 

dioxide catalysts and UV light has proved to be an efficient and environment friendly 

technology for the treatment of waste water containing a broad range of refractory organic 

compounds. The photo-generated electron-hole pairs (e-/h+) enables in oxidation and 

reduction of pollutant adsorbed onto the surface of TiO2. The e- and h+ lead to the formation 

of radical species viz., hydroxyl radical (•OH) and peroxide radical 2( )O . The redox 

potential of •OH radical is relatively very high (E0 = 2.80 V) enables a efficient oxidation of 

even stable organic compounds/species from aqueous solutions. In order to enhance the 

photo-catalytic activity of these TiO2 catalysts, a thin film of titania (TiO2 nano-particles) 

immobilized on to a stationary substrate i.e., on borosilicate glass could be obtained via sol-

gel dip coating process. These immobilised nano-TiO2 thin films having the TiO2 nano-
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particles are supposed to possess significantly large specific surface area, which provide 

good photo-catalytic properties in the degradation of several micro-pollutants from aqueous 

solutions. In general, the application of TiO2 photo-catalysts powder and its immobilised 

thin films may provide more viable, eco-friendly and cost effective treatment technology. 

Additionally, the TiO2 modified with polyethylene glycol (PEG) could enhance apparently 

the degradation of these pollutants.   

Hence, the present research work is an alternative water treatment technology which 

aims towards the complete efficient and selective oxidation of several organic 

micropollutants such as hormones, antibiotics or pharmaceuticals (viz., Diclofenac sodium, 

Tetracycline, 17α-Ethinylestradiol (EE2)) along with the potentially toxic dyes (viz., methyl 

thymol blue and Alizarine Yellow R) from the aqueous solutions using thin films 

(immobilized nano-TiO2 thin films as well as the PEG template nano-TiO2 oxide onto 

borosilicate glass) as the heterogeneous photo-catalysts in the photo-catalytic degradation of 

these pollutants. Further, various physico-chemical parametric studies are performed to 

optimize the degradation mechanism of these pollutants under the photocatalytic 

degradation. The reusability of these thin films in the repeated operations of photocatalytic 

degradation of these pollutants from aqueous solutions is studied to obtain the further 

practical implications of the catalyst. 
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2. METHODOLOGY 

2.1.  Materials  

2.1.1. Chemicals and Apparatus 

The chemicals used for this work is of mainly AR/GR grade. Titanium(IV) 

isopropoxide, Ti[OCH(CH3)2]4, Poly(ethyleneglycol), H(OCH2CH2)nOH, 17α-

Ethynylestradiol (C20H24O2), diclofenac sodium salt (C14H10Cl2NNaO2),Tetracycline 

hydrochloride (C22H24N2O8.HCl), Methylthymol blue sodium salt (C37H40N2O13SNa4), 

Alizarin Yellow R (C13H9O5N3)are obtained from Sigma Aldrich. Co., USA. Acetylacetone 

(CH3COCH2COCH3), ethanol anhydrous (C2H5OH),hydrochloric acid (HCl), sodium 

hydroxide (NaOH), zinc chloride (ZnCl2), cupric sulphate (CuSO4.5H2O), cadmium nitrate 

(Cd(NO3)2.4H2O,ethylenediaminetetraacetic Acid (C10H14N2N12O8.2H2O),  sodium nitrate 

(NaNO3), sodium nitrite (NaNO2),oxalic acid (C2H2O4.2H2O), acetic acid (CH3COOH) ,2-

propanol(CH3CHOHCH3), sodium azide (NaN3),  sodium hydrogen carbonate (NaHCO3), 

silver nitrate (AgNO3), HPLC Water and acetonitrile HPLC grade (CH3CN) are obtained 

from the Merck India Ltd., India. Moreover, sodium chloride (NaCl) and 

glycine(NH2CH2COOH) are obtained from Himedia, India Ltd., India. Purified water (18.2 

MΩ·cm at 250C) is obtained from Millipore Water Purification system (Model: Elix 3).  

A pH-meter having glass and calomel electrode assembly (Thermo Scientific, Sn 

B43460) is used for entire pH measurements in aqueous solutions. Before using the pH 

meter, it was calibrated with the standard buffer solutions. 

2.1.2. Reagents  

i. Sample Stock solutions: 50 mg/L and 10 mg/L solution of different micropollutant 

solutions.  

ii.  Standard Buffers (pH 4.01, 7.00 & 12.45) are used for the calibration of pH meter. 
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iii. HCl and NaOH (0.1 mol/L) solutions are employed to adjust the pH of the sample 

solutions. 

2.1.3. Ultra violet-Visible (UV-Vis) spectrophotometer 

The UV-Visible Spectrophotometer (Thermo Electron Corporation, England; 

Model: Thermo Spectronic UV1) was used to study the degradation kinetics of organic 

compoundsmeasuring the change in concentration at a fixed wavelength. 

UV-Vis spectrometer was used to measure the absorption of light intensity at 

particular wavelength of incident light. Ultraviolet and visible light are energetic enough to 

promote outer electrons to higher energy levels. For visible and ultra violet spectrum, 

electronic excitation occurs in the range 200-800nm and involves the promotion of electrons 

to the higher energy molecular orbitals. UV-Vis spectroscopy is usually applied to molecules 

and inorganic ions or complexes in solution. The UV-Vis spectra have broad features that 

are of limited use for sample identification but are very useful for quantitative 

measurements. The concentration of an analyte in solution can be determined by measuring 

the absorbance at some wavelength and applying the Beer-Lambert’s law which states that 

‘the absorbance of the solution containing light absorbing species at a particular 

wavelength is directly proportional to the concentration of the solution into path length of 

the sample cell(cm)’. 

A = Є c l    … (2.1) 

where,   A=absorbance of the light absorbing solution. 

  c =molar concentration of the solute. 

  Є =molar extinction coefficient 

  l = path length of sample cell. 



Methodology 
 

52 
 

A plot  of  absorbance (A)  against  concentration  of  solute  gives  a  straight  line for a 

constant path length (l). 

The principle of this technique lies to the fact that molecules containing π-electrons 

or non-bonding electrons (σ-electrons) can absorb the energy in the form of ultraviolet or 

visible light to excite these electrons to higher anti-bonding molecular orbitals (Kalsi, 1995).  

The more easily excited the electrons (i.e., lower energy gap between the HOMO and the 

LUMO) the longer the wavelength of light that absorbs. 

The alternative title of this technique is Electronic Spectroscopy since it involves the 

promotion of electrons from the ground state to the higher energy states.  The amount  of  

light  absorbed  by  the  sample is a function of the wavelength (nm unit) is called the 

absorption  spectrum which generally consists of absorption bands. For visible and ultra 

violet spectrum, electronic excitation occurs in the range 200-800 nm and involves the 

promotion of electrons to the higher energy molecular orbital. The spectrum consists of 

sharp peaks and each peak corresponds to the promotion of electron from one electronic 

level to another. But, actually sharp peaks are seldom observed and instead, broad absorption 

bands are recorded. It is due to the fact that theexcitation of electrons is also accompanied by 

the constant vibratory and rotatory motion of the molecules (Hollas, 2005). Since the energy 

levels of a molecule are quantized, the energy required to bring about the excitation is a 

fixed quantity. Thus, the electromagnetic radiation with only a particular value of frequency 

is able to cause excitation. 

A spectrophotometer is a device which detects the percentage transmittance of light  

radiation when light of certain  intensity  and  frequency  range  is  passed  through  the  

sample.  Thus,  the  instrument  compares  the  intensity  of  the  transmitted  light  with  that  

of  the  incident  light. The modern ultra-violet-visible spectrometers consist of light source, 

monochromator, detector, amplifier and the recording devices. The  most  suitable  sources  
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of  light  are: Tungsten  Filament  Lamp  and  hydrogen-deuterium  discharge  lamp which is 

rich  in  red  radiations.  Most spectrophotometers are double beam instruments.  The  

primary  source  of  light  is  divided  into  two  beams  of  equal  intensity. Before  dividing  

it  into  two  beams,  the  incident  radiation  is  dispersed  with  the  help  of  a  rotating  

prism  and  then  selected  by  slits  such  that  the  rotation  of  the  prism  causes  a  series  

of  continuously  increasing  wavelengths   to   pass  through  the   slits   for   recording   

purposes.  The selected beam is monochromatic which is then divided into two beams of 

equal intensity. Dispersion grating can also be employed to obtain monochromatic beam of 

light from the polychromatic radiation.  As  the  dispersion  of  a  single  beam  or  grating  is 

very small, it is not possible to isolate or collimate very narrow band widths. Thus, light 

from the first dispersion is passed through a slit and then sent to the second dispersion. After 

the second dispersion, light passes through the exit slit. The main advantage of the second 

dispersion is that the band width of the emitted light increases and the light passing through 

the exit slit is almost monochromatic. Almost the entire of the stray light is suppressed. 

2.1.4. Total Organic Carbon Analyser (TOCA) 

The TOC Analyzer (Shimadzu, Japan; Model: TOC-VCPH/CPN) was fully 

employed to obtain the total organic carbon content data for the study of mineralization of 

the degradation of organic compounds present in water.  

A total organic carbon analyser (TOCA) is an analytical instrument used for 

evaluating the total organic carbon content in water samples and may be considered as an 

advanced version and an extension of chemical treatments such as of Biochemical Oxygen 

Demand (BOD) and Chemical Oxygen Demand (COD). A typical analysis of TOC measures 

both the total carbon (TC) present and the inorganic carbon (IC), the latter representing the 
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content of dissolved carbon dioxide and carbonic acid salts. Subtracting the inorganic carbon 

from the total carbon yields TOC (TOC=TC-IC).  

The organic carbon is further categorized as Purgeable Organic Carbon (POC) and 

Non-Purgeable Organic Carbon (NPOC) and NPOC is in turn differentiated into, dissolved 

organic carbon and particulate organic carbon. Another common variant of TOC analysis 

involves removing the IC portion first and then measuring the leftover carbon. This method 

involves purging an acidified sample with carbon-free air or nitrogen prior to measurement, 

and so is more accurately called Non-Purgeable Organic Carbon (NPOC) (Clescerlet al., 

1999). 

There are two types of TOC measurement methods, one is the differential method 

and the other is the direct method. In the differential method both TC (Total Carbon) and IC 

(Inorganic Carbon) is determined separately by measuring them independently. Further, the 

TOC (Total Organic Carbon) is calculated by subtracting IC from TC. This method is 

suitable for samples in which IC is less than TOC, or at least of similar size. In the direct 

method, first IC is removed from a sample by purging the acidified sample with a purified 

gas, and then TOC is determined by means of TC measuring method as TC equals to TOC. 

This method is also called as NPOC (Non-Purgeable Organic Carbon) due to the fact that 

POC (Purgeable Organic Carbon) such as benzene, toluene, cyclohexane and chloroform is 

partly removed from a sample by gas stripping. The direct method is suitable for surface 

water, ground water and drinking water because of, in most cases, less TOC comparing with 

IC and negligible amount of POC occurs in these samples. 

Whether the analysis of TOC is by TC-IC or NPOC methods, it may be broken into 

three main stages, viz., acidification, oxidation and Detection and quantification. The first 

stage, that is, addition of acid and inert-gas sparging allows all bicarbonate and carbonate 

ions to be converted in to carbon dioxide, and this IC product vented along with any POC 
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that was present. The release of these gases to the detector for measurement or to the air is 

dependent upon which type of analysis is of interest, the former for TC-IC and the latter for 

TOC (NPOC). The second stage is the oxidation of the carbon in the remaining sample in 

the form of carbon dioxide (CO2) and other gases. Modern TOC analyzers perform this 

oxidation step by high temperature oxidation by combustion technique and low-temperature 

oxidation by employing chemical oxidation (ultraviolet irradiation, heated persulfate, 

persulfate and UV irradiation combination). Accurate detection and quantification are the 

most vital components of the TOC analysis process. Conductivity and non-dispersive 

infrared (NDIR) are the two common detection methods used in modern TOC analyzers. 

There are some standardized oxidation and detection techniques used in the TOC analyzers 

and the combination of a specific oxidation and detection method for deriving specific 

analytical performance range of values is based on some factors like the nature of 

application or the nature of liquid being tested, and the need which prompted the evaluation. 

The TOC Analyzer (Shimadzu, Japan; Model: TOC-VCPH/CPN) employed for the 

present investigation is based on 6800C combustion catalytic oxidation/NDIR method, 

developed by Shimadzu and the model is highly sensitive, capable of measuring parameters 

such as TC, IC, TOC, NPOC with measuring range and detection limit as TC:0 to 25000 and 

IC: 0 to 30000 and 4 µg/L, respectively. The 6800C combustion catalytic oxidation method 

achieves total combustion of samples by heating them at 6800C in an oxygen-rich 

environment and the TC combustion tube is filled with a platinum catalyst. Since this 

utilizes the simple principle of oxidation through heating and combustion, pre-treatment and 

post-treatment using oxidizing agents are unnecessary, which enhances operability. The 

carbon dioxide generated by oxidation is detected using an infrared gas analyzer (NDIR). By 

adopting a newly-designed, high-sensitivity NDIR, the TOC-L series achieves high detection 

sensitivity, with detection limit of 4μg/L, the highest level for the combustion catalytic 
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oxidation method. The sample is delivered to the combustion furnace, which is supplied with 

purified air. There, it undergoes combustion through heating to 6800C with a platinum 

catalyst. It decomposes and is converted to carbon dioxide. The carbon dioxide generated is 

cooled and dehumidified, and then detected by the NDIR. The concentration of TC (total 

carbon) in the sample is obtained through comparison with a calibration curve formula. 

Furthermore, by subjecting the oxidized sample to the sparging process, the IC (inorganic 

carbon) in the sample is converted to carbon dioxide, and the IC concentration is obtained by 

detecting this with the NDIR. The TOC concentration is then calculated by subtracting the 

IC concentration from the obtained TC concentration. 

2.1.5. High Performance Liquid Chromatography (HPLC) 

The HPLC Instrument [(Model: Waters 515 HPLC pump, Detector: Waters 2489 

UV/Visible Detector, Column: Symmetry ® C18 5μm (4.6x250 mm column)] was employed 

for the quantitative determination of 17α-Ethynylestradiol and diclofenac sodium. 

Chromatography is a physical method of separation in which the components to be 

separated are distributed between two phases, one of which is stationary (stationary phase), 

while the other(the mobile phase) moves in a definite direction. The stationary phase is 

usually in a column but may take other forms, such as planar phase (flat sheet) (Ettre, 1993). 

In HPLC, a liquid sample or a solid sample dissolved in a suitable solvent is carried through 

a chromatographic column by a liquid mobile phase. Separation is determined by 

solute/stationary-phase interactions, including liquid-solid adsorption, liquid-liquid 

partitioning, ion exchange and size exclusion, and by solute/mobile-phase interactions. The 

sample is automatically detected as it emerges from a column (at a constant flow rate), using 

a variety of detectors whose respond is dependent upon the composition of the analyte. The 

sampling signal respond is fed to a recording device where chromatographic peaks are 
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recorded as a function of time. By measuring the retention time (the minutes between the 

time the sample is injected and the time the chromatographic peak is recorded) and 

comparing this time with that of a standard of the pure substance, it is possible to identify the 

peak(qualitative determination). Moreover, the area or height of the chromatographic peak is 

proportional to the concentration and so the amount of the substance is quantitatively 

determined. 

HPLC essentially consists of four principal units:  

(i) Mobile-phase supply system: Mobile phase liquids are degassed prior to use by filtering 

under vacuum or sparging with a flow of fine bubbles of purely soluble helium gas. The 

solvent reservoirs are filled with a desired mobile phase mixture where operation takes place 

at single mobile phase composition called isocratic HPLC elution or by varying the solvent 

strength/polarity of mobile phase with time by changing the mixture proportion called 

gradient elution. The HPLC pump pushes the mobile phase through the injector and to the 

head of the column. This is where the high pressure that permits the high performance in 

HPLC is generated thereby providing mobile phase a constant flow rate (1 to 2 ml/min for 

4.6mm i.d. column). 

(ii) Sample injection system: The typical operating pressure of an HPLC is sufficiently high 

that the sample is introduced using a loop injector. Sampling loops are interchangeable, and 

a few micro-litres are injected at pressure up to 6000 psi. In the load position the sampling 

loop is isolated from the mobile phase and is open to the atmosphere. A syringe with a 

capacity several times that of the sampling loop is used to place the sample in the loop. Any 

extra sample beyond that needed to fill the sample loop exits through the waste line. After 

loading the sample, the injector is turned to the inject position. In this position the mobile 

phase is directed through the sampling loop, and the sample is swept onto the column. 
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(iii) Column:An HPLC typically includes two columns: an analytical column responsible for 

the separation and a guard column. A small 3- to 10-cm guard column or pre-column is 

placed before the analytical column, which extends the life of analytical column and 

improves the separation by retaining strongly sorbed compounds and debris. The most 

commonly used columns for HPLC are constructed from stainless steel with internal 

diameters between 2.1 mm and 4.6 mm, and lengths ranging from approximately 30 mm to 

300 mm. These columns are packed with 3–10 mm porous silica particles that may have an 

irregular or spherical shape. A well packed 4.6-mm column of 5µm-diametrer particles gives 

a plate count at the order of 60,000 to 90,000 plates/metre at flow rate of 1 mL/min. A 

typical 15cm-long column with 4.6-mm inner diameter gives 15,000 plates with 3-µm 

particles, 9000 plates with 5-µm particles and 5000 plates with 10-µm particles.  The most 

common operational mode of HPLC is Liquid-liquid partition chromatography, either 

normal phase chromatography (NPC) or reversed phase chromatography (RPC). In liquid–

liquid chromatography, the stationary phase is a liquid film coated on a packing material 

consisting of 3–10 mm porous silica particles. The stationary phase is partially soluble in the 

mobile phase, causing it to “bleed” from the column over time. To prevent this loss of 

stationary phase, it is covalently bound to the silica particles. Bonded stationary phasesare 

attached by reacting the silica particles with an organo-chlorosilane of the general form 

Si(CH3)2RCl, where R is an alkyl or substituted alkyl group.  

In reverse-phase chromatography (RPC),the stationary phase is nonpolar and the 

mobile phase is polar. The most common nonpolar stationary phases are of organo-

chlorosilane for which the R group is an n-octyl (C8) or n-octyldecyl (C18) hydrocarbon 

chain. Most reverse phase separations are carried out using a buffered aqueous solution as a 

polar mobile phase. Because the silica substrate is subject to hydrolysis in basic solutions, 

the pH of the mobile phase must be less than 7.5.  
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The elution order of solutes in HPLC is governed by polarity. In a normal-phase 

separation the least polar solute spends proportionally less time in the polar stationary phase 

and is the first solute to elute from the column. Retention times are controlled by selecting 

the mobile phase, with a less polar mobile phase leading to longer retention times. However, 

in a reverse-phase separation the order of elution is reversed, with the most polar solute 

being the first to elute. Increasing the polarity of the mobile phase leads to longer retention 

times, whereas shorter retention times require a mobile phase of lower polarity.  

