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ABSTRACT 
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Benzophenone-3 (BP-3), an organic UV filter widely used in sunscreen and other personal care 

products, has been detected at several ppm level in surface and ground water, which could 

significantly affect the human health and aquatic environment. In this study, the photocatalytic 

degradation of BP-3 along with optimal operating conditions such as initial pH, initial 

concentration, catalysts loading, degradation kinetics and efficiency, degree of mineralization was 

investigated. Two different catalysts composite, PbO/TiO₂ and Sb₂O₃/TiO₂, were synthesized by 

hydrothermal methods. Synthesized catalysts were further characterized by XRD, SEM, EDS, 

BET and UV-Vis DRS techniques to investigate the crystalline properties, surface morphologies, 

elemental analysis, textural properties and the optical properties respectively. Photocatalytic 

experiments under UV-C irradiation demonstrated the complete removal of BP-3 using PbO/TiO₂ 

catalyst within 120 min. Pollutant degradation rate and removal efficiency was higher at pH 7 

when the initial contaminant concentration was 20μM and the catalysts dose was 0.75 g/L. 
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1. INTRODUCTION 

Water is the most fundamental elements for the survival of all the living beings on this earth. 

Approximately, 71% of our earth exterior is camouflaged with water which accounts for a volume 

of 1.39×10⁹ km³. However, only 2.5% of it can be claimed as clean or fresh water and almost 69% 

of this fresh water are stored in polar glaciers while the remaining amounts are available for 

beneficial uses. Out of this available fresh water only 7% is used for domestic purposes like 

drinking, cooking, bathing and washing, whereas the rest amounts are consumed in agricultural 

and industrial purposes (Sillanpää et al., 2017). Therefore, a scarcity of fresh water is obvious 

around the world. It has been reported that, more than 120 million people in our planet have lack 

access to clean drinking water; 260 million are out of sanitation facilities and millions are dying 

annually from the diseases associated with water pollution (Vasudevan and Oturan, 2014). Apart 

from that, industrial development, agricultural advancement and the improved way of living is 

continuously introducing new types of pollutants into the water system as well as our environment. 

These new types of contaminants include PCPs, pharmaceuticals, pesticides, flame retardants, 

surfactants and other numerous industrial additives. Collectively these are known as contaminants 

of emerging concern (Jorgenson et al., 2018; Pennington et al., 2018). Recently these types of 

contaminants are detected in a significant level into the soil and aquatic environment that were 

unregulated previously. Also, their harmful effects on the living being such as human and the 

aquatic organisms are identified by many researchers (Díaz-Cruz et al., 2012; Lambropoulou et 

al., 2002; Santos et al., 2012; Schlumpf et al., 2004). Therefore, researchers around the world are 

now trying to find out a way to get rid of these types of pollutants. 

Among these various emerging contaminants, UV filters are drawing attention due to their 

existence in surface and tap water in a significant level. UV filters are mainly aromatic compounds 

sometimes conjugated with aliphatic double bond or carbonyl groups, used extensively in 

sunscreen lotion and PCPs to protect our screen from the harmful effect of UV radiation from the 

sun (Serpone et al., 2007; Shaath, 1987). Their exposure into the environment happens during the 

bathing and recreational activities in beach, lake, river and swimming pool. UV filters are usually 

photostable compound with the ability of absorption or reflection of the UV radiation. However, 

in aqueous environment they may undergo some photodegradation and produce harmful by 
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products that are threatening to the aquatic species (Jorgenson et al., 2018; Krause et al., 2018; 

Vione et al., 2013). 

Advanced oxidation process (AOP) is an effective method that can be used to fight against this 

type of contaminants effectively. Recently AOPs are gaining extensive attention due to its non-

selective nature regarding pollutant degradation and possibility of complete mineralization of 

pollutants (Sillanpää et al., 2018). During AOP in situ formation of strong oxidative species, such 

as hydroxyl radicals (•OH), take place which can degrade the organic contaminants into carbon 

dioxide and water. Among the various AOP methods, heterogeneous photocatalysis is considered 

as a promising method to get remediation from the organic pollutants (Ohtani, 2011; Pelaez et al., 

2012). Besides, photocatalysts use the light energy to generate oxidative radicals which is 

considered as a green and sustainable approach for water treatment. 