(iv) Detectors: The HPLC detectors are having high sensitivity in the µg to ng range. Widely 

used detectors are Refractometers detectors and Ultraviolet (UV) detectors. The differential 

refractometer detectors measure changes in refractive index of element that result from the 

presence of solutes as they emerge from the column. It can detect concentrations of about 10-

5 to 10-6 g/ml (10 to 1 ppm). The UV detectors are much better sensitive, about 10-8 

g/mL(0.01 ppm). It is not temperature sensitive, is relatively inexpensive, and is being used 

with gradient elution. The most popular HPLC detector is variable wavelength UV-Vis 

detector which can measure nanogram amount of UV absorbing analytes or those that absorb 

in the visible region. Analytical columns are handled 100-µL samples, so these detectors 

measure 10ppb concentrations in favourable cases (Christian, 2004). 

2.2. Methods 

2.2.1.Preparation of Titania sol solutions 

Two different types of nano-TiO2 were prepared using simple sol-gel process and 

named as T1 and T2. T1 was prepared dissolving titanium isopropoxide (TISP) in acetyl-

acetone (AcAc) in order to control the hydrolysis and condensation reactions. Then, ethanol 

(EtOH), acetic acid (AcOH) and distilled water (H2O) were added drop by drop to this 

solution to start the hydrolysis and condensation reactions. The solution is stirred vigorously 
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for 2hr and then it was sonicated for 30 min. The obtained sol was aged for 1day prior to use 

it for the thin film preparation or immobilization. The molar ratio of these chemicals TISP: 

AcAc: EtOH: AcOH: H2O were taken as 1:1.3:40:0.9:12.5, respectively.  

A similar process was followed to prepare titania T2 but added with 2 g of 

Poly(ethylene glycol) (PEG) (average molecular weight 8000) maintaining the previous 

molar ratios of precursors.  

2.2.2. Preparation of thin films of nano TiO2 

 A Clean and dried borosilicate glass disk (2.3 cm diameter and 1.0 mm thickness) 

was dipped in to a transparent orange colour T1 and T2 sol solutions, separately and were 

kept in it (in vertical position) for 1hr. It was then removed slowly and carefully keptit in air 

at room temperature for 12hr. A very thin film of TiO2 was formed on to the substrate 

surface and then it was dried first at 1000C for 1hr and subsequently annealed at 5000C for 

3hr in an electric furnace (Nabertherm; Model No. LT/15/12/P330, Germany). The dipping 

process was repeated for three times for both solutions in order to obtain a homogeneous 

thin film onto the substrate. The nano-TiO2 thin films obtained, S1 (TiO2 film without PEG) 

and S2 (TiO2 film with PEG) were kept in a closed and dry container under dark conditions. 

The sol (T1 and T2) were dried at 600C for 48hr. Some amount of this powder was 

used for analysis by means of thermal gravimetric (TG) and Differential Scanning 

Calorimetry (DSC). The remaining powder was annealed at 5000C for 3hr as to obtain the 

final T1 and T2 powders. 

2.2.3. Characterization of TiO2 thin films 

Surface morphology of S1 and S2 samples was obtained taking the SEM (Scanning 

Electron Microscopic) images of these thin films using scanning electron microscope 

(Model FE-SEM SU-70, Hitachi, Japan). X-ray diffraction (XRD) data was collected 
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usingX-ray diffraction machine i.e., PANalytical, Netherland (Model X’Pert PRO MPD) 

both for S1 and S2 thin films. The diffraction data was recorded at the scan rate of 0.034 of 

2θ illumination and at an applied voltage of 45 kV with a measured current 35 mA. The Cu 

Kradiation was employed having wavelength of 1.5418 Å. The elemental composition of 

the thin films along with borosilicate glass substrate was obtained employing the X-Ray 

Fluorescence (XRF) spectrometer (Model: ZSX 100e, Rigaku, Japan).  AFM measurements 

were carried in the non-contact mode, using XE-100 apparatus from Park Systems (2011) 

having sharp tips (>8 nm tip radius; PPP-NCHR type from Nanosensors™). The 

topographical 3D AFM images were taken over the area of 10 x 10 μm2. XPS (X-ray 

Photoelectron Spectroscopy) analysis was performed using a Theta probe AR-XPS system 

(Thermo Fisher Scientific East Grinstead, UK), using an AlKα monochromatic radiation (hν 

= 1486.6 eV) at a power of 150W with a spot size of 400 µm.  The aliphatic C peak at 284.6 

eV was used as a binding energy reference. FT-IR (Bruker, Tensor 27, USA by KBR disk 

method) was used to collect the IR data for these thin films. Moreover, the BET specific 

surface area of S1 and S2 was obtained using the Protech Korea BET surface area Analyzer 

(Model ASAP 2020). The thermogravimetric analysis (TGA) and Differential calorimetry 

(DSC) for TiO2 powders T1 and T2 were obtained on a STA-409 PG/PC TG-DSC/DTA 

thermal analyzer (NETZSCH-Geratebau, Germany) with a heating rate of 50C/min from 

200C to 5200C. 

2.2.4. Determination of pHPZC of the TiO2 samples  

The pHpzc (point of zero charge) of the two powder samples T1 and T2 was determined 

by the pH drift method (Lee et al., 2009). The point of zero charge (pHPZC) is the pH at 

which the net surface charge on the solid is zero. It is assumed that at pH < pHPZC, the 

surface carries net positive charge, while at pH > pHPZC the surface possesses net negative 
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charge (Chong et al., 2010). In brief, a series of 0.1 M NaNO3 solution (100 mL each) was 

prepared using the CO2 free water in different narrow mouth bottles. The pH of the solution 

in each bottle was adjusted to pH values of 2 to 10 by adding 0.1 M HCl  or 0.1 M NaOH 

solutions. 0.1 g of the solid sample was then added to each bottle and the flasks were capped 

tightly and agitated for 24 hours at 25°C. The final pH of the solutions was recorded and a 

graph was plotted between pHInitial and pHFinal. The point of intersection of this curve with 

the pHInitial = pHFinal linear plot yielded the point of zero charge.  

2.2.5. Batch reactor Studies 

2.2.5.1. Photo-catalytic degradation experiment 

Photo-catalytic degradation of Micropollutants or Organic dye Pollutants were carried 

out under the batch reactor experimentation. The reactor was composed with a black box 

(dimension: 60 x 45 x 45 cm). A 150 mL borosilicate glass beaker containing 50 mL of 

pollutant solution was placed and thin film (S1) or (S2) was placed horizontally at the 

bottom of the reactor. An UV-C lamp of maximum wavelength, λ = 253.7 nm (Model: 

Phillips TUV 11W, 4 P.SE; Poland) was placed at the top of the reactor at 10 cm above the 

solution. The UV-radiation reached the TiO2 photocatalyst through the pollutant solution, 

causing the photocatalytic oxidation process. The reaction temperature was maintained at 

25±10C using the self-assembled water-bath. Air was bubbled to the reactor solution using 

aquarium air pump. The samples were taken from the reactor at certain time intervals and the 

pollutant concentration was analyzed with a UV-Vis spectrophotometeror otherwise the final 

pollutant concentration was determined by the HPLC after 2hr irradiation. Initially, blank 

experiments were performed under UV irradiation without TiO2 photocatalyst for 

comparison.  

Stock solutions of MTB, AYR, TC (50.0 mg/L), DFS (20.0 mg/L) and EE2 (10 mg/L) 

were prepared in purified water. The solution was sonicated for 10 min to increase the 
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solubility of these pollutants in water. Further, the required experimental concentration was 

obtained by the successive dilution of stock solutions. The pH of these solutions was 

maintained by the drop wise addition of conc. HCl/NaOH solutions. A pH-meter having 

glass and calomel electrode assembly (Thermo Scientific, Sn B43460) was used for pH 

measurements in aqueous solutions. Before using the pH meter, it was calibrated with the 

standard buffer solutions. The concentration dependence data was obtained varying the 

micropollutant/dye concentrations respectively from 1.0 to 5.0 mg/L (for DFS, EE2) or 1.0 

to 20.0 mg/L (for TC, MTB, AYR). The calibration curve was obtained with the standard 

solutions of these pollutants having different pollutant concentrations. The percent efficiency 

of degradation of these pollutantswas calculated with the equation (2.2): 

푃푒푟푐푒푛푡 푅푒푚표푣푎푙 =  × 100   …(2.2) 

Where Ci and Cf are the concentrations of organic pollutants before and after the 

photocatalytic treatment. Further, the adsorption experiments were carried out using TiO2 

powder samples T1 and T2 in the dark for different pollutant concentrations with a solid 

dose of 0.1 mg/L under same experimental condition except with UV light and air pump. 

The solution was stirred continuously for 2hr in order to achieve an apparent equilibrium 

between solid/solution interfaces. The equilibrated solution was then filtered using 0.45µm 

syringe filter and the pollutant concentration was measured using UV-Vis 

Spectrophotometer or HPLC. The final data was then fitted to Langmuir and Freundlich 

adsorption isotherm modelling. 

2.2.5.2. Effect of pH 

The effect of solution pH is an important parameter in the degradation/oxidation of 

pollutants since it deals the mechanism involved on the surface of photocatalyst. The 
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catalytic action is greatly influenced with the sorption of pollutants onto catalyst surface and 

sorption is highly dependent to the solution pH. In fact, the catalyst surface charge, the size 

of the catalyst aggregates as well the positions of conductance and valence bands are 

influenced with solution pH (Chong et al., 2010). Therefore a pH dependence degradation of 

the pollutants was conducted varying the pH from pH 4.0 to 10.0 with a constant 

concentration of MTB, AYR, DFS (1.0 mg/L), EE2 (2.0 mg/L) and TC (5.0 mg/L). Further, 

photocatalytic degradation experiments were conducted as detailed before in section2.2.4.1. 

The results obtained were reported as the percent degradation of pollutant as a function of 

pH of the pollutant solution. 

2.2.5.3. Effect of Pollutant Concentration 

The initial concentration of pollutant in any photocatalytic reaction is an important 

factor which needs to be taken into account since photocatalytic degradation of organic 

pollutants is surface phenomenon andorganic molecules which adhere effectively to the 

surface of the photocatalyst are more susceptible to direct oxidation (Tariq et al., 

2007).Generally, the percentage degradation of organic pollutants decreased with increase in 

initial pollutant concentration at a fixed amount of photocatalyst. This is explained on the 

basis that as initial pollutant concentration increases, more organic substances are adsorbed 

on to the surface of the TiO2 catalyst, whereas less number of photons are available to reach 

the catalyst surface and therefore less •OH are formed, thus results in less degradation 

percentage. (Wang et al., 2008; Tariq et al., 2007; Friesen et al., 2000). 

Therefore, the effect of initial pollutant concentration on the photocatalytic 

degradation of organic compounds were studied from 1.0 mg/ L to 5.0 mg/L for DFS, EE2 

and from 1.0 to 20 mg/L for TC, MTB, AYR, respectively at a constant solution pH 6.0. The 
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results were reported as the percent degradation of pollutant as a function of different 

pollutant concentration after 2hr or otherwise 4hr (for EE2) irradiation treatment. 

2.2.5.4. Degradation Kinetics  

The study of photocatalytic degradation kinetics in waste water treatment is a useful 

input parameter which provides important insights in the degradation pathways and 

mechanisms involved between the surface reactive species and the adsorbed organic 

pollutants. Thus, kinetic studies were conducted in order to deduce the efficiency of 

photocatalyst as well to obtain apparent rate constant values in the degradation of these 

organic pollutants under the photocatalytic degradation. Further, the kinetics of the 

degradation was represented using the known pseudo-first order rate equation (Eq. 2.3): 

 푟 = − [ ] =  푘 푘 + 푘 [푀푃] = 푘  [푀푃] …(2.3) 

where [MP] represents the concentration of micropollutant and kapp is the pseudo-first-order 

rate constant. Integration of Equation 2.3 with the extreme conditions i.e., at t=0 the 

[TC]=C0 The equation 2.3 becomes: 

퐿푁 = 푘 ∙ 푡     …(2.4) 

Straight lines were drawn between the LN (Co/Ct) against time `t`. The Slope of the straight 

line gives apparent first order rate constant for the degradation of organic compounds. 

2.2.5.5. Effect of Interfering ions 

Wastewater contains variety of dissolved inorganic anions and cations which possess 

either positive or negative effects on the rate of photocatalytic degradation of the parent 

pollutants (Sun et al., 2006). In order to simulate the natural waste water matrix, attempt was 

made to assess the applicability of the thin film in the photocatalytic degradation of these 

organic pollutants in presence of several interfering ions including the cadmium nitrate, 
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copper sulphate, zinc chloride, sodium chloride, sodium nitrate, sodium nitrite, glycine, 

oxalic acid and EDTA taking a ratio of pollutant: interfering ions as 1: 5. The samples were 

irradiated for 2hr or otherwise 4hr (for EE2) at pH 6.0. The percent removal of 

micropollutant/ organic dyes was presented as a function of interfering ions. 

2.2.5.6. Mineralization Study 

The applicability/efficiency of the photocatalytic treatment process depends upon the 

extent of mineralization of pollutants which measures complete removal of dissolved toxic 

organic compounds from the reaction media. Therefore, the extent of mineralization of 

photocatalytic treatment process was determined measuring the TOC (total organic carbon) 

removal. The TOC values were obtained at varied initial pollutant concentrations of (1.0 - 

5.0 mg/L) for DFS, EE2 and (1.0 – 20 mg/L) for TC, MTB, AYR respectively at a constant 

solution pH 6.0 or varying solution pH at a fixed pollutant concentration and the final data 

was presented as % TOC removal as a function of pollutant concentration or solution pH.  

2.2.6. Adsorption Isotherm Modeling 

Adsorption is the major prerequisite condition for any heterogeneous catalysis 

reaction (Hasnat et al., 2007). The reactivity and the adsorption of the target compound onto 

the catalyst surface plays critical role in the effectiveness of the degradation. In general, an 

adsorption isotherm is an invaluable curve describing the phenomenon governing the 

retention (or release) or mobility of a substance from the aquatic environments to a solid-

phase at a constant temperature and pH. Adsorption equilibrium (the ratio between the 

adsorbed amount with the remaining in the solution) is established when an adsorbate 

containing phase is in contact with the adsorbent for sufficient time i.e.,the adsorbate 

concentration in the bulk solution is in a dynamic balance with the interface concentration 

(Foo and Hameed 2010; Limousin et al., 2007; Allen et al., 2004). 
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2.2.6.1. Langmuir Isotherm model 

Langmuir adsorption isotherm model (Langmuir, 1918) assumes monolayer 

adsorption (the adsorbed layer is one molecule in thickness), with adsorption can only occur 

at a finite (fixed) number of definite localized sites, that are identical and equivalent, with no 

lateral interaction and steric hindrance between the adsorbed molecules, even on adjacent 

sites(Vijayaraghavan et al.,2006). In its derivation, Langmuir isotherm refers to 

homogeneous adsorption, which each molecule possesses constant enthalpies and sorption 

activation energy (all sites possess equal affinity for the adsorbate) (Kundu and Gupta, 

2006), with no transmigration of the adsorbate in the plane of the surface (Perez-Marin et al., 

2007). The Langmuir equation in the non-linear form is expressed as: 

푞 =      … (2.5) 

Where qe and Ce represent respectively, the amount of solute adsorbed and bulk solute 

concentration at equilibrium. qm and Ka are the Langmuir constants indicating the maximum 

monolayer capacity of solid and strength or affinity of solid towards the sorbing species, 

respectively. 

2.2.6.2. Freundlich Isotherm model 

Freundlich isotherm model (Freundlich, 1906) described the non-ideal and reversible 

adsorption, not restricted to the formation of monolayer. This empirical model is applied to 

multilayer adsorption, with non-uniform distribution of adsorption heat and affinities over 

the heterogeneous surface. In this perspective, the amount adsorbed is the summation of 

adsorption on all sites (each having bond energy), with the stronger binding sites are 

occupied first, until adsorption energy are exponentially decreased upon the completion of 

adsorption process (Foo and Hameed 2010; Toor and Jin, 2012). Freundlich isotherm is 
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widely applied in heterogeneous systems especially for organic compounds or highly 

interactive species on activated carbon and molecular sieves. The slope ranges between 0 

and 1 is a measure of adsorption intensity or surface heterogeneity, becoming more 

heterogeneous as its value gets closer to zero. Whereas, a value below unity implies 

chemisorptive process where 1/n above one is an indicative of cooperative adsorption 

(Haghseresht and Lu, 1998). The non-linear form of Freundlich adsorption is expressed as: 

푞 = 퐾 퐶 /     … (2.6) 

Where qe and Ce represent respectively, the amount of solute adsorbed and bulk solute 

concentration at equilibrium. KF and 1/n represent the Freundlich constants; referring to the 

maximum sorption capacity and adsorption intensity, respectively.  

Thus, the adsorption experiments were carried out using TiO2 powder samples T1 and 

T2 in the dark varyingpollutant concentrations from 1.0 to 5.0 mg/L (for DFS, EE2) and 

from 1.0 to 20 mg/L (for TC, MTB, AYR), respectively at a constant solution pH 6.0 with a 

solid dose of 0.1 mg/L under same experimental condition except with UV light and air 

pump. The solution was stirred continuously for 2hr in order to achieve an apparent 

equilibrium between solid/solution interfaces. The equilibrated solution was then filtered by 

using 0.45µm syringe filter and the final pollutant concentration was measured using UV-

Vis Spectrophotometer or otherwise HPLC (for EE2). The final data was then fitted to 

Langmuir and Freundlich adsorption isotherm models. 

2.2.7. Reusability test of the thin films 

The possibility of catalyst recovery and reuse in photocatalytic processes is an 

important aspectsince it contributes significantly to lowering the operational cost of the 
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process. This makes photocatalytic process using the heterogeneous catalyst is an attractive 

method for various wastewater treatment strategies. Therefore, the reusability test for the 

two thin films S1 and S2 was conducted for the micropollutants (viz., Diclofenac sodium, 

Tetracycline) and Methylthymol blue dye for four repeated cycles with a fixed initial 

concentration of pollutant (5.0 mg/L) at pH 6.0 for 2hr irradiation. After each successive 

experiment the catalyst was washed with water and dried in an electric oven at 1000C for 

1hr. Results were presented as rate of degradation of pollutants as a function of repeated 

cycle.  
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3. RESULTS AND DISCUSSIONS 

3.1. Characterization of TiO2 samples  

3.1.1. X-ray Diffraction (XRD) Analysis  

The XRD data was obtained for the S1 and S2 thin film samples and returned in 

figure 3.1. The Characteristic peakqs were obtained at the 2θ values of 25.39, 37.84, 48.14, 

53.44 and 54.59 (for S1 samples). The XRD-data is matched with the standard ICDD 

(International Centre for Diffraction Data) reference pattern and were assigned to the TiO2 

anatase phase. No characteristic peak of rutile was observed. It was generally known that 

among crystalline phases of TiO2, anatase is the most active photocatalyst (Herrmann, 

1999). Further, almost an identical XRD pattern was obtained for the S2 sample. The 

average particle size (D) of the immobilized TiO2 samples was calculated using the Debye-

Scherrer equation (3.1): 

    퐷 = . ∙
∙

    … (3.1) 

where λ is the incident wavelength of the X-rays, B and θ are the full width at half maxima 

and semi-angle of diffraction corresponding to the most intensity diffraction peak, 

respectively. The size of particles were calculated for S1 and S2 catalysts and found to be 

25.4 and 21.9 nm, respectively. This further indicates that the S1 and S2 comprised with 

nano-sized, possibly, the nano-pillars TiO2 evenly distributed on the substrate surface.  

3.1.2. SEM Analysis  

The surface morphology of the immobilised nano-TiO2 thin films was studied by 

taking the SEM images of these two sampels i.e., S1 and S2. The SEM images were 

returned in figure 3.2. It was evident from the figure that the S1 sample possessed with 

nano-sized pillars of TiO2. The average size of these pillars are less than 15 nm. These 
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pillars are very evenly distributed and forming a thin film onto the substrate surface. On the 

other hand the PEG template TiO2 film is more disordered and having several cracks which 

are clearly visible onto the surface. The particles of TiO2 were also, at places, aggregated. 

Moreover, the BET pore size analysis shows that the pore size of these two catalysts is in the 

order of 4–8 nm and the Scherrer diameter indicates that the particle diameter is in the order 

of 21–29 nm. Therefore, it is assumed that a regular network is obtained onto the substrate 

surface and, possibly, the titania is forming a Nanopillars onto the substrate with a 

maximum size of ~30 nm. 

 

 

Figure 3.1: XRD diffraction pattern for the S1 and S2 thin films. 
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Figure 3.2: FE-SEM images of the TiO2 thin films (a) S1; and (b) S2. 

 

3.1.3. Thermogravimetric (TG/DSC) Analysis  

The TG-DSC curves of the two TiO2 powders T1 (TiO2 without PEG) and T2 (TiO2 

with PEG) were presented in figure 3.3(a) and 3.3(b).  It was clear from the TG curves that 

the two TiO2 powders showed more or less similar weight losses. The first weight loss of 

about 15% in between 25 – 1400C was attributed to the evaporation of physisorbed water 

molecules. The second weight loss ranging from 140 to 2400C was assigned to the 

combustion of unhydrolysed isopropoxide ligands and carbonisation of other organic 

materials containing precursors and PEG template (Crisan et al., 2007). The third weight 

loss from 238 to 4000C was attributed to the removal of structural hydroxyls which 

increased the number of bridging oxygen and thus the monolithic nature of the gel matrix 

(Guo et al., 2005). The exothermic peaks at around 2500C in the corresponding DSC curves 

was attributed to the combustion and release of organic substances whereas the exothermic 

peak at around 400OC was ascribed as the transformation of amorphous form of TiO2 to 

anatase phase (Segota et al., 2011). 

 

 

(a) (b) 
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Figure 3.3(a):  TG curves of TiO2 powder dried at 600C, T1 (TiO2 without PEG) and T2 

(TiO2 with PEG). 

 

 

 

Figure 3.3(b):  DSC curves of TiO2 powder dried at 600C, T1 (TiO2 without PEG) and T2 

(TiO2 with PEG). 
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3.1.4. Fourier-transform infra-red spectroscopic (FT-IR) Analysis  

The FT-IR data was collected for the TiO2 thin film samples (S1 and S2) annealed at 

5000C. The results were presented graphically in figure 3.4. The absorption spectra of S1 

and S2 samples were identical with having a sharp band at around 3437 cm-1 which was 

assigned to the O-H stretching vibration of Ti-OH (Rahim et al., 2012). The bending 

vibration of the O-H mode was obtained at the wavenumber around 1638 cm-1. The bands in 

the low energy region of the spectrum at 470 and 422 cm−1 were assigned to bending 

vibrations of Ti–O and Ti–O–Ti of the titanium dioxide framework bonds (Maira et al., 

2001) or perhaps the stretching mode of Ti-O bond which was envelope the bonds of Ti-O-

Ti of the tinanium dioxide network (Devi and Reddy, 2011).While the narrow bands at 2922 

and 2862 cm-1 were due to organic residues (Sugapriya et al., 2013). Moreover, the 

absorption bands at around 1100-1500 cm-1 due to organic compounds were absent in both 

the S1 and S2 samples indicating the purification from organic residues containing 

functional groups active in middle infrared spectrum region which was again in agreement 

with the corresponding TG-DSC curve for powder T1 and T2 samples. 

3.1.5. Atomic Force Microscopic (AFM) Analysis  

The 3D AFM images of S1 and S2 samples were shown in figure 3.5. The figure 

indicates that S1 composed with homogeneous distribution of nano-TiO2 pillars on the 

substrate indicating that the films are optically smooth. However, a non-uniform distribution 

of particles was observed in S2. Further, the average height of the pillars was found to be 

180 nm and 40 nm respectively for the S1 and S2 samples. These results are in good 

agreement with the above SEM observation. Moreover, the average roughness (Ra) and root 

mean square roughness (Rq) parameters were calculated and found to be 3.523, 14.06 nm 

and 2.708, 4.668 nm,  respectively for S1 and S2 samples. 
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Figure 3.4: FT-IR spectra of S1 and S2 thin film samples. 

 

 

   

Figure 3.5: 3D AFM images of the TiO2 thin films (a) S1; and (b) S2 samples at the scale of 
10 x 10µm2.  
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3.1.6. X-ray Fluorescence (XRF) Analysis  

The XRF analytical data was presented in Table 3.1. It is obvious that the major 

elements of the substrate are Si, Sr, Sn and Fe. However, the S1 and S2 samples possessed 

with 2.65 and 4.29 weight percentage of Ti which clearly indicate that Ti is significantly 

immobilized onto the substrate. Moreover, the percent of Ti is increased significantly with 

the S2 sample suggesting that the filler media PEG greatly supported the network formation 

and propagation. 

3.1.7. X-ray Photoelectron Spectroscopic (XPS) Analysis  

The scan survey XPS spectra of S1 and S2 was shown in figure 3.6. The figure indicates that 

the thin film is mainly composed with Ti and O elements analyzed onto the surface region. 

Moreover, a characteristic peaks of Ti(2p) and O(1s) are also shown in figure 4 (inset). The 

two peaks at 458.5 and 464.5 eV corresponds to the photo-splitting electrons of Ti4+ (2p3/2) 

and Ti4+ (2p1/2), indicating titanium is present in the form of fully oxidised Ti4+ (Li and Li, 

2002). The binding energies of O(1s) (529.7 and 529.8 eV) are assigned to the surface-

adsorbed oxygen, such as O2
2−or O−  from the defect oxide or hydroxyl-like group (Lei et 

al., 2014). This further indicates that titanium is present with its particulate form and, 

possibly, forming a nanopillars onto the solid surface. 

 

Table 3.1: XRF analysis of blank substrate, S1 and S2 samples. 

Samples Element (Weight %) 

Fe Sr Sn Si Ti 

Blank 0.21 12.61 10.25 76.93 - 

S1 0.17 12.51 9.88 74.79 2.65 

S2 0.21 12.47 10.23 72.80 4.29 
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Figure 3.6: The XPS survey spectra of S1 and S2 thin films and characteristic peaks of      

(a) Ti2p and (b) O1s. 

 

Table 3.2:  BET specific surface area and pore sizes obtained for S1 and S2 samples. 

Solid Materials BET specific surface area 

(m2/g) 

Pore Sizes 

(nm) 

S1 5.217 7.77 

S2 1.420 4.16 
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3.1.8. BET specific surface area 

Further, the specific surface area of the S1 and S2 catalyst were obtained 

using the BET specific surface area analyzer. Similarly, the pore sizes of the samples S1 and 

S2 respectively were obtained and results were returned in Table 3.2. It was observed that 

although the specific surface area of the catalyst was decreased with the thin films 

synthesized in presence of PEG however, the meso-pores size was decreased significantly. 

This enhances the possibility of the pollutants to be trapped within the pores and show a 

better catalytic activity. The PEG enables to provide a good filler media which subsequently 

provides a regular titanium network formation and propagation revealing much lower pore 

size of the catalyst as obtained for S2 catalyst.  

 

 

 

 

 

 

 

 

 

 

 



Results and Discussions 
 

79 
 

3.2. BATCH REACTOR STUDIES 

3.2.1. Effect of pH 

3.2.1.1. Diclofenac sodium (DFS) 

 The effect of pH is an important parameter in the degradation/oxidation of pollutants 

since it deals the mechanism involved on the surface of photocatalyst. The catalytic action is 

greatly influenced with the sorption of the pollutants onto catalyst surface and sorption is 

highly dependent to the solution pH. Actually, the catalyst surface charge, the size of the 

catalyst aggregates as well as the positions of conductance and valence bands are influenced 

with change in pH (Chong et al., 2010). Therefore a pH dependence degradation of the DFS 

was conducted varying the pH from pH 4.0 to 10.0 and at constant initial diclofenac sodium 

(DFS) concentration of 1.0 mg/L. Further, the degradation percent of DFS using UV only, 

S1 and S2 samples was calculated and results were presented graphically in figure 3.7 and in 

table 3.3. Results were obtained at the completion of 2hr irradiation. Figure clearly 

demonstrated that the presence of thin films (S1 and S2) samples greatly enhanced the 

degradation of DFS comparing to only UV irradiation (photolysis). Quantitatively, a very 

high percent degradation of DFS was obtained at pH ~6.0 and this was found to be 7.75, 

52.03 and 63.10% for the UV only, S1 and S2 samples, respectively. However, increasing 

further the pH even up to 10.0, the degradation of DFS was decreased to its removal percent 

values of 6.90, 31.03 and 41.38%, respectively for UV only, S1 and S2 samples. It was 

further, noted that very low percent oxidation of DFS was not affected significantly with the 

change in solution pH using the UV only treatment. The surface properties of S1 and S2 

greatly influenced the degradation percent of DFS. It was known that the TiO2 surface was 

remained positively charged in acidic media (pH < 6.9) and negatively charged in alkaline 

solutions (pH > 6.9) since pHPZC of S1 and S2 samples were found to be pH 6.9. The acid 

base properties of the catalyst could be explained with equation (3.2): 
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    ≡ 푇푖푂퐻 →     ≡ 푇푖푂퐻   →      ≡ 푇푖푂   …(3.2) 
                                                             pHPZC 
 

 On the other hand, the diclofenac sodium is having low dipole moment and acid 

dissociation constant value pKa: 4.21 (Meloun et al., 2007). This implied that diclofenac 

sodium carries negative charge beyond pH 4.2. Therefore, beyond pH 4.2 a sharp increase in 

the percent degradation of DFS was encountered due to strong electrostatic attraction of 

DFS by the surface since the catalyst surface carried net positive charge. However, further 

increase in pH i.e., beyond pH ~6.0 i.e., up to pH 10.0, the surface of TiO2 also carried a 

negative charge and because of electrostatic repulsion the DFS molecule could not be 

aggregated on to the catalyst surface effectively which rendered in sharp decrease in 

degradation percent of DFS by the photocatalytic degradation. It was assumed that the DFS 

molecule easily entered within the interface of cavities and reacted with hydroxyl radicals 

generated by the UV radiations at an increased rate. However, at higher pH conditions the 

DFS molecules predominantly lying in the bulk solution where the concentration of 

hydroxyl radicals was insignificant hence decreased the percent removal of DFS (Chakinala 

et al., 2007). Similar findings were reported for the degradation of DFS in the continuous 

photocatalytic membrane reactor employed UV-C radiations (Sarasidis et al., 2014).  In 

contrast, previously it was found that the diclofenac was mineralized with higher rate at pH 

4.0 comparing to pH ~7.0 using the photocatalytic degradation (Bagal and Gogate, 2014). 
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Table 3.3: Effect of pH in the photocatalytic degradation of diclofenac sodium (DFS). 

  
Removal % 

 
(pH) 

  4 6 8 10 

UV only 6.90 7.75 3.57 6.90 

S1 34.48 52.03 28.58 31.03 

S2 48.28 63.10 35.72 41.38 

   

 

 

 

Figure 3.7: Effect of pH in the photocatalytic degradation of diclofenac sodium (DFS):   

 DFS (1.0 mg/L); Irradiation time: 2hr; Temperature 25±10C. 
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3.2.1.2. Tetracycline (TC) 

The pH dependence degradation of the TC was conducted varying the pH from pH 

4.0 to 10.0 at a constant TC initial concentration (5.0 mg/L). Further, the degradation 

percent of TC after 2 hr irradiation treatment was calculated and results were presented 

graphically in figure 3.8 and also in table 3.4. The removal percent of TC was relatively low 

at pH 4.0 however, it was increased significantly at higher pH values i.e., pH >6.0 and 

reached to a maximum percent removal at pH 10.0. Quantitatively, 43.37, 61.06, 68.14% 

efficiency was achieved by the UV, S1 and S2 samples at pH 10.0, respectively. The extent 

of degradation was affected by the surface charge properties of S1 and S2 as well as the 

speciation of the TC molecule in different solution pH. It was already mention that the TiO2 

surface was remain positively charged in acidic media (pH < 6.9) and negatively charged in 

alkaline solutions (pH > 6.9).   

On the other hand, TC is an amphoteric molecule having different functional groups 

with the pKa1, pKa2 and pKa3 values of 3.3, 7.7 and 9.7, respectively (Stephens et al., 1956, 

Kulshrestha et al., 2004). Between pH 3.3 and 7.7, TC exists as a zwitterion (TCH2
0 or 

TCH2
0 + −), due to the loss of a proton from the phenolic diketone moiety. At solution pH 

greater than 7.7, TC exists as anion (TCH− or TCH+ − −). Further, at pH 9.7 it exists as di-

anionic form (TC2− or TC0 − −) by the loss of another proton from the tri–carbonyl system 

and phenolic diketone moiety (Kulshrestha et al., 2004). Since both species of TCH2
0 and 

TCH− contain a positively charged group in their structure, it is likely that these molecules 

were arranged at the surface so that the positively charged group was located very close to 

the surface, leading the negatively charged one(s) as far as possible from the surface, which 

reveals that electrostatic attraction may play an important role in the sorption of TCH2
0 and 

TCH− species dominantly within the pH region ~6.0 to 10.0 (Parolo et al., 2008). Higher TC 

removal in alkaline pH were also reported using TiO2 powder (Zhu et al., 2013) as more 
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number of ∙OH radicals could be produced with increasing solution pH(Wang et al., 2011). 

Moreover, negatively charge TC at alkaline pH tends to attract reactive groups (like ∙OH 

radicals) due to their high electron density on ring system (Jiao et al., 2008). Consequently, 

this caused to enhance the degradation of TC using the photocatalyst. Previously, it was 

found that the photo-electro-fenton process was found to be effective within the pH range 

~3.0-7.0 comparing to the electro-fenton at low pH values (Liu et al., 2013). However, the 

present study is useful in the treatment of TC at a wide range of pH from moderate to high 

pH region ~6.0-10. Figure 3.6 also clearly demonstrated that the presence of thin films (S1 

and S2) samples greatly enhanced the degradation of TC comparing to only UV irradiation 

suggesting the efficient applicability of the thin film photocatalyst for the degradation of TC. 

 

Table 3.4: Effect of pH in the photocatalytic degradation of Teracycline (TC). 

  
Removal % 

 
(pH) 

  4 6 8 10 

UV only 33.96 29.21 31.02 43.37 

S1 49.06 56.64 50.47 61.06 

S2 51.89 66.37 57.55 68.14 
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Figure 3.8: Effect of pH in the photocatalytic degradation of Tetracycline (TC):   
 TC (5.0 mg/L); Irradiation time: 2hr; Temperature 25±10C.  
 
 
 
3.2.1.3. 17α-Ethynylestradiol (EE2) 

The pH dependence degradation of EE2 was conducted varying the pH from pH 4.0 
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after 4hr irradiation was obtained by HPLC measurements. Further, the degradation percent 

of EE2 was calculated and results were presented in figure 3.9 and in table 3.5. The results 

demonstrated that the removal percent of EE2 was relatively low at pH 4.0 however, it was 

increased significantly at higher pH values i.e., pH 6.0 and then decreased with further 

increase in pH up to pH 10.0. Quantitatively, 68.86, 47.17, 27.07% degradation was 

achieved by the S2, S1 and UV only treatment at pH 6.0, respectively.  

The extent of degradation was affected by the surface charge properties of S1 and S2 
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molecular form at pH< 10.5 as the pKa value of EE2 molecule was reported to be 10.5 

(Zhang et al., 2010). Therefore, the optimum pH for the degradation of EE2 was obtained at 

pH ~6.0 – 8.0. The low degradation observed at acidic condition (pH 4.0) could be 

explained with the fact that in the presence of dissolved oxygen, water molecules could 

generate •OH, hydrated electrons (e−
aqua), and •H under UV irradiation according to the 

equation (Zhang and Li, 2014): 

2 aquaH O hv e H OH H           … (3.3) 

Hence in acidic solutions, the formation of •OH was suppressed as shown in Eq. 

(3.3). In addition excess of H+ ion had a scavenging effect on hydroxyl radical (•OH), thus 

causing the decrease in pollutant degradation. Moreover, with increase in pH at pH 6.0, the 

catalyst surface showed an enhanced affinity towards the pollutants thereby increased the 

degradation reaction. However, further increase in pH up to pH10.0, the EE2 molecule 

dissociated (i.e. the conjugated base) losing the protons to the hydroxide ions (Fredj et al., 

2015). As a result, an electrostatic repulsion between the negatively charge catalyst surface 

and anionic charge of the pollutant could not favour to the photo-catalytic degradation of the 

pollutant. It was also reported that, the phenoxide ion formed in alkaline condition increased 

the solubility of the estrogen; hence, more organic compounds remained in the bulk than on 

the surface thereby decreased the effective surface reaction, thus caused decrease the 

degradation rate. Similar results were also reported by Liu et al., (2003) in the 

photodegradation of EE2 in aqueous solution. Further, it was observed that the presence of 

thin films samples S1 and S2 showed higher degradation efficiency compared to the UV- 

photolysis in the degradation of EE2 and by comparison, S2 thin films showed relatively 

higher photocatalytic efficiency than S1 samples in the photocatalytic degradation of EE2 

from aqueous solutions. 
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Table 3.5: Effect of pH in the photocatalytic degradation of 17α-Ethynylestradiol (EE2). 

  
Removal % 

 
(pH) 

  4 6 8 10 

UV  15.49 27.07 25.15 21.15 

S1 26.06 47.17 44.69 42.23 

S2 44.73 68.86 62.68 61.44 

 

 

 

 

 
Figure 3.9: Effect of pH in the photocatalytic degradation of 17α-Ethynylestradiol (EE2): 

 EE2 (2.0 mg/L); Irradiation time: 4hr; Temperature 25±10C.  
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3.2.1.4. Methylthymol Blue (MTB) 

The pH influences not only the surface properties of the photocatalyst but also dye 

dissociation and hydroxyl radical formation (Liu et al., 2015). The effect of the solution pH 

on the adsorption could be explained mainly by the modification of the electrical double 

layer of the solid–electrolyte interface, which consequently affects the electrostatic 

interactions (Liu et al., 2015). Therefore a pH dependence degradation of the MTB was 

conducted varying the pH from pH 4.0 to 10.0. The degradation percent of MTB after 

completion of 2hr irradiation was calculated and results were presented graphically in figure 

3.10 and in table 3.6.  The Results clearly demonstrated that the presence of thin films (S1 

and S2) samples greatly enhanced the degradation of MTB comparing to UV-only 

irradiation. Quantitatively, a very high degradation percent of MTB with 18.8, 68.8 and 

81.3% for the UV only, S1 and S2 samples, respectively was obtained at pH 6.0. However, 

further increasing the pH even up to pH 10.0, the degradation of MTB was decreased to its 

removal percent values of 18.8, 37.5 and 56.3 %, respectively for UV, S1 and S2 samples. It 

was demonstrated that a very low percent oxidation of MTB using the UV only treatment 

was not affected significantly with the change in solution pH.   