Generally, different semiconductors of metal oxide, such as TiO₂, ZnO, Cu₂O has been reported 

to perform well in photocatalytic water treatment. However, some shortcomings like higher 

bandgap and fast electron-hole recombination rate impedes the practical application of these 

materials in water treatment. To overcome these shortcomings several strategies are being applied 

by the researchers which includes bandgap engineering, morphological improvement, metal oxide 

composites formation etc. Coupling of metal oxides with suitable energy levels and band positions 

can reduce the e⁻/h⁺ recombination rate by transferring the photogenerated e⁻ and h⁺ to the more 

negative CB and positive VB, respectively. Recently, Iwaszuk and Nolan reported that the lead 

oxide modified TiO₂ established new states over the VB which results the hole movement to the 

PbO surface and electrons placement at the TiO₂ surface (Iwaszuk and Nolan, 2013). Therefore, 

an improved charge carrier separation with enhanced photocatalytic performance of PbO/TiO₂ is 

expected. On the other hand, Sb₂O₃ (b.g.-3.0 eV) has a smaller band gap than TiO₂ (b.g.-3.2 eV) 

and the VB and CB position of Sb₂O₃ is below the TiO₂ which ensues the transfer of VB holes in 

the TiO₂ surface and localization of CB electrons on the Sb₂O₃ surface (Liu et al., 2012). In this 

thesis an effort was made to synthesis the semiconductor composites, PbO/TiO₂ and Sb₂O₃/TiO₂ 

and study its application in the degradation of organic UV filter Benzophenone-3. 
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1.1. Aim and Objective 

The aim of this study is to investigate the degradation of BP-3 by photocatalysis. To reach this 

goal the following objectives were made and studied: 

 Synthesis of semiconductor composites PbO/TiO₂ and Sb₂O₃/TiO₂ for improved 

photocatalytic efficiency. 

 Characterization of the synthesized composite photocatalyst to evaluate its structural, 

optical and chemical properties. 

 Study of photocatalytic performance of the produced catalysts by degradation of BP-3 in 

aqueous environment. 

 Study the effect of different operating conditions on photocatalytic degradation of BP-3. 

 Study the degree of mineralization. 

 Identification of the degradation by-products using GC-MS analysis. 
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2. TREATMENT OF ORGANIC CONTAMINANTS IN WASTEWATER 

2.1. Contaminants of emerging concern 

Emerging contaminants (ECs) are new type of pollutants that have been detected in the air, soil, 

food chain and aquatic environment in a very trace (µg/L or ng/L) level. These types of pollutants 

are identified very recently and their fate and transportation through the environment are not well 

established yet due to the lack of knowledge regarding their analytical identification (Lapworth et 

al., 2012; Naidu et al., 2016). Consequently, their effects on ecosystem as well as on human health 

are not recognized very well. ECs are now detected at various level of concentrations in surface 

water, ground water and effluents of wastewater treatment plant as listed in Table 2.1. 

 

Table 2.1: Concentrations of ECs in wastewater from different research 

ECs Compounds Detected conc. (ng/L) References 

Pharmaceuticals Acetaminophen 34.7 (Estévez et al., 

2012; Jurado et al., 

2012; Radjenović 

et al., 2008; Teijon 

et al., 2010) 

Codeine 348.3 

Carbamazepine 167 

Diclofenac 477 

Gemfibrozil 574 

Ibuprofen 185 

Ketoprofen 314 

Mepivacaine 252 

Naproxen 263 

Propyphenazone 296 

Pesticides Atrazine 3450 (Garrido et al., 

2000; Jurado et al., 

2012; Köck-

Schulmeyer et al., 

2012; Teijon et al., 

2010) 

Alachlor 9950 

Chlortoluron 1700 

Chlorfenvinphos 2500 

Desethylatrazine 1980 

Dimethoate 2277 

Malathion 3500 

Prometryn 1000 

Simazine 1690 

Terbuthylazine 1270 

Industrial 

Compounds 

Bisphenol A 1500 (Bono-Blay et al., 

2012; Jurado et al., 

2012; Lacorte et 

al., 2002) 