However, further increase in solution pH i.e., beyond pH 6.0 to 10.0, the negative 

charge density onto the surface of TiO2 was increased significantly. Moreover, the MTB is 

one of anionic type dye which carries net negative charge. Relatively a lower removal of 

MTB was obtained at an acidic condition i.e., pH 4.0. This was due to the fact that the 

negative charge density of MTB was decreased significantly with decreasing the solution pH 

hence caused to decrease the adsorption of MTB onto the catalyst surface. However, 

increasing the solution pH to pH 6.0 a sharp increase in the removal of MTB was occurred 

which was due to enhanced electrostatic attraction of the anionic dye MTB by the positively 

charged catalyst surface. Further increase in solution pH up to pH 10.0, a gradual decrease 
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in removal percent of MTB was obtained. This was due to the fact that both the catalyst 

surface and MTB carried net negative charges and because of electrostatic repulsive forces 

or due to the competitive adsorption between the excess OH− ions with the dye anions the 

uptake of MTB was greatly suppressed at higher pH region (pH10.0). Similar lower percent 

removal of anionic dye was obtained at higher pH regions in the photocatalytic degradation 

of Acid Black 26 using immobilized nano-TiO2 (Vaez. et al., 2012) as well as in the 

photocatalytic degradation of Congo Red (CR) using hydrothermally synthesized TiO2 

(Erdemoglu et al., 2008). In contrast, it was reported that the immobilized titania Degussa-

P25 photocatalyst was effective for the degradation of Acid Red 29 at alkaline pH 9 

compared to the degradation at low pH 3.0 and explained that more available hydroxide ions 

(OH-) in alkaline condition generate more hydroxyl radical (•OH) on the TiO2 surface 

(Qamar et al., 2005).  Further, it was observed that the presence of thin films samples S1 

and S2 showed higher degradation efficiency compared to the UV- photolysis in the 

degradation of MTB and by comparison, S2 thin films showed relatively higher 

photocatalytic efficiency than S1 samples in the photocatalytic degradation of MTB from 

aqueous solutions. 
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Table 3.6: Effect of pH in the photocatalytic degradation of Methylthymol blue (MTB). 

  
Removal % 

 
(pH) 

  4 6 8 10 

UV only 12.50 18.75 18.75 18.70 

S1 62.50 68.75 43.75 37.50 

S2 75.00 81.25 68.75 56.25 

 

 

 

 

 

Figure 3.10: Effect of pH in the photocatalytic degradation of Methylthymol blue (MTB):   
 MTB (1.0 mg/L); Irradiation time: 2hr; Temperature 25±10C. 
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3.2.1.5. Alizarin Yellow R (AYR) 

 The pH dependence degradation of the AYR was conducted varying the pH from pH 

4.0 to 10.0. Further, the degradation percent of AYR was calculated and results were 

presented graphically and returned in figure 3.11. Results were also presented in table 3.7 

after the completion of 2hr of irradiation. Figure 3.11 clearly demonstrated that the presence 

of thin films (S1 and S2) samples significantly accelerated the degradation of the Alizarin 

dye molecules comparing to only UV photolysis. Quantitatively, relatively high degradation 

percent of AYR was obtained at pH ~6.0 and this was 3.77, 58.49 and 73.58% for the UV 

only, S1 and S2 samples, respectively. However, increasing further the pH even up to 

pH~10.0, the degradation of AYR was decreased to its removal percent values of 1.59, 

41.27 and 50.79%, respectively for UV, S1 and S2 samples. It was also demonstrated that 

very low oxidation percent of AYR was not affected significantly with the change in 

solution pH using the UV only treatment. The lower or higher degradation efficiency by the 

two thin film photocatalysts was dependent upon the surface charge of the catalyst at a 

particular solution pH since surface charge of S1 and S2 solids remained positively charged 

in acidic media (pH < 6.9) and negatively charged in alkaline solutions (pH > 6.9) as the 

pHPZC of TiO2 samples were found to be pH 6.9.  

 Thus, with the increase in solution pH i.e., beyond pH ~6.0 the negative charge 

density onto the TiO2 surface is increased significantly.  On the other hand, AYR is an 

anionic type of azo dye which carries net negative charge. Relatively a lower removal of 

AYR was obtained at an acidic condition i.e., pH 4.0. This was due to the fact that the 

negative charge density of Alizarin was decreased significantly with decrease in the solution 

pH and hence a decreased adsorption of AYR onto the catalyst surface was occurred. Also 

the scavenging of •OH by the H+ was also be dominant at lower pH region, which caused to 

a decrease in percent photo-degradation of AYR (Tang, 1996). Moreover, the excess of H+ 
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ions in strongly acidic solutions interact with the azo linkage (-N=N-), which is particularly 

susceptible to be electrophilic attack by the hydroxyl radical, decreasing the electron 

densities at azo group. Consequently, the reactivity of hydroxyl radicals by the electrophilic 

mechanism was decreased (Wongkalasin et al., 2011). However, increasing the solution 

pH~6.0 a sharp increase in the removal of AYR was occurred which was due to enhanced 

electrostatic attraction of the anionic dye AYR by the positively charged catalyst surface. 

Further increase in solution pH up to pH 10.0, a gradual decrease in removal percent of 

AYR was due to the fact that both the surface and AYR carries net negative charges and 

because of an apparent repulsive forces the attack of reactive species to AYR at the catalyst 

surface was greatly suppressed at higher pH region (pH>10.0). Similar, lower percent 

removal of Mordant Yellow 10 was obtained at higher pH regions in the photocatalytic 

degradation of Mordant Yellow 10 using the ferrihydrite and H2O2 (Wang et al., 2010) and 

also in the degradation of Acid Orange 7 dye  employing TiO2-GR nanocomposite 

photocatalyst (Muthirulan  et al., 2014).  Thus the efficiency of the samples for the 

degradation of AYR azo dye molecules were found to be in the order: S2 > S1 > UV only. 
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Table 3.7: Effect of pH in the photocatalytic degradation of Alizarin Yellow R (AYR) 

 

Removal % 
 

(pH) 
  4 6 8 10 

UV only 3.77 3.33 3.33 1.59 

S1 58.49 65.0 43.33 41.27 

S2 73.59 81.67 53.33 50.79 

 

 

 

 
 

Figure 3.11: Effect of pH in the photocatalytic degradation of Alizarin Yellow R (AYR): 
    AYR (1.0 mg/L); Irradiation time: 2hr; Temperature 25±10C.  
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3.2.2. Effect of Pollutant Concentration 

3.2.2.1. Diclofenac sodium (DFS) 

Further, the effect of diclofenac concentration was studied at DFS concentrations 

from 1.0 to 5.0 mg/L at pH 6.0. The results obtained were presented as removal percent of 

diclofenac sodium (DFS) as a function of initial concentration and returned in figure 3.12 

and table 3.8. In general it was observed that increasing the micropollutant concentration the 

degradation percent was decreased. More quantitatively, increasing the DFS concentration 

from 1.0 to 5.0 mg/L the DFS removal percent was decreased from 63.10 to 40.14% (with 

S2), from 55.72 to 29.58% (with S2) and 7.75 to 4.93% (with UV only) respectively.  The 

increase in concentration greatly hindered the removal percent of micropollutants. This was 

due to the fact that effective contact possibilities with the micropollutant molecules (MP) 

increased at lower concentrations of MPs, however, the percent supply of active species 

were decreased significantly at higher pollutant concentrations. Similar decrease in 

conversion percent (99.5 to 46%) with increase in diclofenac concentration (5.0 to 20.0 

mg/L) using 250.0 mg/L Degussa P25 TiO2 was reported by Achilleos et al., (2010).  It was 

again reaffirmed that the thin films S1 and S2 showed significantly higher photocatalytic 

action in the efficient degradation of DFS from aqueous solutions comparing to the UV only 

irradiated sample. Further, S2 sample which was made with the PEG template synthesis 

possess an enhanced photocatalytic activity than the S1 samples in the degradation of this 

micropollutant. This was due to the fact that S2 samples possess with small pores which 

effectively trapped the pollutant molecules and the photo induced radicals oxidizes 

efficiently the micropollutants. The immobilization of nano-TiO2 greatly enhanced the 

degradation of these micropollutants as well the use of thin films enabled to avoid the phase 

separation problems associated with the powder heterogeneous catalyst (Cavalheiro et al., 

2008). It was reported previously that increasing the micropollutant concentration was 
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saturated the TiO2 surface hence was reduced the photonic efficiency which caused 

deactivation of photocatalyst (Saquib et al., 2003). 

 

Table 3.8: Effect of concentration in the photocatalytic degradation of Diclofenac sodium 
(DFS). 

  
Removal % 

 
[Initial concentration of Diclofenac sodium 

(mg/L)] 
  1.0 2.0 3.0 5.0 

UV only 7.75 5.55 9.64 4.93 

S1 55.72 42.59 37.35 29.58 

S2 63.10 53.70 50.60 40.14 

 

 

 

Figure 3.12: Effect of concentration in the photocatalytic degradation of diclofenac sodium 
(DFS): pH: 6.0; Irradiation time: 2hr; Temperature 25±10C.  
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3.2.2.2. Tetracycline (TC) 

The effect of tetracycline concentration was studied at a wide range of TC 

concentrations i.e., 1.0 to 20.0 mg/L at pH 6.0. The results were obtained as removal percent 

of TC as a function of initial concentration and presented graphically in figure 3.13 as well 

as in table 3.9. In general it was observed that the degradation percent was decreased with 

increasing the TC concentration. More quantitatively, increasing the TC concentration from 

1.0 to 20.0 mg/L the percent of TC removal was decreased from 79.17 to 33.41% (by S2 

sample); from 66.67 to 23.41% (by S1 sample); 33.33 to 12.93% (by UV only), 

respectively. These results obtained are due to the fact that as the initial concentration of TC 

increases, more and more organic substances are adsorbed on to the surface of photocatalyst 

and causes the overloading of the active sites on the catalyst surface thereby reduces the 

photo-generation of reactive oxygen species at the reaction medium. Furthermore, 

increasing the TC concentration leads to an increase of the amount of incident photons 

which are absorbed by the pollutant molecules and never reaches to the photocatalyst 

surface. 

It was again reaffirmed that the thin films S1 and S2 showed significantly higher 

photocatalytic efficiency at least in the degradation of TC from aqueous solutions compared 

to the UV only irradiated sample. Further, the PEG template thin film S2 sample shows an 

enhanced photocatalytic activity than the S1 samples in the degradation of the tetracycline 

from aqueous solution as more TC is trapped at the solid surface which effectively caused to 

oxidize the TC by the reactive species. The results were in agreement with the previous 

report where the percent degradation of TC was greatly decreased on increasing the initial 

concentration of TC from 25.0 mg/L to 100.0 mg/L using the TiO2-plasma reactor (He et al., 

2014). It was further reiterated that higher removal rate needed longer time, and the reactive 

potentiality was equilibrated at the constant natural conditions. 
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Table 3.9: Effect of concentration in the photocatalytic degradation of Tetracycline (TC). 

 

  Removal % 

[Initial concentration of Tetracycline (mg/L)] 

  1.0 5.0 10.0 15.0 20.0 

UV only 33.33 29.21 19.72 17.61 12.93 

S1 66.67 56.64 36.62 30.57 23.41 

S2 79.17 66.37 51.64 44.19 33.41 

 

 

 

 

Figure 3.13: Effect of concentration in the photocatalytic degradation of Tetracycline (TC):   
 pH: 6.0; Irradiation time: 2hr; Temperature 25±10C.  
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3.2.2.3. 17α-Ethynylestradiol (EE2) 

The effect of 17α-Ethynylestradiol concentration was studied at varied EE2 

concentrations i.e., 1.0 to 5.0 mg/L at pH 6.0. The final concentration after 4hr irradiation 

was obtained and the results were computed as removal percent of EE2 as a function of 

initial concentration and presented graphically in figure 3.14 as well as in table 3.10. It was 

obvious that the degradation percent was increased with decreasing the EE2 concentration. 

More quantitatively, decreasing the EE2 concentration from 5.0 to 1.0 mg/L the EE2 

removal percent was increased from 62.11 to 78.01% (by S2 sample); from 39.59 to 56.03% 

(by S1 sample) and from 20.21 to 33.38% (by UV only), respectively. These results 

obtained were due to the fact that as the initial concentration of EE2 was increased, the 

active surface sites were more crowded and hence more number of pollutant molecules was 

remained in the bulk and not on the catalyst surface and got lesser chance to interact with 

the surface reactive species and hence, a decrease degradation of EE was occurred. 

Furthermore, at high EE2 concentrations, the penetration of photons entering into the 

solution was decreased, so that an inner filter effect was induced and hence the solution 

became more and more impermeable to UV radiation (Daneshvar et al., 2008). 

Consequently, hydroxyl radical concentration was decreased and EE2 degradation rate was 

found to be reduced (Zhang et al., 2010).  

It was again reiterated that the thin films S1 and S2 showed significantly higher 

photocatalytic efficiency in the degradation of EE2 from aqueous solutions compared to the 

UV only irradiated sample. Further, the PEG template thin film S2 sample possess an 

enhanced photocatalytic activity than the S1 samples in the degradation of the EE2 from 

aqueous solution since more EE2 molecules were effectively trapped inside the small meso 

pores provided by the catalyst surface and hence, effectively oxidised by the reactive 

species.  
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Table 3.10: Effect of concentration in the photocatalytic degradation of 17α-

Ethynylestradiol (EE2). 
 

  
Removal % 

 
[Initial concentration of EE2 (mg/L)] 

  1.0 2.0 3.0 5.0 

UV only 33.38 27.07 24.60 20.21 

S1 56.03 47.25 44.25 39.59 

S2 78.01 68.86 65.52 62.11 

 

 

 

 

Figure 3.14: Effect of concentration in the photocatalytic degradation of 17α-Ethynyl 
estradiol (EE2); pH: 6.0; Irradiation time: 4hr; Temperature 25±10C. 
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 3.2.2.4. Methylthymol Blue (MTB) 
 

The effect of Methylthymol blue concentration was studied at a wide range of dye 

concentrations i.e., 1.0 to 20.0 mg/L at pH 6.0. The results obtained were presented as 

removal percent of MTB as a function of initial concentration of MTB and returned in figure 

3.15 and in table 3.11.  In general it was observed that the percent of degradation was 

decreased with increasing the MTB concentration. More quantitatively, increasing the MTB 

concentration from 1.0 to 20.0 mg/L the MTB removal percent was decreased from 81.23 to 

29.25% (by S2 sample); from 68.75 to 17.35% (by S1 sample); 18.75 to 7.82% (by UV 

only), respectively. Results clearly indicated that the increase in concentration greatly 

hindered the percent removal of MTB. This is due to the fact that increase in initial dye 

concentration causes to decrease the probability of reaction between the dye molecules and 

the generated hydroxyl radicals (Tarig et al., 2008; Vijayabalan et al., 2009) or due to the 

parallel side reactions occurred between the hydroxyl radicals and major intermediates 

occurred with the degradation of dye molecules which led to quick completion of the 

hydroxyl radicals (Ahmed et al., 2011). Moreover, competitive adsorption between 

intermediates and parental dye molecules for active sites and their photon absorption 

reduces the efficiency of catalytic reaction (Vaes et al., 2012).  

It is observed that the thin films S1 and S2 show significantly higher photocatalytic 

activity in the efficient degradation of MTB from aqueous solutions comparing to the UV 

only irradiated sample. Further, S2 sample shows remarkably high photocatalytic activity 

than the S1 sample in the degradation of MTB pollutant due to the small meso-pores 

possessed at the surface of the S2 sample which effectively trap the MTB molecules and the 

photo induced radicals species oxidizes efficiently the pollutant molecules. 
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Table 3.11: Effect of concentration in the photocatalytic degradation of Methylthymol Blue 

(MTB). 

  Removal % 

[Initial concentration of Methylthymol Blue 
(mg/L)] 

  1.0 5.0 10.0 15.0 20.0 

UV only 18.75 13.70 10.27 9.55 7.82 

S1 68.75 41.10 28.77 21.36 17.35 

S2 81.25 56.16 41.78 33.64 29.25 

 

 

 

 

Figure 3.15: Effect of concentration in the photocatalytic degradation of Methylthymol 
Blue (MTB): pH: 6.0; Irradiation time: 2hr; Temperature 25±10C. 
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 3.2.2.5. Alizarin Yellow R (AYR) 

The effect of Alizarin Yellow R concentration was studied varying the dye 

concentrations from 1.0 to 20.0 mg/L at pH 6.0. The final results obtained after 2hr 

irradiation were presented as removal percent of AYR as a function of initial AYR 

concentration and returned in figure 3.16 and in table 3.12 respectively. The results 

demonstrated that increasing the AYR concentration the degradation percent was decreased 

at least with the two thin films S1 and S2 samples. More quantitatively, increasing the AYR  

concentration from 1.0 to 20.0 mg/L the AYR removal percent was decreased from 76.67 to 

22.10% (by S2 sample); from 65.00 to 16.47% (by S1 sample); 3.33 to 0.08% (by UV only), 

respectively. These results clearly indicated that the degradation was greatly favoured with 

lower concentration of the dye pollutant. This was due to the fact that effective contact of 

catalyst surface with the dye molecules was increased at lower concentrations of dye, 

however, the percent supply of active species were decreased significantly at higher dye 

concentrations. This reaffirms that the thin films S1 and S2 show significantly higher 

photocatalytic action in the efficient degradation of AYR from aqueous solutions comparing 

to the UV only irradiated sample. The photolysis/UV only shows very low or negligible 

degradation of the dye molecule which indicates the stability of the AYR molecule with 

large aromatic ring structure.  

Further, S2 sample which is obtained with the template synthesis using the PEG is 

found remarkably high photocatalytic activity than the S1 sample in the degradation of the 

pollutant. This is due to the higher adsorption of the dye molecule to the surface of S2 

sample which possesses small pores thereby offering easy to trap the AYR molecules within 

the pores and hence the photo induced radicals species oxidizes efficiently the pollutant 

molecules. It was reported earlier that the increase in initial azo dye concentration was 

caused to decrease in percent degradation of dye due to the decrease in probability of 
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reaction between the dye molecules and the generated hydroxyl radicals (Zhang et al., 2009; 

Monteagudo et al., 2008) or due to the parallel side reactions between the hydroxyl radicals 

and major intermediates occurred with the degradation of dye molecules which led to quick 

completion of the hydroxyl radicals (Murugananthan et al., 2008). 

 

Table 3.12: Effect of concentration in the photocatalytic degradation of Alizarin Yellow R 
(AYR). 