Nonylphenol 5280 

Octylphenol 1800 

Dimethyl phthalate 120 

Diethyl phthalate 1115 
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ECs Compounds Detected conc. (ng/L) References 

Personal care 

products 

Benzophenone-3 290 (Bester, 2003; 

Díaz-Cruz et al., 

2012; Jurado et al., 

2012) 

Ethylhexyl methoxycinnamate 260 

Galaxolide 359 

Octocrylene 170 

Triclosan 1000 

3-(4-methylbenzylidene) camphor 35 

Drugs of abuse Cocaine 60.2 (Huerta-Fontela et 

al., 2008; Jurado et 

al., 2012) 

Benzoylecgonine 19.6 

Morphine 27.2 

Methadone 68.3 

Life-style 

compounds 

Caffeine 505 (Huerta-Fontela et 

al., 2008; Jurado et 

al., 2012) 

Nicotine 144 

Paraxanthine 147 

Theobromine 252.5 

Theophylline 35.2 

 

ECs include a numerous variety of chemicals such as PCPs, pharmaceuticals, pesticides, 

wastewater treatment effluents (mainly metabolites and degradation byproducts), and very recently 

identified various carbon-based and metallic nanoparticles (Naidu et al., 2016). Extensive 

researches are taking place all over the world regarding the identification and fate of ECs along 

with their effect on environment and human life. Some of the ECs are identified as persistent in 

our ecosystem and make their way back to human either via food chain or drinking water. Apart 

from that, some of the ECs are found to be potential to cause undesirable effects on human health 

such as antibiotic resistance, behavioral alteration, and endocrine disruption (Batt et al., 2017; 

Naidu et al., 2016). 

ECs enter the environment either directly from various sources including effluents of wastewater 

treatment plant, medical effluents, domestic and industrial wastes, septic tanks, animal manure and 

waste lagoons or indirectly from surface water-groundwater exchange process (Lapworth et al., 

2012; Naidu et al., 2016). Currently operating wastewater treatment plant could not eliminate the 

ECs and their metabolites completely and they are deposited as sewage effluent which are further 

discharged into the environment. Consequently, they are entering the environment at a very low 

concentration, accumulating gradually and causing adverse impact on ecosystems and aquatic 
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organisms. Figure 2.1 represents the major and minor pathways of the ECs to the environment and 

aquatic system from different direct and indirect sources. 

 

Figure 2.1: Major sources and typical pathways for ground and the surface water contamination by ECs. 

(Source: (Lapworth et al., 2012)) 

 

2.2. Advanced technologies for abatement of organic pollutants (OP) in water 

In last few decades, several treatment technologies have been invented and developed to treat the 

organic pollutants in water system. These can be broadly categorized into two types: separation-

based processes and degradation-based processes as shown in Figure 2.2. Separation based 

processes involves physical separation of contaminants from wastewater without any degradation. 

Such processes include adsorption, ion-exchange, coagulation-flocculation and membrane 

filtration. On the other hand, degradation-based processes involve biological, chemical, 

electrochemical and advanced oxidation processes where the complex contaminants are degraded 
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into simpler compounds or sometimes even into carbon dioxide and water. Due to the raising 

concern regarding the emerging organic contaminants because of their accumulation tendency into 

the soil, environment and aquatic system, a degradation-based process would be the ultimate 

solution to abate these contaminants. Therefore, recent efforts are being made to study the 

biological, chemical, electrochemical methods for the degradation and removal of emerging 

contaminants. 

 

Figure 2.2: Organic Pollutant (OP) removal methods from wastewater. 

 

Treatment of municipal and industrial wastewater is a complicated process and a single method is 

not enough to remove all types of contaminant from the wastewater due to the variation in their 

characteristics. Most of the current wastewater treatment plant comprises of primary clarification 

followed by biological process, secondary clarification, advanced processes such as adsorption on 

activated carbon, membrane filtration and UV/ozone disinfection. Biological process involves the 

action of micro-organisms either in aerobic condition or in anaerobic condition for the degradation 

of organic pollutants. It is one of the widely used process to treat the domestic or municipal 
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wastewater. However, for industrial water treatment it cannot be applied due to the biomass 

poisoning by different chemicals (Alok D. Bokare and Choi, 2014). 

Adsorption process in widely studied for the removal of organic micropollutants due to simpler 

design, ease of operation, low investment cost and environmentally benign. Till now several 

adsorbent materials have been developed and studied for adsorption of ECs. Sophia and Lima 

reviewed the adsorption of ECs by different adsorbent materials including activated carbon, 

graphene and carbon nanotubes, modified biochar and composite adsorbents (Sophia A. and Lima, 

2018). However, adsorption is unable to degrade the micropollutant and thereby it remains in the 

regeneration effluent which may need further treatment prior to discharge into the environment. 

Membrane processes such as ultrafiltration (UF), nanofiltration (NF), forward osmosis (FO) and 

reverse osmosis (RO) have been widely studied for the separation of ECs from water and 

wastewater. Transport and separation of ECs by membranes are significantly affected by the Types 

of membranes, as well as the wastewater conditions and properties of ECs. Rodriguez-Narvaez et 

al. reported that, highly water soluble and polar ECs are easily separable than low water soluble 

and non-polar compounds by UF membrane (Rodriguez-Narvaez et al., 2017). NF has higher 

potential and removal efficiency in some ECs than the UF. Acero et al. reported the caffeine 

removal efficiency by UF was in the range of 2-21%, whereas 46-84% removal efficiency was 

obtained for NF (Acero et al., 2010). FO and RO process uses a semi-permeable membrane to 

separate the dissolved contaminants from water, however the driving forces for separation are 

different. In the FO process a concentrated draw solution is used to create an osmotic pressure 

gradient across the membrane. As a result, water permeates from the feed solution to the 

concentrated draw solution. While the RO process uses a hydraulic pressure gradient as a driving 

force to transport water across the membrane. It has been reported that the removal efficiency of 

ECs by different types of membranes declined in the following order: RO≥FO>NF>UF (Kim et 

al., 2018). 

2.3. Advanced oxidation process 

Advanced Oxidation Processes (AOPs) are gaining much popularity in present-days due to their 

effectiveness in the elimination of various organic pollutants from the wastewater. AOP involves 

the application of various oxidizing agents including ozone (O3), hydrogen peroxide (H2O2) or 
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heterogeneous catalysts, e.g. TiO2, Fe, in the presence or absence of an irradiation source for on-

site production of highly reactive radicals, particularly the hydroxyl (•OH) radicals, that control 

the degradation mechanism of various hazardous pollutants (Al-Anazi et al., 2018; Sirés et al., 

2014). Hydroxyl (•OH) radical can be characterized as the second most dominant oxidizing agent 

(next to fluorine) having a redox potential of E° (•OH/H₂O) = +2.8 V/SHE which can reacts with 

the organic pollutants at a rate constant of 108–1011 M−1 s−1. Compare to other free radicals it is 

non-selective in reacting with many organic pollutants and can be produce at ambient temperature 

and pressure. Once generated, •OH radicals can readily react with the complex organic 

contaminants and neutralize them to CO₂ and water through a series of chain reactions (Sillanpää 

et al., 2018). Till now several AOP methods have been developed and applied efficiently in 

wastewater treatment. Table 2.2 summarizes the principle AOP methods with their corresponding 

reactions for the generation of free radicals. 

Table 2.2: AOPs with corresponding reactions for the production of reactive free-radicals (Alok D Bokare 

and Choi, 2014; Hu and Long, 2016; Sirés et al., 2014) 