  Removal % 

[Initial concentration of Alizarin Yellow R(mg/L)] 

  1.0 5.0 10.0 15.0 20.0 

UV only 3.33 0.34 0.34 0.24 0.09 

S1 65.0 47.12 25.26 20.02 16.47 

S2 76.67 40.0 34.13 27.20 22.10 

 

 

Figure 3.16: Effect of concentration in the photocatalytic degradation of Alizarin Yellow R 
(AYR): pH: 6.0; Irradiation time: 2hr; Temperature 25±10C. 
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3.2.3. Degradation Kinetics 

3.2.3.1. Diclofenac sodium (DFS) 

The kinetic studies are conducted in order to deduce the efficiency of photocatalyst 

as well as to obtain apparent rate constant values in the degradation of DFS under the 

photocatalytic degradation. The value of Ct/C0 is presented graphically and returned in 

figure 3.17 (where C0 is in initial concentration of diclofenac and Ct is the concentration of 

DFS at time `t`). It is clear from the figure that a sharp decrease in degradation is observed 

in presence of thin films S1 and S2 whereas the UV irradiation shows almost no degradation 

of diclofenac. The Ct/C0 values are found to be 0.70 and 0.59 for the S1 and S2 samples, 

respectively. Comparatively, significantly lower values of Ct/C0 using the S2 samples 

comparing to the S1 samples again indicated the affinity of the micropollutants towards the 

thin film surface and an enhanced photocatalytic degradation of MCPs at the surface.  

Further, the kinetics of the degradation is represented using the known pseudo-first 

order rate equation (Eq. 3.4): 

푟 = − [ ] =  푘  푘 + 푘 [퐷퐹푆] = 푘  [퐷퐹푆] … (3.4) 

where [DFS] represents to the concentration of diclofenac and kapp is the pseudo-first-order 

rate constant. It is obvious that the kapp depends on the concentration of micropollutant.  

Integration of Equation 3.4 with the extreme conditions i.e., at t=0 the [MP]=C0. The 

equation 3.4 becomes: 

퐿푁 = 푘 ∙ 푡    … (3.5) 

Straight lines are drawn between the LN (C0/Ct) against time `t`. The results obtained are 

presented graphically in figure 3.17 (inset) with initial concentration of 5.0 mg/L at pH 6.0. 

Moreover, the pseudo-first-order rate constants are evaluated at different concentrations 
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using the UV, S1 and S2 samples and results are returned in Table 3.13. It is evident from 

the table that increasing the concentration of the diclofenac the apparent pseudo-first-order 

rate constant values are decreased. Therefore, the lower initial concentration of micro 

pollutants is found to be efficient in the photo catalytic degradation using the thin films. 

Similarly, the S2 sample is found to be more efficient comparing to the S1 samples which 

again reaffirms the potential use of template synthesis of thin films using the PEG as filler. 

On the other hand, UV only shows almost no or negligible degradation of DFS hence, the 

rate constant values is not computed. In a line, it is reported previously that the degradation 

of DFS is decreased significantly with increasing the initial concentration of DFS (Zhang et 

al., 2011b) and explained with the fact that there could be a competition for the absorption 

of the limited number of available photons by the DFS molecules. Once the initial 

concentration of DFS is increased but the number of available photons is not changed, 

therefore, the number of photons available per molecule of DFS is decreased, so the 

degradation rate is decreased.  

Further, the results are also obtained using the powder T1 and T2 samples in the 

degradation of DFS ([DFS]: 1.0 mg/L at pH 6.0 and dose of solid: 0.1 g/L) and found that 

the rate of DFS degradation by the respective S1 and S2 samples are  almost comparable 

with its precursor powder samples. However, the use of thin films S1 and S2 provides easy 

separation as well as reuse of the catalyst in successive operation of catalyst enhances its 

applicability in the photo-catalytic degradation of DFS. Moreover, the dose of the 

photocatalyst is perhaps, much lower by using the thin films.  
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Figure 3.17:  Kinetics of photocatalytic degradation of diclofenac sodium. DFS 
concentration: 5.0 mg/L; pH: 6.0 at Temperature: 25±10C.  

 
 
 
 
Table 3.13:  Kinetic data obtained in the photo-catalytic degradation of diclofenac sodium 

using thin films. 

 Pseudo-first order rate constant (kappx10-3)/min 

 [Initial concentrations of Diclofenac sodium (mg/L)] 

1.0 2.0 3.0 5.0 1.0** 

UV only - - - -  

S1 9.9* 

(0.984) 

4.6 

(0.914) 

4.0 

(0.973) 

2.9 

(0.970) 

10.2 

(0.997) 

S2 15.1* 

(0.997) 

7.5 

(0.970) 

6.3 

(0.977) 

4.5 

(0.980) 

16.9 

(0.998) 

*   Values obtained using initial 40 min. of contact 
** Values obtained using the powder T1 and T2 samples (0.1 g/L solid dose)   
R2 values are given in parenthesis 
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 Kinetics of photocatalytic oxidation of micropollutants is modelled with the 

Langmuir–Hinshelwood (L-H) equation. This also includes the adsorption properties of the 

adsorbate species on to the photocatalyst surface. The L-H model is used to describe the 

dependence of the observed reaction rate on the initial solute concentrations (Turchi and 

Ollis, 1990). The derived equation (3.4) is used to its linear form: 

푟 = ∙ ∙
∙

    … (3.6) 

  or   =
∙
∙ +     …(3.7) 

where ‘1/r0’ is the dependent variable, ‘1/C0’ the independent variable, 1/kr is the linear 

coefficient and (1/(kr  K)) the angular coefficient of the straight line. From this model, the L-

H adsorption constant and the rate constant are obtained plotting 1/r0 against 1/C0 (Wang et 

al., 2000) as shown in Figure 3.18. The results obtained for the kr (mg/L/min) and K (L/mg) 

are found to be 0.014 and 0.508 (R2: 0.532) for S1 and 0.0243 and 0.685 (R2: 0.704) for S2 

sample, respectively. The values obtained for the DF degradation is having very low R2 

values. Thus, the L-H kinetics is not fitted reasonably well to the photocatalytic degradation 

of diclofenac. 

 

Figure 3.18:  Langmuir-Hinselwood Plot for the photocatalytic degradation of diclofenac 
sodium. DFS concentration: 1.0 - 5.0 mg/L; pH: 6.0 at Temperature: 25±1oC. 
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3.2.3.2. Tetracycline (TC) 

The kinetic studies of tetracycline degradation are conducted in order to deduce the 

efficiency of photo-catalyst as well to obtain apparent rate constant.  The value of Ct/Co was 

presented graphically in Figure 3.19 (where Co is in initial concentration and Ct is the 

concentration of TC at time `t`). It is clear from the figure that a sharp decrease in 

degradation rate was observed in presence of thin films S1 and S2 whereas the UV 

irradiation showed very low degradation of tetracycline i.e., Ct/C0 0.71 at the completion of 

2 hr of irradiation by the UV only irradiation. The Ct/C0 values were found to 0.43 and 0.34 

for the S1 and S2 samples, respectively. Comparatively, significantly low value of Ct/C0 

using the S2 sample than the S1 sample again indicated the higher affinity of the TC towards 

the thin film S2 surface which apparently enhanced the photocatalytic degradation of the 

tetracycline at the solid surface. 

Further, the kinetics of the degradation was represented using the known pseudo-first 

order rate equation (Eq.3.8): 

 푟 = − [ ] =  푘  푘 + 푘 [푇퐶] = 푘  [푇퐶] …(3.8) 

where [TC] represents to the concentration of tetracycline and kapp is the pseudo-first-order 

rate constant. Again, straight lines were drawn between the LN (Co/Ct) against time `t`. The 

results obtained were presented graphically in figure 3.19 (inset) (Initial concentration of 

TC: 5.0 mg/L and pH: 6.0). Again, the pseudo-first-order rate constants were evaluated at 

different concentrations using the UV, S1 and S2 samples and results are returned in Table 

3.14. It is evident from the table that increasing the concentration of the tetracycline the 

apparent pseudo-first-order rate constant values are decreased. Therefore, the photo catalytic 

degradation of TC using the thin films was greatly favoured at lower initial concentration of 

the pharmaceutical. Similarly, the S2 sample was found to be efficient comparing to the S1 
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samples which again infers the potential use of the thin films with the PEG template process. 

On the other hand, UV only showed very low values of rate constant for the degradation of 

tetracycline.  

Further, the photo-degradation kinetics are also obtained using the powder T1 and 

T2 samples in the degradation of TC ([TC]: 1.0 mg/L at pH~6.08 and solid dose: 0.1 g/L) 

and the degradation rate of TC by the S1 and S2 thin film samples were  again almost 

comparable with its precursor powder samples. 

  

 

 

Figure 3.19: Kinetics of photocatalytic degradation of Tetracycline. TC concentration: 5.0 
mg/L; pH: 6.0 at Temperature: 25±10C.  
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Table 3.14: Kinetic data obtained in the photo-catalytic degradation of Tetracycline using 

thin films at different Initial TC concentration. 

 Pseudo-first order rate constant kappx103)/min 

[Initial concentration of Tetracycline (mg/L)] 

 1.0 5.0 10.0 15.0 20.0 1.0* 

UV only 3.5 

(0.991) 

3.0 

(0.998) 

1.9 

(0.992) 

1.5 

(0.983) 

1.1 

(0.993) 

- 

S1 8.9 

(0.998) 

6.7 

(0.997) 

3.9 

(0.999) 

3.0 

(0.999) 

2.2 

(0.998) 

9.0 

(0.998) 

S2 12.7 

(0.996) 

8.8 

(0.993) 

6.1 

(0.999) 

4.8 

(0.998) 

3.4 

(0.997) 

13.4 

(0.995) 

  R2 values are given in parenthesis.  
  * Values obtained using the powder T1 and T2 samples (0.1 g/L solid dose). 
 

 

The photocatalytic degradation kinetics of tetracycline was modelled with the 

Langmuir–Hinshelwood (L-H) kinetic model. A Plot of 1/ro against 1/Co (Figure 3.20) gave 

the L-H adsorption constant and the rate constant for the degradation of TC by the two thin 

film samples. The results obtained for the kr (mg/L/min) and K (L/mg) were found to be 

0.064 and 6.031 (R2: 0.991; for S1 sample) and 0.101 and 6.748 (R2: 0.998; for S2 samples), 

respectively in the oxidation of tetracycline. The values of R2 obtained for S1 and S2 

samples indicated that the L-H kinetics was fitted reasonably well to the photocatalytic 

degradation of tetracycline. 
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Figure 3.20:  Langmuir-Hinselwood Plot for the photocatalytic degradation of Tetracycline 
using S1 and S2 thin films. TC concentration: 1.0- 20.0 mg/L; pH: 6.0 at 
Temperature: 25±10C.  

 
 
3.2.3.3. 17α-Ethynylestradiol (EE2) 

The time dependent degradation studies are conducted in order to deduce the 

reaction kinetics involved also to obtain apparent rate constant values in the degradation of 

EE2 under the photo-catalytic degradation. The value of Ct/C0 was presented graphically 

and returned in Figure 3.21 (where C0 is in initial concentration of EE2 and Ct is the 

concentration of EE2 at time `t`). The figure clearly demonstrated that a sharp decrease in 

degradation was observed in presence of thin films S1 and S2 as well as the UV-photolysis 

after 4 hr irradiation. The Ct/C0 values were computed and found to be 0.31, 0.53 and 0.73 

for the S2, S1 and UV only treatment, respectively. Further, significantly lower values of 

Ct/C0 were obtained using the S2 samples as comparing to the S1 sample. This again 

indicated the affinity of the micropollutants towards the thin film surface and enhanced 

photo-catalytic degradation of EE2 at the surface.  

Further, the kinetics of the EE2 degradation was represented using the known 

pseudo-first order rate equation (Eq. 3.9): 

 푟 = − [ ] =  푘  푘 + 푘 [퐸퐸2] = 푘  [퐸퐸2] … (3.9) 
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where [EE2] represents to the concentration of 17α-Ethynyl estradiol and kapp is the pseudo-

first-order rate constant. It is obvious that the kapp depends on the concentration of 

micropollutant. The result obtained from a plot of the LN (C0/Ct) against time `t` is 

presented graphically in figure 3.21 (inset) with initial concentration of 2.0 mg/L and pH 

6.0. Moreover, the pseudo-first-order rate constants (kapp) and R2 values obtained for S2, S1 

and UV only treatment are evaluated and results are returned in Table 3.15. It is clear from 

the table that the photodegradation of EE2 is reasonably fitted well to the pseudo first order 

kinetics using the thin films. Moreover, the S2 sample was found to be more efficient 

comparing to the S1 samples. This reaffirms the potential use of template synthesis of thin 

films using the PEG as modifier.  

Further, the kinetic results are also obtained using the powder T1 and T2 samples in 

the degradation of EE2 ([EE2]: 2.0 mg/L at pH 6.0 and dose of solid: 0.1 g/L) and returned 

in table 3.15. Results indicated that the apparent rate constant of EE2 degradation by the 

respective S1 and S2 samples are almost comparable with its powder samples T1 and T2.  

Table 3.15: Kinetic data obtained in the photocatalytic degradation of EE2. 

Samples Pseudo- first order 
rate constant 

(kappx10-3)/min) 

R2 

UV only 1.3 0.975 

S1 2.6 0.995 

S2 4.6 0.991 

T1 3.7 0.999 

T2 5.5 0.997 
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Figure 3.21:  Kinetics of photocatalytic degradation of 17α-Ethynylestradiol. EE2 

concentration: 2.0 mg/L; pH: 6.0 at Temperature: 25±1oC. 

 

 

  

3.2.3.4. Methylthymol Blue (MTB) 

The kinetic studies for the degradation of Methylthymol blue using UV only, S1 and 

S2 photocatalyst are conducted in order to deduce the efficiency of photocatalyst and to 

obtain apparent rate constant values. The value of Ct/Co is presented graphically in Figure 

3.22 for the degradation of MTB (e.g., 5.0 mg/L at pH~6.0) as a function of time (where Co 

is initial concentration of MTB and Ct is the concentration of MTB at time `t`). It was clear 

from the figure that a sharp decrease in degradation was observed in presence of thin films 

S1 and S2 whereas the UV irradiation showed almost no degradation of MTB. The Ct/Co 

values at the end of 2 hr of photocatalytic irradiation were found to be 0.863, 0.589 and 

0.438 for the UV only, S1 and S2 samples, respectively. Significant a lower value of Ct/Co 
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was obtained using the S2 sample than the S1 sample; indicated the affinity of the MTB 

towards the thin film (S2) surface and enhanced photocatalytic degradation of MTB at the 

surface. On the other hand, the degradation of MTB by the UV photolysis was very slow 

and almost negligible even at the end of 2hr of irradiation. 

The heterogeneous photocatalytic degradation of methylthymol blue obeyed 

apparently pseudo-first order kinetics at the studied concentration range (i.e. 1.0 to 20 mg/L) 

and the rate expression is given by equation (Eq. 3.10): 

 푟 = − [ ] =  푘  푘 + 푘 [푀푇퐵] = 푘  [푀푇퐵]  …(3.10) 

where [MTB] represents to the concentration of Methylthymol blue and kapp is the pseudo-

first-order rate constant. It is obvious that the kapp depends on the concentration of MTB.  

A linear relationship between MTB concentration and irradiation time were obtained 

plotting LN (Co/Ct) against time `t`. The results obtained were presented graphically in 

figure 3.22 (inset) for the MTB photocatalytic degradation (Initial concentration of MTB: 

5.0 mg/L and pH: 6.01). 

Moreover, the pseudo-first-order rate constants are evaluated at different 

concentrations using the UV, S1 and S2 samples and results are returned in Table 3.16. It is 

evident from the table that increasing the concentration of MTB the apparent pseudo-first-

order rate constant values are decreased. Therefore, the lower initial concentration of MTB 

is found to be efficient in the photo-catalytic degradation using the thin films. Similarly, the 

S2 sample is found to be more efficient comparing to the S1 samples which indicated the 

potential use of template synthesis of thin films using the PEG as filler media. 

 

 

 

 



Results and Discussions 
 

114 
 

 

 

Figure 3.22:  Kinetics of photocatalytic degradation of Methylthymol blue. MTB 

concentration: 5.0 mg/L; pH: 6.0 at Temperature: 25±10C. 

 

On the other hand, UV only showed very slow and almost negligible degradation of 
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dye molecule to reach the catalyst surface and therefore less •OH were formed, thus 

resulting in less percent degradation.  Moreover, the large amount of adsorbed dye also 

possesses a competing effect on the adsorption of oxygen and OH− onto the surface of 
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that the rate of MTB degradation by the respective S1 and S2 samples are  almost 

comparable with its powder samples.  

The Langmuir-Hinshelwood (L–H) kinetic expression was applied to analyse the 

heterogeneous photocatalytic reaction (Ahmed et al., 2010; Zhang et al., 2011a). The 

experimental data utilized in terms of the modified form of L–H kinetic model to describe 

the solid–liquid reaction (Alaton and Balcioglu, 2001). The rate of oxidation of MTB at 

surface reaction is proportional to the surface coverage of MTB on the thin film 

photocatalyst assuming that MTB is strongly adsorbed on to the catalyst surface than the 

intermediate products (Sharma et al., 1995). The effect of the dye concentration on the rate 

of degradation was given in the form of equations (Mathews, 1987): 

푟 = ∙ ∙
∙

     …(3.11) 

  or   =
∙
∙ +     …(3.12) 

where ‘Co’ is the concentration of the MTB at time ‘t’, K is the constant related to 

adsorption and 푘  is to the reaction properties of the substrate (methylthymol blue). The 

applicability of L–H equation for the degradation has been confirmed by the linear plot of  

 against   . The values of K and kr were determined from the slope and intercept of these 

plots presented graphically in Figure 3.23. The results obtained for the kr (mg/L/min) and K 

(L/mg) were found to be 0.036 and 0.382 (R2: 0.999; for S1) and 0.063 and 0.291 (R2: 

0.998; for S2 sample), respectively in the oxidation of Methylthymol blue. Thus, the L-H 

kinetic was reasonably fitted well to the photocatalytic degradation of MTB using the thin 

film photocatalysts. 
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Table 3.16. Kinetic data obtained in the photo-catalytic degradation of Methythymol blue 

using thin films. 

 
Pseudo-first order rate constant (kappx103)/min 

 
[Initial concentration of Methylthymol Blue  (mg/L)] 

 
1.0 5.0 10.0 15.0 20.0 1.0* 

UV only 
1.5 1.1 0.8 0.8 0.6 

 (0.921) (0.906) (0.908) (0.844) (0.899) - 

S1 
9.2 4.5 2.8 1.9 2 10.2 

(0.978) (0.998) (0.995) (0.997) (0.998) (0.991) 

S2 
14 7.3 4.6 2.7 3.4 14.3 

(0.992) (0.998) (0.991) (0.999) (0.997) (0.995) 

R2 values are given in parenthesis. 

* Values obtained using the powder T1 and T2 samples (0.1 g/L solid dose).  

 

 

  

 

Figure 3.23. Langmuir-Hinselwood plot for the Photocatalytic degradation of Methylthymol 

Blue using S1 and S2 thin films. MTB concentration: 1.0- 20.0 mg/L; pH: 6.0 at 

Temperature: 25±10C.  
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3.2.3.5. Alizarin Yellow R (AYR) 

The photodegradation kinetics of Alizarin yellow R dye using UV, S1 and S2 

samples are conducted to assess the efficiency of photocatalyst as well to discuss the 

kinetics of degradation of AYR. The value of Ct/C0 was presented graphically in Figure 3.24 

for the degradation of AYR (e.g., 5.0 mg/L at pH~6.0) as a function of time (where C0 is in 

initial concentration of AYR and Ct is the concentration of AYR at time `t`).  The figure 

clearly indicated a sharp decrease of AYR degradation was occurred with respect to time in 

presence of thin films S1 and S2 whereas the UV irradiation showed almost no degradation 

of AYR within 2hr of irradiation. The Ct/C0 values at the end of 2 hr of photocatalytic 

irradiation were found to be 0.997, 0.600 and 0.529 for the UV only, S1 and S2 samples, 

respectively. Comparatively, a lower value of Ct/C0 was obtained using the S2 sample than 

the S1 sample; again indicated the higher efficiency of the PEG template thin films for the 

degradation of AYR from aqueous solution. 