AOP methods Reactions 

Ozonation 3𝑂3 + 𝑂𝐻− + 𝐻+ → 2𝐻𝑂• + 4𝑂2 

𝑂3/𝐻2𝑂2 2𝑂3 + 𝐻2𝑂2 → 2𝐻𝑂• + 3𝑂2 

𝑂3/𝑈𝑉 𝑂3 + 𝐻2𝑂 + ℎ𝜈 → 𝑂2 + 𝐻2𝑂2 

𝐻2𝑂2/𝑈𝑉 𝐻2𝑂2 + ℎ𝜈 → 2𝐻𝑂• 

Ultrasound (US)/O₃ 𝑂3 + 𝐻2𝑂+ ))) → 𝑂2(𝑔) + 2𝐻𝑂• 

US/𝐻2𝑂2 𝐻2𝑂2+ ))) → 2𝐻𝑂• 

Fenton 𝐹𝑒2+ + 𝐻2𝑂2 → 𝐹𝑒3+ + 𝐻𝑂• + 𝑂𝐻− 

Photo-Fenton 𝐹𝑒2+ + 𝐻2𝑂2 + ℎ𝜈 → 𝐹𝑒3+ + 𝐻𝑂• + 𝑂𝐻− 

𝐹𝑒(𝑂𝐻)2+ + ℎ𝜈 → 𝐹𝑒2+ + 𝐻𝑂• 

𝐹𝑒(𝑂𝑂𝐶𝑅)2+ + ℎ𝜈 → 𝐹𝑒2+ + 𝐶𝑂2 + 𝑅• 

Heterogeneous photocatalysis (𝑇𝑖𝑂2/𝑈𝑉) 𝑇𝑖𝑂2 + ℎ𝜈 → 𝑇𝑖𝑂2(𝑒− + ℎ+) 

ℎ+ + 𝐻2𝑂 → 𝐻𝑂• + 𝐻+ 

𝑒− + 𝑂2 → 𝑂2
−• 

Heterogeneous sulfate radical based AOP 𝐶𝑜𝑂𝐻+ + 𝐻𝑆𝑂5
− → 𝐶𝑜𝑂+ + 𝑆𝑂4

•− + 𝐻2𝑂 
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3. PHOTOCATALYSIS 

The term ‘Photocatalysis’ implies the combined action of light and catalysts to bring about a 

chemical reaction or to accelerating the reaction kinetics (Ohtani, 2011). The materials that initiate 

the chemical reactions by absorbing the photon energy is known as photocatalysts. In a typical 

photocatalytic process, the photocatalyst doesn’t undergo any chemical conversion but acts as an 

active surface for the reaction. Photocatalysis is being considered to be the “green” and one of the 

effective advanced oxidation processes and used extensively in a variety of field including water 

treatment, air purification, energy application, self-cleaning and self-sterilizing surfaces (Pelaez et 

al., 2012). 

3.1. Fundamental mechanism of photocatalytic pollutant degradation 

Photocatalytic degradation of the pollutant in the aqueous media takes place according to the 

following steps (Marschall, 2014; Pelaez et al., 2012): 

1. Absorption of photon energy results the excitation of charge carriers (generation of electron 

and hole). 

2. Diffusion of charge carrier to the catalysts surface. 

3. Formation of reactive free radicals by redox reactions between the excited charge carrier 

and adsorbate molecules.  

4. Interaction of free radicals with the pollutant at the catalysts surface. 

5. Transformation of pollutant into CO₂ and H₂O. 

A schematic diagram representing the general semiconductor photocatalysis is depicted in Figure 

3.1. As can be seen in Figure 3.1, when light of sufficient energy (>Eg) interacts with catalysts, it 

excites an e⁻ from the VB to the CB, subsequently a hole is generated in the VB. This process can 

be expressed by Eq. (3.1): 

Photocatalyst h e h − ++ → +  … … … … (3.1) 

For photoexcitation, it must be noted that, the energy of the light needed to be greater than the 

band gap energy of the catalyst material. If we consider anatase TiO₂ (Eg = 3.2 eV), as an example, 

then to overcome the band gap energy the wavelength of the light should be ≤387 nm. 
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Figure 3.1: Schematic of the Photocatalytic Process (Pelaez et al., 2012). 

Photogenerated electrons and holes are then either get recombined by dissipating energy (Eq. 3.2) 

or starts to migrate from inside to the catalysts surface and get trapped on the surface. Trapped 

electrons and holes can immediately participate in redox reactions. For example, the positively 

charged hole on the valance band can oxidize water or OH⁻ adsorbed at the catalyst surface to 

produce highly oxidative •OH radicals (Eq. 3.3). On the other hand, excited electrons on the 

conduction band is entrapped by an electron acceptor (e.g., dissolved oxygen) and leads to the 

generation of superoxide radicals (Eq. 3.5). The superoxide radicals then further transform into 

hydroperoxyl radical by accepting a proton (Eq. 3.6) and may be reduced to H₂O₂ (Eq. 3.9) as well. 