Again, the pseudo-first order rate equation for the degradation of AYR could be 

represented as:  

 푟 = − [ ] =  푘  푘 + 푘 [퐴푌푅] = 푘  [퐴푌푅] …(3.13) 

where [AYR] represents to the concentration of Alizarin Yellow R and kapp is the pseudo-

first-order rate constant. Thus the kapp depends on the concentration of AYR.  

Integration of Equation 3.13 with the extreme conditions i.e., at t=0 the [AY]=C0. 

The equation (3.13) could be written as: 

퐿푁 = 푘 ∙ 푡     …(3.14) 
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Figure 3.24:  Kinetics of photocatalytic degradation of Alizarin Yellow R. AYR 

concentration: 5.0 mg/L; pH: 6.0 at Temperature: 25±10C. 

 

A plot LN(C0/Ct) against time `t` which relates to the linear relationship between the 

dye concentration and irradiation time was obtained and returned in figure 3.24 (inset) for 

the AYR photocatalytic degradation (Initial concentration of AYR: 5.0 mg/L and pH: 6.0). 

Further, the pseudo-first-order rate constants were evaluated at different initial 

concentrations of AYR using the UV, S1 and S2 samples at pH 6.0 and results are presented 

in Table 3.17. It was evident from the table that the apparent pseudo-first-order rate constant 

values were decreased with increase in the initial concentration of the AYR azo-dye. 

Therefore, the photo-catalytic degradation using the thin films was found to be relatively 

favoured at lower initial concentration of AYR. Similarly, the S2 sample was found to be 

efficient comparing to the S1 samples which indicated the potential use of template 

synthesis of thin films using the PEG as surface modifier. On the other hand, UV only 

showed almost negligible degradation of AYR, hence, the rate constant values were not 
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computed. Similar results were reported in the degradation of Lissamine Green B dye by 

using nanostructured sol–gel TiO2 films where the dye degradation with the thin films 

followed pseudo-first-order kinetics (Ćurković et al., 2014). 

 Further, the results were also obtained using the powder T1 and T2 samples in the 

degradation of AYR taking the initial concentration of 1.0 mg/L AYR at pH~6.0 with 

catalyst dose of 0.1 g/L (TiO2 powder). Results indicated that the rate of AYR degradation 

by the respective T1 and T2 powder samples were almost comparable with the thin films 

samples. These results suggested the potential application of the thin films photocatalyst for 

the degradation of dye as it offered easy separation as well as it retained photo-activity after 

successive application. Moreover, the dose of the photocatalyst was, perhaps, much lower 

using the thin films.  

The photocatalytic degradation kinetics of Alizarin Yellow using the two thin film 

samples was applied to the Langmuir–Hinshelwood (L-H) kinetic model. The kinetic model 

offers the degradation rate with the surface coverage of the pollutant molecule with the 

known equation, (Mathews, 1987): 

푟 = ∙ ∙
∙

     …(3.15) 

  or   =
∙
∙ +     …(3.16) 

where ‘Co’ is the concentration of the AYR at time ‘t’, K is the constant related to 

adsorption and 푘  is to the reaction properties of the substrate (Alizarin yellow R). The 

applicability of L–H equation for the degradation was confirmed by the linear plot of   

against   (Turchi and Ollis, 1990, McMurray, 2004). The values of K and kr were 

determined from the slope and intercept of these plots presented graphically in Figure 3.25. 

The results obtained for the kr (mg/L/min) and K (L/mg) were found to be 0.032 and 0.402 
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(R2: 0.997; for S1) and 0.045 and 0.375 (R2: 0.994; for S2 sample), respectively in the 

oxidation of Alizarin Yellow. Thus, the L-H kinetic model was reasonably fitted well to the 

photocatalytic degradation of AYR using the TiO2 thin films. 

 

Table 3.17. Kinetic data obtained in the photo-catalytic degradation of Alizarin yellow R 

using TiO2 thin films. 

 Pseudo-first order rate constant (kappx103)/min 

[Initial concentration of Alizarin Yellow (mg/L)] 

 1.0 5.0 10.0 15.0 20.0 1.0* 

UV only - - - - - - 

S1 9.10 

(0.994) 

4.20 

(0.997) 

2.40 

(0.998) 

1.90 

(0.996) 

1.50 

(0.999) 

7.50 

(0.998) 

S2 12.30 

(0.999) 

5.40 

(0.997) 

3.60 

(0.997) 

2.70 

(0.999) 

2.10 

(0.999) 

13.3 

(0.999) 

R2 values are given in parenthesis.  
* Values obtained using the powder T1 and T2 samples (0.1 g/L solid dose).  
  

 

 

 

Figure 3.25. Langmuir-Hinselwood plot for the Photocatalytic degradation of Alizarin 

Yellow R using S1 and S2 thin films. AYR concentration: 1.0- 20.0 mg/L; pH: 

6.0 at Temperature: 25±10C.  
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3.2.4. Effect of Interfering ions 
3.2.4.1. Diclofenac sodium (DFS) 

 In order to simulate the natural waste water matrix, attempt is made to assess the 

applicability of the thin film (S2) in the photocatalytic degradation of DFS (1.0 mg/L) in 

presence of several interfering ions (5.0 mg/L) viz., cadmium nitrate, copper sulphate, zinc 

chloride, sodium chloride, sodium nitrate, sodium nitrite, glycine, oxalic acid and EDTA. 

The samples solutions containing the co-ions were irradiated for 2 hr at pH 6.0 and the 

initial concentration of DFS was kept constant to 1.0 mg/L. The removal percent of 

diclofenac sodium was presented as a function of interfering ions and returned in figure 

3.26.  It was observed from the figure that the presence of these ions hamper to some extent 

the degradation of DFS but not at greater extent. In principle, only the ions that are bound to 

TiO2 or close to its surface could show significant effect on the TiO2 - photosensitized water 

treatment. Consequently, the point of zero charge (PZC) is a determining property, as well 

as the chemical affinities of the ions for TiO2 (Hermann, 1993). The presence of chloride 

ions showed highest inhibition in the degradation of DFS. However, the presence of nitrate 

and nitrite as in the form of sodium or even sodium chloride salts scavenges the 

photocatalytic degradation of DFS. 

 Quantitatively, 64.11%, 60.69%, 66.62%, 57.0%, 70.38%, 70.05%, 71.10%, 70.68% 

and 65.29% of degradation of DFS was observed in presence of EDTA, NaNO2, NaNO3, 

NaCl, ZnCl2, CuSO4, Cd(NO3)2, glycine and oxalic acid, respectively after 2hr irradiation. 

The order of inhibition caused in presence of these interfering ions are NaCl > NaNO2 > 

EDTA > Oxalic acid > NaNO3 > Cd(NO3)2 ≈ CuSO4 > ZnCl2 > glycine. Similar inhibition 

effect caused by chloride ion was also reported in the degradation of 4-fluorophenol using 

TiO2 and ZnO2 (Selvam et al., 2007) and explained with the fact that the scavenging 
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property of Cl  was to quench the hydroxyl radicals (•OH) thereby decreasing the 

degradation of the pollutant as given in the equation (3.17): 

Cl OH Cl OH        … (3.17) 

Further, it is previously reported that in presence of water the nitrate ions readily 

produces the •OH radicals with the UV irradiation (Li et al., 2010). Therefore, the •OH 

radicals are supposed to enhance the DFS degradation. However, the contribution rate of 

self-sensitization photo-oxidation via •OH was found to be 14.99%. The photodegradation 

of DFS was predominantly attributed to direct photolysis. Hence, the effect via •OH radicals 

plays an insignificant role in overall photodegradation process. Further, in presence of 

nitrate ions there could be an enhanced competition for the UV radiations for limited 

number of available photons (Zhang et al., 2011). Similar to nitrate the nitrite also inhibit 

the degradation of diclofenac (Zhang et al., 2011). Previously, it is reported that the EDTA 

is good scavenger for the h+ from the VB and causes a significant decrease in the 

degradation of pollutants from aqueous solutions (Chang et al., 2010). However, in this 

study EDTA is not suppressed significantly the degradation of DFS, hence, the predominant 

pathway of degradation is through the •OH radicals. Moreover, the competitive adsorption 

of cations or anions towards the surface of nanoTiO2 greatly affects the catalytic action of 

photocatalyst (Zhu et al., 2013). 

In order to pinpoint the photocatalytic action of employed catalyst the effect of 

scavengers in the photocatalytic behaviour in the degradation of DFS was studied using the 

variety of scavengers to scavenge the radical species viz., •OH or O2•−. It was reported that 

2-propanol and HCO3
- are good scavengers of the •OHbulk (•OH in aqueous medium) or 

surface •OH radicals (Buxton and Elliot, 1986; Chang et al., 2013). Whereas the sodium 
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azide (NaN3) is known to scavenge the singlet oxygen produced readily by the interaction of 

superoxide radical and photogenerated holes (equation (3.18): 

O2•−  +  h+   →  1O2
      …(3.18) 

The singlet oxygen is also highly reactive species and causes to degrade the pollutants 

(Li et al., 2011). Therefore, the study was extended in the photocatalytic degradation of DFS 

(5.0 mg/L) in presence of 2-propanol, sodium azide and sodium bicarbonate (all 1000 mg/L) 

using the S1 and S2 thin films. The degradation percent of DFS after 2 hr irradiation is then 

obtained and presented graphically with respect to the presence of these scavengers and 

returned in figure 3.27. Results clearly demonstrated that the presence of sodium azide could 

not affect the degradation of DFS using the S1 or S2 thin films which indicated that the 

degradation of this pollutant is not proceeded through oxidation by the singlet oxygen 

species. However, the other studies, indicated that the bisphenol A (BPA) was scavenged 

significantly in presence of NaN3 and suggested that singlet oxygen degraded the BPA 

directly (Wang et al., 2015; Zhang et al., 2011). On the other hand, the scavengers, 2-

propanol and bicarbonate significantly suppressed the catalytic activity of these thin films 

since a marked decrease in percent removal of DFS was recorded. This implied that the •OH 

radicals predominantly attributing the degradation of DFS from aqueous solutions.  
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Figure 3.26: Photocatalytic degradation of diclofenac in presence of interfering ions using 

S2 thin film. DFS concentration: 1.0mg/L; Ion concentration: 5.0 mg/L; pH: 6.0 

at Temperature: 25±10C. 

 

 

 

Figure 3.27: Effect of scavengers in the photocatalytic degradation of diclofenac sodium 

using the thin films.  
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3.2.4.2. Tetracycline (TC) 

Wastewater contains not only organic contaminants but also considerable amount of 

inorganic anions such as chloride, nitrate, sulphate, carbonate, etc. These ions change the 

ionic strength of the medium and thus affect the catalytic activity of the photocatalyst. Thus, 

the effect of several interfering ions (25.0 mg/L) including the cadmium nitrate, copper 

sulphate, zinc chloride, sodium chloride, sodium nitrate, sodium nitrite, glycine, oxalic acid 

and EDTA in the degradation of tetracycline from aqueous solution were assessed using the 

thin film (S2) photocatalyst.  The samples were irradiated for 2 hr at pH 6.0 and the initial 

concentration of TC was kept constant to 5.0 mg/L. The tetracycline concentration was 

obtained with the UV-Vis spectrophotometer. The removal percent of TC was presented as a 

function of interfering ions and returned in figure 3.28.  The figure clearly indicated that the 

degradation of TC was somehow inhibited by the presence of interfering ions but not to a 

greater extent. The order of inhibition caused by the these interfering ions were found to be 

NaNO3 ≈  glycine > NaNO2 > CuSO4 > Oxalic acid  ≈ ZnCl2 ≈ NaCl ≈ EDTA > Cd(NO3)2. 

Since photocatalytic degradation processes are predominantly driven by the highly oxidizing 

species, viz., photogenerated valence band holes (h+) or hydroxyl radicals (•OH), therefore 

scavengers of these oxidizing species would cause inhibitory effect on photocatalysis. Such 

anions can scavenge h+ and •OH via the following reactions (Rincon et al., 2004):  

2
3 4 3 4( , , ) ( , , )Cl NO SO OH Cl NO SO          … (3.19) 

2
3 4 3 4( , , ) ( , , )Cl NO SO h Cl NO SO OH            … (3.20) 

It was reported that oxalate ion (C2O4
2−) is a widely recognized h+ scavenger and it is 

reported to be used as a probe species to determine the occurrences of direct h+ oxidation in 

the photocatalytic system (Yap and Lim, 2011). Therefore the presence of oxalate was 
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supposed to decrease the degradation of TC significantly. However, in this study oxalate 

ions did not suppress significantly the degradation of TC hence, the predominant pathway of 

degradation is through the •OH radicals. Moreover, the competitive adsorption of cations or 

anions towards the surface of nanoTiO2 greatly affects the catalytic action of photocatalyst 

(Zhu et al., 2013).  

Radical scavengers are used to assess the photocatalytic reaction mechanism of 

organic pollutant since they alter the kinetic profile of the reaction, providing information 

about the participation of different reactive oxidising species (ROS) (Lizama et al., 2002). 

The effect of scavengers in the degradation of TC was studied using the variety of 

scavengers used to scavenge the reactive oxidising species viz., h+, •OH or O2•−. It was 

reported that 2-propanol and HCO3
- are good scavengers of the •OHbulk (•OH in aqueous 

medium) or surface •OH radicals (Buxton and Elliot, 1986; Chang et al., 2013). Whereas the 

sodium azide (NaN3) is known to scavenge the singlet oxygen (1O2) produced readily by the 

interaction of superoxide radical and photogenerated holes. 

Therefore, the study is extended in the photocatalytic degradation of TC (5.0 mg/L) in 

presence of 2-propanol, sodium azide and sodium bicarbonate (1000 mg/L) using the S1 and 

S2 thin films. The degradation percent of TC after 2 hr irradiation was then obtained and 

presented graphically with respect to the presence of these scavengers and returned in figure 

3.29. Results clearly demonstrated that the presence of sodium azide could not affect in the 

degradation of TC using the S1 or S2 thin films which indicated that the degradation of this 

pollutant was not proceeded through oxidation by the singlet oxygen species. However, in 

other studies, singlet oxygen (1O2) was generated in the photodegradation of TC under 

simulated sun light and the formation rate was increased with increase in solution pH (Chen 

et al., 2008a). On the other hand, the scavengers, 2-propanol and bicarbonate significantly 

suppressed the catalytic activity of these thin films since a marked decrease in percent 
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removal of TC was observed. Since, Isopropanol is a well-known hydroxyl radical 

scavenger due to its high-rate constant with the radical (1.9 x 109 L/mol/s) (Palominos et al., 

2009). Thus the result implied that the •OH radicals play an important role in the 

degradation of TC from aqueous solutions. Similar, results were shown previously in the 

photocatalytic oxidation of TC using TiO2 (Gomez-Pacheco et al., 2012; Palominos et al., 

2009). 

 

Figure 3.28: Photocatalytic degradation of tetracycline in presence of interfering ions using 

S2 thin film. TC concentration: 5.0mg/L; Ion concentration: 25.0 mg/L; pH: 6.0 at 

Temperature: 25±10C.  
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Figure 3.29: Effect of scavengers in the photocatalytic degradation of tetracycline using the 

thin films. 

  

3.2.4.3. 17α-Ethynylestradiol (EE2) 

The effect of several interfering ions (10.0 mg/L) including the cadmium nitrate, 

copper sulphate, zinc chloride, sodium chloride, sodium nitrate, sodium nitrite, glycine, 

oxalic acid and EDTA in the degradation of EE2 from aqueous solution were assessed using 

the thin film (S2) photocatalyst.  The samples were irradiated for 4 hr at pH 6.0 and the 

initial concentration of EE2 was kept constant to 2.0 mg/L. The EE2 concentration was 

obtained with the HPLC. The removal percent of EE2 was presented as a function of 

interfering ions and returned in figure 3.30.  The figure clearly indicated that the degradation 

of EE2 was inhibited to different extent in presence of different interfering ions.  

Quantitatively, the degradation percent of EE2 was found to be 64.11%, 60.69%, 

66.62%, 57.0%, 70.38%, 70.05%, 71.10%, 70.68% and 65.29% respectively for the EDTA, 

NaNO2, NaNO3, NaCl, ZnCl2, CuSO4, Cd(NO3)2, glycine and oxalic acid obtained for the 

2hr irradiation. The orders of inhibition caused in presence of these interfering ions were 
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respectively. The inhibition caused by the co-existing ions in the reaction medium was 

mainly due the ROS scavenger properties of the cations or anions as the photocatalytic 

degradation processes were predominantly driven by the highly oxidizing species, viz. 

photogenerated valence band holes (h+) or hydroxyl radicals (•OH). The strong inhibitory 

effect of Cl− on the photodegradation of EE2 was mainly due to the preferential adsorption 

displacement mechanism over the surface bound •OH (Wang et al., 2013). This reduces the 

number of •OH radicals available on to the TiO2 surface, and the substituted Cl− further 

increases the recombination of electron–holes pairs (Chong et al., 2010). 

 

 

Figure 3.30: Photocatalytic degradation of EE2 in presence of interfering ions using S2 thin 

film. EE2 concentration: 2.0mg/L; Ion concentration: 10.0 mg/L; pH: 6.0 at 

Temperature: 25±10C.  
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3.2.4.4. Methylthymol Blue (MTB) 

The presence several anions and cations in the solution matrix could either inhibited 

or accelerated the degradation of the target pollutants in heterogeneous photocatalysis. 

Therefore, the efficiency of the thin film photocatalyst (S2) was examined in the 

photocatalytic degradation of MTB in presence of several interfering ions (5.0 mg/L) 

including the cadmium nitrate, copper sulphate, zinc chloride, sodium chloride, sodium 

nitrate, sodium nitrite, glycine, oxalic acid and EDTA. The samples were irradiated for 2 hr 

at pH 6.0 and the initial concentration of MTB was kept constant 1.0 mg/L. The removal 

percent of MTB was presented as a function of interfering ions and returned in figure 3.31. 

It was observed that the degradation of MTB was decreased significantly in the presence of 

EDTA, nitrate and chloride ions. Quantitatively, the percent removal of MTB was decreased 

from 81.5% to 31.25% (EDTA), 37.5% (chloride), 43.75% (nitrate) respectively. However 

the presence of other ions hampered the degradation of MTB only to an insignificant extent.  

The orders of inhibition caused by the presence of these interfering ions were: EDTA > 

NaCl > Cd(NO3)2 ≈ ZnCl2 > NaNO2 > CuSO4 ≈ glycine >  NaNO3 >, Oxalic acid,  

respectively. Previously, it is reported that the presence of chloride ion decreases the 

degradation of Methyl red (Sahoo et al., 2003). This is explained with the fact that chloride 

ions possess both the hole (h+) and •OH radicals scavenging property and hence decreases 

the degradation of dye molecule. Further, in presence of nitrate ions there could be an 

enhanced competition for the UV radiations for limited number of available photons towards 

the nitrate ions or the pollutants (Zhang et al., 2011). Previously, it is reported that the 

EDTA is a good scavenger for the h+ from the VB and causes a significant decrease in the 

degradation of pollutants from aqueous solutions (Chang et al., 2010). These results thus 

indicated that other than hydroxyl radicals (•OH), hole (h+) either free or surface trapped 

acts as one of the oxidising species for the degradation of MTB from aqueous solution.   
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Moreover, the competitive adsorption between the cations or anions with the main pollutant 

towards the surface of nanoTiO2 greatly affects the catalytic action of photocatalyst (Zhu et 

al., 2013). 