e h Energy− ++ →  … … … … … (3.2) 

2H O h OH H+ ++ → +  … … … … (3.3) 

2 2OH pollutant CO H O+ → +  … … … (3.4) 

2 2O e O− −+ →  … … … … … … (3.5) 

2O H OOH− ++ →  … … … … (3.6) 

2 2OOH pollutant CO H O+ → +  … … … (3.7) 

2 2 2O pollutant CO H O− + → +  … … … (3.8) 

2 2 2OOH OOH H O O+ → +  … … … (3.9) 
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The degradation process of organic pollutants initiates immediately on the surface of catalysts after 

the production of •OH radicals and the active oxygen species. •OH radicals reduce the organic 

pollutant to carbon dioxide and water (Eq. 3.4), while some pollutants are oxidized by reactive 

oxygen species (Eq. 3.7 & 3.8). It must be noted that, the dissolved oxygen in the aqueous media 

is the key element that initiates the reactions during the photocatalytic process. 

3.2. Advanced materials in photocatalytic water treatment 

Development of a model photocatalytic material with all the desired properties is a challenging 

task and efforts are being made regarding their development. Till now several materials has been 

developed including binary and ternary compounds. The binary materials include metal oxide, 

metal sulfide and carbon-based non-metal material. Some of them have very promising 

photocatalytic activity. This section mainly illustrates the structural and photocatalytic 

characteristics of those compounds. 

In photocatalytic application TiO₂ is one of the most promising material and used extensively in a 

variety of application including water and air purification, hydrogen evolution, carbon dioxide 

conversion, dye-sensitized solar cell and self-cleaning surfaces. TiO₂ is basically an n-type 

semiconductor material due to the deficiency of oxygen. There are three different crystalline 

phases of TiO₂ are known to exists: anatase, brookite and rutile. The bandgap energy for anatase, 

brookite and rutile is 3.2, 3.2 and 3.0 eV respectively (Hu et al., 2003). Besides TiO₂ other metal 

oxide semiconductors have been studied by several researchers for photocatalytic applications 

such as ZrO₂, CeO₂, SnO₂, ZnO, CuO, WO₃ etc. Principle characteristics of these materials with 

their application field is listed in Table 3.1. 

Table 3.1: Principle characteristics of some promising photocatalytic materials. 

Material Type Eg, (eV) Characteristics Reference 

TiO₂ n 3.0-3.2 There are three different crystalline 

phases of TiO₂ are known to exists: 

anatase, brookite and rutile. Rutile 

is the most stable phase while 

anatase and brookite are metastable 

which transforms into rutile if 

calcinated beyond 600°C. 

(Hu et al., 2003; 

Linsebigler et al., 

1995) 
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Material Type Eg, (eV) Characteristics Reference 

ZrO₂ n ~5.0 Due to wide bandgap it exhibits 

photocatalytic activity under UV 

light region. Apart from water 

treatment it is used in hydrogen 

generation, fuel cell electrolytes 

due to position of conduction band 

minimum at high energy level. 

(Reddy et al., 2018; 

Wang et al., 2016) 

CeO₂ n 3.37 High thermal stability, better UV 

light absorption ability with high 

reactivity. Also used in fuel cells, 

sensors, oxygen storage, 

electrochemical devices, biological 

applications and solar cell. 

(Bakkiyaraj et al., 

2016) 

SnO₂ n 3.6 Rutile structure is widely studied 

due to high surface area, good 

chemical and thermal stability, high 

electrical conductivity. Besides 

water treatment application it is 

used in sanitary disinfection and 

sensing devices. 

(Al-Hamdi, 2017) 

ZnO n 3.2-3.7 Three crystal structures: rocksalt, 

wurtzite and cubic. Hexagonal 

wurtzite is the most stable at 

ambient temperature and pressure. 

It has strong oxidation ability and 

good optical property. Apart from 

water treatment it is used in 

cosmetics, paints, ceramics, rubber 

and fertilizer industries. Photo-

corrosion is reported as a major 

drawback. 