 

 

 

 

Figure 3.31: Photocatalytic degradation of MTB in presence of interfering ions using S2 

thin film. MTB concentration: 1.0mg/L; Ion concentration: 5.0 mg/L; pH: 6.0 at 

Temperature: 25±10C.  
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anions are transformed into active radicals or they form an electrostatic field in the vicinity 

of the catalyst so as to promote the separation of electrons and holes (Gao et al., 2011).   

Again, the efficiency of the thin film photocatalyst (S2) was examined in the 

photocatalytic degradation of AYR in presence of several interfering ions (5.0 mg/L) 

including the cadmium nitrate, copper sulphate, zinc chloride, sodium chloride, sodium 

nitrate, sodium nitrite, glycine, oxalic acid and EDTA. The samples were irradiated for 2 hr 

at pH 6.0 and the initial concentration of AYR was kept constant 1.0 mg/L. The removal 

percent of AYR was presented as a function of interfering ions and returned in figure 3.32. It 

was observed that the degradation of AYR was decreased significantly in the presence of 

EDTA, nitrate and chloride ions. Quantitatively, the removal percent of AYR decreased 

from 76.67% to 53.33%, 48.33%, 45.0%, 41.67%, 51.67%, 50.0%, 55.0%, 48.33%, 53.33% 

for  EDTA, NaNO2, NaNO3, NaCl, ZnCl2, CuSO4, Cd(NO3)2, glycine and oxalic acid, 

respectively after 2hr irradiation. Thus, the orders of inhibition caused by the presence of 

these interfering ions were: NaCl > NaNO3 > NaNO2 ≈ glycine > CuSO4 > ZnCl2 > EDTA ≈

 Oxalic acid > Cd(NO3)2. Previous studies have reported that chloride ions can scavenge h+ 

and •OH via the following general reactions (Sitori et al., 2010): 

Cl h Cl        … (3.21) 

Cl OH ClOH       … (3.22) 

2ClOH H Cl H O       … (3.23) 

2Cl Cl Cl        … (3.24) 

These radicals can reduce back to chloride ions by electrons and therefore reduce the 

availability of holes, electrons and •OH (Santiago et al., 2014). Alternatively, chlorine and 

dichloride anion radicals can further react with organic compounds via addition/elimination 

reactions (E0 (Cl•/Cl−) = +2.5 V) (Lair et al., 2008). Similar result was reported in the 
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degradation of textile dye Astrazone Orange G using UV/TiO2 photocatalysis (Sökmen and 

Özkan, 2002) and explained that the competitive adsorption between anions and dye 

molecule on the catalyst surface was the main reason for the decreased in the dye 

degradation.  

 

 

Figure 3.32: Photocatalytic degradation of AYR in presence of interfering ions using S2 

thin film. AYR concentration: 1.0 mg/L; Ion concentration: 5.0 mg/L; pH: 6.0 at 

Temperature: 25±10C. 
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also shown in Table 3.18(a). It is evident from the figure that increasing the concentration of 

diclofenac sodium a sharp decrease in TOC was observed. Quantitatively, increasing the 
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concentration of diclofenac sodium from 1.0 to 5.0 mg/L the TOC removal percent was 

decreased from 23.33 to 12.23%, 20.73 to 8.91% and  1.48 to 0.38%, using the S2, S1 and 

UV only treatment, respectively. It is interesting to note that a partial mineralization was 

achieved using the thin films. Further, similar to the concentration dependence study, the S1 

thin film showed significantly lower efficiency in the mineralization of this micropollutant. 

Moreover, the UV only experiments showed a negligible mineralization of diclofenac 

sodium even after 2hr of irradiation. 

The TOC removal percent as a function of pH could give the best possible pH of 

treatment to achieve maximum mineralization of the diclofenac sodium in the photocatalytic 

treatment. The DFS solutions ([DFS]: 1.0 mg/L) was treated at different pH values (pH 4.0 

to 10.0) for 2hr using the UV only, S1 and S2 samples and the percent of TOC removed was 

presented as a function of pH graphically in figure 3.33(b) and also shown in Table 3.18(b). 

The results clearly indicated that the maximum TOC removed was achieved at pH 6.0 using 

the UV only, S1 and S2 thin films. However, either the acidic or basic conditions greatly 

hindered the percent TOC removal of DFS from aqueous solutions using the thin films. At 

pH 4.0, 17.59% and 15.19% TOC removal was achieved with S2 and S1 thin films. Again 

with increase in the solution pH i.e. at pH 10, the TOC removal % was decreased to 15.11% 

and 10.02% with S2 and S1 thin films, respectively. However, very low TOC removal %, 

using UV only irradiated sample, was obtained and this was not affected by the change in 

solution pH. These results were again in a line with the pH dependence removal of DFS in 

the photocatalytic degradation. 
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Table 3.18: TOC removal percent of diclofenac as a function of (a) concentration: (b) pH. 

(a) TOC Removal %  (b) TOC Removal % 

DFS concentration (mg/L)   pH 

 1.0 2.0 3.0 5.0   4.0 6.0 8.0 10.0 

UV 1.48 0.80 0.61 0.38  UV 1.33 1.48 1.32 1.43 

S1 20.73 18.11 10.0 8.91  S1 15.99 20.73 11.68 10.02 

S2 23.34 20.0 19.0 12.23  S2 17.59 23.34 16.31 15.11 

 

 

    

Figure 3.33: TOC removal percent of diclofenac sodium as a function of: (a) diclofenac 

sodium concentration, (b) pH in the photo-catalytic degradation using UV, S1, S2 thin films. 
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tetracycline a sharp decrease in TOC was observed. Quantitatively, increasing the 

concentration of tetracycline from 1.0 to 20.0 mg/L the TOC removal percent was decreased 

from 40.53 to 12.56% (using S2 thin films); 36.41 to 9.08% (using S1thin films) and 32.35 

to 4.89% (using UV only). Further, a prolonged irradiation i.e., 24 hr caused to increase the 

TOC removal up to 74.56% employing the S2 thin film. It was again observed that a partial 

mineralization was achieved using the thin films. However, the prolonged irradiation using 

the UV light source is enabled to enhance significantly the TOC removal or to mineralize 

the pollutant significantly. Or even a multiple use of thin films was quite possible hence; a 

repeated application could achieve a complete mineralization of tetracycline from aqueous 

solutions. It was again observed that similar to the concentration dependence study, the S1 

and S2 thin films showed relatively higher efficiency in the mineralization of TC compared 

to the UV photolysis.  

Again, the TOC removal percent as a function of pH was studied in order to optimise 

the best possible pH of treatment to achieve maximum mineralization of the TC in the 

photocatalytic treatment. The TC solutions ([TC]: 5.0 mg/L) was treated at different pH 

values (pH 4.0 to 10.00) for 2 hr using the UV only, S1 and S2 samples and the percent of 

TOC removal was presented as a function of pH graphically in figure 3.34(b) and in Table 

3.19(b).   It was obvious from the figure that the maximum TOC removal percent was 

achieved at pH 6.0 and pH10.0 using the UV only, S1 and S2 thin films. Quantitatively, at 

pH 6, 25.21%, 24.19% and 4.86% TOC removal was achieved with S2, S1 and UV only 

treatment, respectively. However, the acidic condition greatly hindered the TOC removal 

percent of TC from aqueous solutions. Thus at pH 4.0, only 5.91%, 5.0% and 4.8% TOC 

removal was achieved with S2, S1 and UV only treatment, respectively.   These results were 

again in conformity with the pH dependence removal of TC in the photocatalytic 

degradation. 
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Table 3.19: TOC removal percent of tetracycline as a function of (a) concentration: (b) pH. 

(a) TOC Removal %   (b) TOC Removal % 

TC concentration (mg/L)    pH 

 1.0 5.0 10.0 15.0 20.0   4.0 6.0 8.0 10.0 

UV 32.35 23.40 12.38 9.98 4.89  UV 4.8 4.86 13.40 17.24 

S1 36.41 26.99 17.08 15.07 9.08  S1 5.0 24.19 15.06 22.17 

S2 40.53 32.31 31.12 19.15 12.56  S2 5.91 25.21 18.15 25.25 

S2 74.56*          

* 24hr irradiation 

 

   

Figure 3.34: TOC removal percent of tetracycline as a function of: (a) tetracycline 

concentration, (b) pH, in the photo-catalytic degradation using thin films. 
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concentration of EE2 a sharp decrease in TOC removal % was observed. Quantitatively, 

increasing the concentration of EE2 from 1.0 to 5.0 mg/L the TOC removal percent was 

decreased from 26.35 to 11.60% (using S2 thin films); 19.99 to 6.97% (using S1thin films) 

and 18.82 to 9.36% (using UV only). Further, a prolonged irradiation i.e., 24 hr enabled to 

increase the TOC removal up to 61.58% employing the S2 thin film. It was again observed 

that a partial mineralization was achieved using the thin films. The low TOC removal % 

indicates the high stability of the large aromatic ring structure of the parent EE2 molecule as 

well as the intermediates formed after partial degradation in the photocatalytic reaction. 

Similar result was also reported in the degradation of EE2 using ozone treatment where the 

degree of mineralization depends on the treatment duration (Zhang et al., 2006).  Therefore, 

the prolonged irradiation using the UV light source may enable to enhance significantly the 

TOC removal or to mineralize the pollutant significantly. Or even a multiple use of thin 

films was quite possible hence; a repeated application could achieve a complete 

mineralization of EE2 from aqueous solutions. It was again observed that similar to the 

concentration dependence study, the S1 and S2 thin films showed relatively higher 

efficiency in the mineralization of EE2 compared to the UV photolysis.  

Again, the TOC removal percent as a function of pH was studied in order to optimise 

the best possible pH of treatment to achieve maximum mineralization of the EE2 in the 

photocatalytic treatment. The EE2 solutions ([EE2]: 2.0 mg/L) was treated at different pH 

values (pH 4.0 to 10.00) for 4hr using the UV only, S1 and S2 samples and the TOC 

removal percent was presented as a function of pH and presented graphically in figure 3.35 

(b) and in Table 3.20(b).   It was obvious from the figure that the maximum TOC removal 

was achieved at pH 6.0 using the UV only, S1 and S2 thin films. Quantitatively, at pH 6.0, 

24.69, 17.24 and 16.40% TOC removal was obtained with S2, S1 and UV only treatment, 

respectively. However, the acidic condition greatly hindered the percent TOC removal of 



Results and Discussions 
 

139 
 

EE2 from aqueous solutions. Thus at pH 4.0, only 16.12, 12.26 and 8.54% TOC removal 

was achieved with S2, S1 and UV only treatment, respectively. Moreover, with increase in 

pH up to pH10.0, 11.0%, 13.15% and 19.49% TOC removal was obtained with UV, S1 and 

S2 thin films. These results are again in agreement with the pH dependence removal of EE2 

in the photocatalytic degradation. 

 

Table 3.20: Percent TOC removal of EE2 as a function of (a) concentration: (b) pH. 

(a) TOC Removal %  (b) TOC Removal % 

EE2 concentration (mg/L)   pH 

 1.0 2.0 3.0 5.0   4.0 6.0 8.0 10.0 

UV 18.82 16.40 12.62 9.36  UV 8.54 16.40 14.31 11.49 

S1 19.99 17.24 14.27 6.97  S1 12.26 17.24 14.78 13.15 

S2 26.35 24.69 20.97 11.60  S2 16.12 24.69 24.33 19.49 

S2 61.58*         

* 24hr irradiation 

      

Figure 3.35: TOC removal percent of EE2 as a function of: (a) EE2 concentration, (b) pH, 

in the photo-catalytic degradation using thin films. 

 

 

0

20

40

60

80

1 2 3 5

TO
C 

Re
m

ov
al

 %
 

EE2 concentration (mg/L) 

S2 24hr

S2

S1

UV

0

10

20

30

4 6 8 10

TO
C 

Re
m

ov
al

 %
  

pH 

UV

S1

S2

(a) (b) 



Results and Discussions 
 

140 
 

3.2.5.4. Methylthymol Blue (MTB) 

Similarly the TOC (total organic carbon) values are obtained at varied initial 

concentrations of MTB. The TOC removal percent as a function of MTB concentration is 

presented graphically in figure 3.36(a) and in table 3.21(a). The concentration of MTB is 

increased from 1.0 to 20.0 mg/L and solution pH is kept constant pH 6.0 employing the UV 

only, S1 and S2 samples. The results are obtained at the end of 2hr of photo-irradiation. It is 

evident from the figure that increasing the concentration of MTB, a sharp decrease in TOC 

was observed. Quantitatively, increasing the concentration of MTB from 1.0 to 20.0 mg/L 

the TOC removal percent was decreased from 55.65 to 15.85% (using the S2 thin film); 

from 42.67 to 11.07% (using S1 thin film) and from 21.33 to 4.92 % (with UV only), 

respectively. Further, a prolonged irradiation i.e., 24 hr enabled to increase the TOC removal 

even up to 87.28% employing the S2 thin film. It was again interesting to note that a partial 

mineralization was achieved using the thin films. However, the prolonged irradiation with 

the thin films may enable to enhance significantly the TOC removal or to mineralize the 

pollutant significantly. Moreover, a multiple use of thin films is quite possible hence; a 

repeated application could achieve a complete mineralization of Methylthymol blue from 

aqueous solutions.  

Moreover, the similar to the concentration dependence study, the S1 thin film showed 

relatively lower efficiency in the mineralization of MTB compared to the S2 thin film. 

However, UV only photolysis showed very low or negligible TOC removal compared to S1 

and S2 samples. 

The TOC removal percent as a function of pH could provide the best possible pH of 

treatment to achieve maximum degree of mineralization of the MTB in the photocatalytic 

treatment of the MTB dye. Thus, the aqueous solutions containing  fixed initial 

concentration of MTB (1.0 mg/L) was treated at different pH values (pH 4.0 to 10.00) for 2 
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hr using the UV only, S1 and S2 samples and the TOC removal percent was presented as a 

function of pH graphically in figure 3.36(b) and in table 3.21(b), respectively. It was evident 

from the figure that the maximum TOC was removed at pH 6.0 using the UV only, S1 and 

S2 thin films. Quantitatively, at pH 6.0, 55.65, 42.67 and 21.33% TOC removal was 

achieved with S2, S1 and UV only treatment, respectively. However, the acidic condition 

slightly hindered the percent TOC removal of EE2 from aqueous solutions. Thus, at pH 4.0, 

only 53.20, 42.32 and 10.05% TOC removal was achieved with S2, S1 and UV only 

treatment, respectively.  

Moreover, with the increase in pH up to pH 10.0, 35.61%, 29.28% and 22.72% TOC 

removal was obtained with S2, S1 and UV only treatment. These results were again in 

agreement with the pH dependence removal of MTB in the photocatalytic degradation. 

These results suggested that the natural pH ~5.0- 7.0 favoured greatly the mineralization of 

MTB in their photocatalytic treatment with the thin films photocatalyst. 

 

Table 3.21: TOC removal percent of MTB as a function of (a) concentration: (b) pH. 

(a) TOC Removal %   (b) TOC Removal % 

MTB concentration (mg/L)    pH 

 1.0 5.0 10.0 15.0 20.0   4.0 6.0 8.0 10.0 

UV 21.33 10.09 8.85 7.41 4.92  UV 10.05 21.33 22.65 22.72 

S1 42.67 27.05 19.54 21.81 15.85  S1 42.32 42.67 33.86 29.28 

S2 55.65 39.04 30.81 21.81 15.85  S2 53.20 55.65 41.62 35.61 

S2 87.28*          

* 24hr irradiation 
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Figure 3.36: Percent TOC removal of MTB as a function of: (a) MTB concentration, (b) 

pH, in the photo-catalytic degradation using thin films. 

  

 3.2.5.5. Alizarin Yellow R (AYR) 

The mineralization of Alizarin Yellow is also obtained in the photocatalytic treatment 

process. Therefore, the total organic carbon (TOC) values are obtained at varied initial 

concentrations of AYR. Further, the  TOC removal % as a function of AYR concentration is 

presented graphically in figure 3.37(a) and in table 3.22(a). The concentration of AYR is 

increased from 1.0 to 20.0 mg/L at a constant solution pH 6.0 and employing the UV only, 

S1 and S2 samples. The results were obtained at the end of 2hr of photo-irradiation. It was 

apparent from the figure that a sharp decrease in TOC removal % was observed with 

increasing the initial concentration of AYR. Quantitatively, increasing the concentration of 

AYR from 1.0 to 20.0 mg/L the percent of TOC was decreased from 40.45 to 4.80% (using 

the S2 thin film); from 29.51 to 1.55% (using S1 thin film), respectively. Further, a 

prolonged irradiation i.e., 24 hr caused to increase the TOC removal up to 74.46% 

employing the S2 thin film. It was interesting to note that a partial mineralization was 

achieved using the thin films. However, the prolonged irradiation using the UV light source 

may enable to enhance significantly the TOC removal or to mineralize the pollutant 
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significantly or even a multiple use of thin films is quite possible hence; a repeated 

application could achieve a complete mineralization of Alizarin Yellow from aqueous 

solutions. It was again observed that similar to the concentration dependence study, the S2 

thin film showed relatively higher efficiency in the removal of AYR compared to the S1 thin 

film. Moreover, UV only photolysis showed no TOC removal (data not shown) hence, the 

AYR could only be degraded photocatalytically. 

The effect of solution pH in the mineralization of AYR was obtained when the AYR 

solutions ([AYR]: 1.0 mg/L) were treated at different pH values (pH 4.0 to 10.00) for 2 hr 

using the UV only, S1 and S2 samples and the percent of TOC removed was presented as a 

function of pH and returned in figure 3.37(b) as well as in table 3.22(b), respectively. The 

results indicated that the maximum TOC was removed at pH 6.0 using the S1 or S2 thin 

films. Quantitatively, at pH 6.0, 40.45 and 29.51% TOC removal was achieved with S2 and 

S1 thin films, respectively. However, the high or low pH values greatly hindered the percent 

TOC removal of AYR from aqueous solutions using either the S1 or S2 thin films. On the 

other hand, the UV only photolysis removed almost negligible percent TOC at any of the 

studied pH. These results were again in congruent with the pH dependence removal of AYR 

using the photocatalytic degradation. 
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Table 3.22: TOC removal percent of AYR as a function of (a) concentration: (b) pH. 

(a) TOC Removal %   (b) TOC Removal % 

       AYR concentration (mg/L)   pH 

 1.0 5.0 10.0 15.0 20.0   4.0 6.0 8.0 10.0 

S1 29.51 12.02 7.53 2.22 1.55  S1 13.65 29.51 25.24 12.66 

S2 40.45 21.91 11.31 6.88 4.80  S2 15.98 40.45 37.22 16.50 

S2 74.46*          

* 24hr irradiation 

 

        

Figure 3.37: TOC removal percent of AYR as a function of: (a) AYR concentration, (b) 
pH, in the photo-catalytic degradation using thin films. 
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3.2.6. Adsorption Isotherm studies 

3.2.6.1. Langmuir adsorption isotherm 

The equilibrium state sorption data of varied pollutant concentrations using powder T1 

and T2 samples were further employed to the non-linear fitting of Langmuir adsorption 

isotherm equation (2.5). The least square fitting method was conducted to optimize the two 

unknown parameters viz., the maximum monolayer capacity ‘qm’ and the Langmuir constant 

‘Ka’ for the studied organic pollutants. It was observed that the sorption data was reasonably 

fitted well to the Langmuir adsorption isotherms as shown in figures 3.38(a-e). Further,, the 

Langmuir constants i.e. monolayer adsorption capacity (qm), Langmuir constant ‘Ka’ and the 

least square sum values for the adsorption of DFS, TC, EE2, MTB and AYR on the two 

TiO2 nano-powders T1 and T2 were obtained and returned in Tables 3.23(a-e). The results 

from the above table indicated that the T1 and T2 possessed relatively higher monolayer 

capacity for the studied pollutant. Further, it was reported that the qm intends to relate the 

heat of sorption; higher the value of qm, higher is the heat of sorption and hence forming the 

stronger bonds (Ofomoja et al., 2010). Moreover, the applicability of Langmuir adsorption 

isotherm indicates that the surface active sites are distributed evenly onto the solid surface. 

Similar, isotherm fitting was also reported previously, using the N, F-Co-doped TiO2 

adsorbent in the removal of C.I. Basic Blue 41 dyes from aqueous solutions (Jiang et al., 

2013). The higher adsorption capacity of T2 relative to T1 was due to higher number of 

surface trapped organic molecules within a small meso pores as well as additional surface 

active groups of PEG in T2 which enhanced hydrophobic interactions between organic 

pollutants and the catalyst surface. 
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Table 3.23(a): Langmuir monolayer capacity (qm), Langmuir constant (Ka) and Least square 

sum values for the adsorption of diclofenac sodium on to the T1 and T2 

solids. 

Diclofenac sodium (DFS) 

Materials  qm(mg/g) Ka (L/mg) Least square sum 
 

T1 
 

3.588 
 

0.549 
 

0.010 
 

T2 
 

5.396 
 

0.902 
 

0.028 
 

 

 

 

Figure 3.38(a): Langmuir adsorption isotherm fitting in the adsorption of DFS by T1 and 
T2 solids.  
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Table 3.23(b): Langmuir monolayer capacity (qm), Langmuir constant (Ka) and Least 

square sum values for the adsorption of tetracycline on to the T1 and T2 

solids. 

Tetracycline (TC) 
Materials  qm(mg/g) Ka (L/mg) Least square sum 

 
T1 

 
5.158 

 
0.220 

 
0.075 

 
T2 

 
7.435 

 
0.206 

 
0.207 

 

 

 

Figure 3.38(b): Langmuir adsorption isotherm fitting in the adsorption of TC by T1 and T2 
solids.  
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Table 3.23(c): Langmuir monolayer capacity (qm), Langmuir constant (Ka) and Least square 

sum values for the adsorption of EE2 on to the T1 and T2 solids. 

17α-Ethynylestradiol (EE2) 
Materials  qm(mg/g) Ka (L/mg) Least square sum 

 
T1 

 
2.292 

 
0.807 

 
0.003 

 
T2 

 
5.020 

 
.354 

 
0.012 

 

 

 

Figure 3.38(c): Langmuir adsorption isotherm fitting in the adsorption of EE2 by T1 and T2 
solids.  
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Table 3.23(d): Langmuir monolayer capacity (qm), Langmuir constant (Ka) and Least 

square sum values for the adsorption of MTB on to the T1 and T2 solids. 

Methylthymol Blue (MTB) 
Materials  qm(mg/g) Ka (L/mg) Least square sum 

 
T1 

 
5.545 

 
0.336 

 
0.050 

 
T2 

 
8.722 

 
0.638 

 
0.394 

 

 

 

Figure 3.38(d): Langmuir adsorption isotherm fitting in the adsorption of MTB by T1 and 
T2 solids.  
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Table 3.23(e): Langmuir monolayer capacity (qm), Langmuir constant (Ka) and Least square 

sum values for the adsorption of AYR on to the T1 and T2 solids. 

Alizarin Yellow R (AYR) 
Materials  qm(mg/g) Ka (L/mg) Least square sum 

 
T1 

 
2.665 

 
0.508 

 
0.466 

 
T2 

 
4.889 

 
1.207 

 
1.240 

 

 

 

Figure 3.38(e): Langmuir adsorption isotherm fitting in the adsorption of AYR by T1 and 
T2 solids.  
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Similarly, the Freundlich constants KF, ‘1/n’ and least square sum were also computed for 

the adsorption of DFS, TC, EE2, MTB and AYR on the two TiO2 nano-powders T1 and T2 

and presented in Tables 3.24(a-e).  It was observed that the Freundlich constant (1/n), which 

demonstrated the adsorption intensity was always found to be fractional values (i.e. 0 < 1/n 

< 1) for the adsorption of the studied pollutant at the employed solids. The fractional value 

of ‘1/n’ pointed it towards the heterogeneous surface structure of the solid with an 

exponential distribution of active sites (Tiwari et al., 2007; Mishra et al., 2006). Moreover,   

the applicability of the Freundlich adsorption isotherm indicated that the sorbing species 

were forming strong chemical bonds with the surface functional groups and likely to be 

interacted laterally, however the Freundlich isotherm could not provide the information on 

the monolayer adsorption capacity (Tiwari et al., 2007; Lee et al., 2009; Antunes et al., 

2012).  Further, It was noted that a marked difference occurred in sorption capacity of 

pollutants by the solids as estimated by the two different methods i.e. Freundlich and 

Langmuir models, was, perhaps, because of the different basic assumptions.   

Table 3.24(a): Freundlich constants Kf, 1/n and Least square sum values for the adsorption 

of DFS on to the T1 and T2 solids. 

Diclofenac sodium (DFS) 
Materials  Kf (mg/g) 1/n Least square sum 

 
T1 

 
1.330 

 
0.439 

 
0.059 

 
T2 

 
2.600 

 
0.352 

 
0.076 
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Figure 3.39(a): Freundlich adsorption isotherm fitting in the adsorption of DFS by T1 and 
T2 solids.  

 

Table 3.24(b): Freundlich constants Kf, 1/n and Least square sum values for the adsorption 

of TC on to the T1 and T2 solids. 

Tetracycline (TC) 
Materials  Kf (mg/g) 1/n Least square sum 

 
T1 

 
1.255 

 
0.425 

 
0.246 

 
T2 

 
1.738 

 
0.434 

 
0.247 
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Figure 3.39(b): Freundlich adsorption isotherm fitting in the adsorption of TC by T1 and T2 
solids.  

 

Table 3.24(c): Freundlich constants Kf, 1/n and Least square sum values for the adsorption 

of EE2 on to the T1 and T2 solids. 

17α-Ethynylestradiol (EE2) 
Materials  Kf (mg/g) 1/n Least square sum 

 
T1 

 
1.065 

 
0.355 

 
0.004 

 
T2 
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0.538 

 
0.066 
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Figure 3.39(c): Freundlich adsorption isotherm fitting in the adsorption of EE2 by T1 and 
T2 solids.  

 

Table 3.24(d): Freundlich constants Kf, 1/n and Least square sum values for the adsorption 
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Methylthymol Blue (MTB) 
Materials  Kf (mg/g) 1/n Least square sum 

 
T1 
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0.426 
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Figure 3.39(d): Freundlich adsorption isotherm fitting in the adsorption of MTB by T1 and 
T2 solids. 

 

 Table 3.24(e): Freundlich constants Kf, 1/n and Least square sum values for the adsorption 
of AYR on to the T1 and T2 solids. 

Alizarin Yellow R (AYR) 
Materials  Kf (mg/g) 1/n Least square sum 

 
T1 

 
2.850 

 
0.184 

 
1.463 

 
T2 

 
1.095 

 
0.287 

 
0.298 

 

 

 

0

2

4

6

8

10

0 5 10 15 20

q e
 (m

g/
g)

 

Ce (mg/L) 

Observed(T1) Calculated(T1)

Observed(T2) Calculated(T2)



Results and Discussions 
 

156 
 

 

Figure 3.39(e): Freundlich adsorption isotherm fitting in the adsorption of AYR by T1 and 
T2 solids. 

 

3.2.7. Reusability test of the thin films 

The reusability test for the two thin films S1 and S2 was conducted for their 

degradation of Diclofenac sodium, Tetracycline and Methylthymol blue dye with a fixed 

initial concentration (5.0 mg/L) at pH 6.0 for 2hr irradiation for five consecutive 
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the pollutants within five experimental runs using S1 sample as: from 0.0029 to 0.0026 

mg/L/min; 0.036 to 0.032 mg/L/min; from 0.022 to 0.018 mg/L/min for Diclofenac sodium, 

Tetracycline and Methylthymol blue, respectively. Similarly, with S2 thin films, the rate of 
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quantitatively, four repetitive cycles, the removal percent using S1 thin film was decreased 
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from 29.58 to 26.76%; 56.64 to 52.22% and 41.10 to 35.62% for DFS, TC and MTB, 

respectively. Moreover, with S2 thin films the removal percent was decreased from 40.14 to 

37.33%; 66.67 to 61.06% and 56.16 to 47.95% for the DFS, TC and MTB, respectively in 

their photocatalytic reactions. Thus the reductions in catalytic activity of the thin films using 

S1was found to be 9.52, 7.81, 5.48%  as well as using S2 was 7.02, 8.0 and 8.0% for the 

degradation of DFS, TC and MTB, respectively after five cycles of photocatalytic treatment. 

These results clearly showed that the thin film samples S1 and S2 could be reused without 

much decline in activity which conveyed the cost effectiveness and makes it useful for 

practical implications of these thin films in the photocatalytic degradation of studied 

micropollutants. 

  

Table 3.25(a): Effect of repetition on the photocatalytic degradation of diclofenac sodium 

using S1 and S2 thin films.  

 Rate of degradation (r0 x 10-2)( mg/L/min) 

 Number of experimental Run 

Samples 1 2 3 4 5 

S1 
1.52 

(29.58) 

1.52 

(29.58) 

1.47 

(28.87) 

1.36 

(27.47) 

1.31 

(26.76) 

S2 
2.31 

(40.14) 

2.31 

(40.14) 

2.25 

(39.44) 

2.15 

(38.03) 

2.04 

(37.33) 

Removal %  values are given in parenthesis  
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Figure 3.40(a): Degradation rate of Diclofenac sodium using S1 and S2 with respect to 

repetitive use. 
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(61.06) 

Removal % values are given in parenthesis  
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Figure 3.40(b): Degradation rate of Tetracycline using S1 and S2 with respect to repetitive 

use. 

 

Table 3.25(c): Effect of repetition on the photocatalytic degradation of Methylthymol blue 

using S1 and S2 thin films.  

 Rate of degradation (r0 x 10-2)( mg/L/min) 

 Number of experimental Run 

Samples 1 2 3 4 5 

S1 
2.23 

(41.10) 

2.23 

(41.10) 

2.14 

(39.73) 

1.99 

(36.99) 

1.84 

(35.62) 

S2 
3.63 

(56.16) 

3.48 

(54.79) 

3.38 

(53.42) 

3.23 

(52.05) 

2.88 

(47.95) 

Removal % values are given in parenthesis  
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Figure 3.40(c): Degradation rate of methylthymol blue using S1 and S2 with respect to 

repetitive use. 
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4. Conclusions 

The nano particles of the TiO2 were successfully immobilized onto the borosilicate 

glass substrates as to obtain the nano-size TiO2 thin films. The sol-gel template synthesis 

was conducted using the polyethylene glycol (PEG) as surface modifier. The two thin films 

i.e., S1 and S2 were obtained with and without PEG. Further, these films were calcined at 

5000C. The samples S1 and S2 were characterized by the IR, XRF, XRD, AFM and XPS 

analytical methods. The X-ray diffraction data revealed that almost similar reflections were 

obtained for S1 and S2 thin films. The characteristic peaks obtained at the 2θ values of 

25.39, 37.84, 48.14, 53.44 and 54.59 were assigned to the anatase phase of TiO2 and no 

characteristic peak of rutile was observed.  The average particle size was calculated using 

the Debye-Scherrer equation for the S1 and S2 catalysts and were found to be 25.4 and 21.9 

nm, respectively. This further indicates that the S1 and S2 comprised with nano-sized, 

perhaps the nano-pillars TiO2 evenly distributed on the substrate surface. In addition, the 

XRF data enabled the presence of titanium element in the S1 and S2 samples and the percent 

of Ti is increased significantly with the S2 sample suggesting that the filler media PEG 

greatly supported the network formation and propagation. Moreover, the XPS analysis 

indicated the presence of Ti and O elements showing titanium is present in the form of fully 

oxidised Ti4+. Whereas the IR analysis indicated the presence of –OH group (~3437, 

1643cm-1) with both the catalyst samples and the absorption bands at 470 and 422 cm−1 were 

assigned to bending vibrations of Ti-O and Ti-O-Ti of the titanium dioxide framework 

bonds.  Further, Surface morphology obtained with SEM images of these solids showed fine 

grains of TiO2 were very evenly distributed onto the substrate and forming a thin layer of 

TiO2 particles for S1 sample. Whereas S2 showed relatively disordered surface structure and 

the films was possessed with several micro-cracks onto the surface. The SEM images 
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indicated the particulates average size was in the range of ~15nm.  The AFM analytical data 

showed that the mean pillar size of the TiO2 particulate was Ca 180 and 40 nm respectively 

for the S1 and S2 samples. Moreover, the average roughness (Ra) and root mean square 

roughness (Rq) were found to be 3.523, 14.06 nm and 2.708, 4.668 nm,  respectively for S1 

and S2 samples The thermogravimetric (TG/DSC) analysis of the two TiO2 powders (T1 and 

T2) heated at the rate of 50C/min from 200C to 5200C showed three major weight losses. 

The complete combustion of the organic impurities occurred at ~2500C and an exothermic 

peak at ~ 4000C was ascribed the transformation of amorphous forms of TiO2 to anatase 

phase.  Further, the specific surface area of the S1 and S2 catalysts were obtained using the 

BET analyzer and BET surface area were found to be 5.217 and 1.420 m2/g, with the pore 

sizes 7.77 and 4.16 nm, respectively for the S1 and S2 thin films. Although the specific 

surface area of the catalyst was decreased with the thin films synthesized in presence of 

PEG however, the meso-pores size was decreased significantly. This enhanced the 

possibility of the pollutants to trap within the pores and showed better catalytic activity. The 

PEG enables to provide a good filler media which subsequently provides a regular titanium 

network formation and propagation revealing much lower pore size of the catalyst as 

obtained for S2 catalyst. Further, the catalysts were fully employed in the photocatalytic 

degradation of several micropollutants viz., Diclofenac sodium (DFS), Tetracycline (TC), 

17α-Ethynylestradiol (EE2) and synthetic organic dyes viz., Methyl thymol blue (MTB) and 

Alizarin yellow R (AYR) from aqueous solutions under batch experimentation.  

The data obtained for various physico-chemical-parametric studies showed that 

relatively very high degradation was occurred at pH ~6.0 for DFS, EE2, MTB and AYR 

whereas the TC was degraded effectively within the pH region 6.0~10.0. These results 

suggested that the two thin films samples could be employed effectively at a wide range of 

solution pH for the degradation/attenuation of these micropollutants. The effect of pollutant 
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concentration study revealed that decreasing the pollutant concentration favoured greatly the 

percent removal of these pollutants. This infers that the employed photocatalyst is useful for 

the degradation/removal of these residual micropollutants from the aquatic environment. 

The studies are further extended with total organic carbon measurement using TOC analyser 

to demonstrate an apparent mineralization of these pollutants. Results show that the 

mineralization of these micro-pollutants is increased with decreasing the pollutant 

concentration. However, the prolonged irradiation with the thin films significantly enhances 

the TOC removal or mineralization of the pollutant. Moreover, a multiple use of thin films 

or a repeated application could achieve a complete mineralization of these pollutants from 

aqueous solutions.  

 The kinetic data obtained for the photocatalytic degradation process of DFS, TC, 

EE2, MTB and AYR using the thin films S1 and S2 are found to follow a pseudo-first order 

rate kinetics and the degradation rate is applicable with the Langmuir-Hinshelwood rate 

kinetics. The L-H kinetics fitted reasonably well to the photocatalytic degradation of TC, 

MTB and AYR whereas the DFS shows distorted kinetics. This result infers the 

heterogeneous surface of the thin films forming uniform surface coverage by the pollutants. 

Further, the applicability of the thin films towards the degradation of pollutants is studied 

simulating the real waste water matrix incorporating several cations and anions. The result 

indicate that the presence of these ions are affected to some extent the degradation efficiency 

of DFS, TC, EE2, MTB and AYR using the S2 catalyst primarily due to the competitive 

adsorption with the parent pollutants towards the catalyst surface. The equilibrium state 

sorption data is reasonably fitted well to the Langmuir and Freundlich adsorption isotherms 

and hence, the removal capacity is estimated for the two TiO2 powder samples T1 and T2 

towards these organic pollutants.   
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Moreover, the effect of scavengers in the photocatalytic behaviours in the degradation 

of DFS and TC is studied using variety of scavengers to scavenge the radical species viz., 

•OH or O2•− or singlet oxygen species. Results showed that the presence of sodium azide 

could not affect in the degradation of DFS and TC using the S1 or S2 thin films which 

indicate that the degradation of these pollutants is not proceed through oxidation by the 

singlet oxygen species. On the other hand, the scavengers, 2-propanol and bicarbonate 

significantly suppressed the catalytic activity of these thin films. This implied that the •OH 

radicals predominantly attributing in the degradation of DFS or TC from aqueous solutions. 

The reusability test for the two thin films S1 and S2 is conducted within four repeated 

cycles for the degradation of DFS, TC and MTB and the reductions in catalytic activity of 

the thin films using S1was found to be 9.52, 7.81, 5.48% as well as using S2 was 7.02, 8.0 

and 8.0% for the degradation of DFS, TC and MTB after five cycles of photocatalytic 

treatment. These results clearly show that the thin film samples S1 and S2 could be reused 

without much decline in activity which conveyed the cost effectiveness and makes it useful 

for practical applications as well as greener treatment of the process. 

Overall the immobilised nano-TiO2 thin films, S1 and S2 samples showed very high 

percent degradation of DFS, TC, EE2, MTB and AYR comparing to the UV only 

irradiation. The efficiency and efficacy of the thin films towards the removal of various 

pollutants is in the order: MTB > TC > AYR > DF > EE2.  Further, the S2 shows relatively 

enhance activity in percent removal comparing to the S1 thin film. This was due to the fact 

that S2 sample possesses with small pores which effectively trap the target compounds and 

the photo induced radicals species oxidizes efficiently the pollutant molecules. The study is 

conducted using the thin films which enhance the applicability of photo-catalyst in 

separation of slurry or to overcome the shadowing effect. Moreover, repeated use of photo-
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catalyst, possibly, helps in cost effective and greener treatment of the process and the batch 

reactor input data is useful in the large scale or Pilot plant level treatment process for the 

degradation/removal of micropollutants and synthetic organic dyes from aquatic 

environment. 
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