(An et al., 2008; Lee 

et al., 2016) 

CuO p 1.2 Inexpensive, non-toxic and high 

stability. Nanostructured CuO is 

used in many applications such as 

heterogeneous catalysis, battery, 

sensors, super capacitors due to 

high specific surface area and good 

electrochemical activity. 

(Murugesan et al., 

2018) 
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Material Type Eg, (eV) Characteristics Reference 

PbO - 2.2-2.6 Temperature dependent two 

polymorphs are available: Red 

tetragonal phase (α-PbO) and 

yellow orthorhombic phase (β-

PbO). α-PbO undergoes a phase 

transition to β-PbO at atmospheric 

pressure and 489°C. It is effectively 

used in a variety of application 

including fabrication of 

nanodevices, sensor, electrodes in 

batteries, efficient and reusable 

catalysts. 

(Borhade et al., 

2013; Hai et al., 

2013) 

WO₃ n 2.6-2.8 Four crystal structures depend on 

the temperature: tetragonal, 

orthorhombic, monoclinic and 

triclinic. Monoclinic is the most 

available phase due to its stability 

at room temperature. Moreover, it 

offers chemically stability, 

robustness to photocorrosion, and 

W exists in 2+, 3+, 4+, 5+, and 6+ 

oxidation states which facilitates it 

to store photogenerated electrons. 

(Lassner and 

Schubert, 1999; 

Praus et al., 2017) 

ZnS n 3.7-3.8 Two different crystalline forms: 

cubic and hexagonal, at low 

temperature cubic form is more 

stable, good electronic mobility and 

thermal stability, water insoluble. 

(Lee and Wu, 2017) 

CdS - 2.42 Two crystal forms same as ZnS: 

cubic and hexagonal. Due to low 

bandgap it is widely studied for 

hydrogen generation. However, 

high recombination rate and photo-

corrosion are the major drawbacks 

regarding its application. 

(Wei et al., 2018) 

g-C₃N₄ n 2.7 Sustainable polymeric organic and 

metal free semiconductor with 

amazing electronic structure, 

inexpensive and high 

(Liu et al., 2018; Tan 

et al., 2018) 
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Material Type Eg, (eV) Characteristics Reference 

thermochemical stability. 

However, low surface area, poor 

light absorption efficiency and 

lower charge carrier separation rate 

suppressed its photocatalytic 

activity. 

Bi₂O₃ - 2.8 Among the six different crystalline 

phase α- Bi₂O₃ is the most stable 

phase at room temperature. 

Photogenerated hole has the strong 

oxidative capability due to its 

energy level position therefore 

great possibility of •OH radical 

formation and better pollutant 

degradation efficiency. However, 

rapid charge recombination rate 

decreases the photocatalytic 

efficiency. 

(Jiang et al., 2018; 

Medina et al., 2018) 

Sb₂O₃ n 3.0 It is widely used in glasses, sensors, 

fire retardants, catalysis and anode 

material in batteries. Due to long 

term stability, reproducibility and 

low cost it is used as a coupling 

component in photocatalysis. It has 

three different polymorphs α, β and 

ϒ-Sb₂O₃. α-Sb₂O₃ exists at low 

temperature as orthorhombic phase 

while two others exist at higher 

temperature.s 

(He et al., 2013; 

Wang et al., 2017) 

Fe₂O₃ n 2.2 It can be found in four different 

crystalline forms such as hematite 

(α-Fe₂O₃), magnetite (Fe₃O₄), 

maghemite (ν-Fe₂O₃) and würstite 

(FeO). α-Fe₂O₃ is the most stable 

and widely available in Nature. 

Due to its low bandgap and stability 

it is used in a varity of application 

from water treatment to energy 

capture. 

(Domingo et al., 

2018; Xia et al., 

2013) 
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Material Type Eg, (eV) Characteristics Reference 

In₂O₃ n 3.6 Semiconductor with excellent 

conductivity and superior 

photoelectrochemical stability. Due 

to wide bandgap its visible light 

activity is very low. Apart from 

water treatment application it is 

used in solar cells, biosensors and 

gas sensors application. 

(Gan et al., 2017; 

Pan et al., 2018) 

BiFeO₃ - 2.1 Perovskite type rhombohedrally 

distorted material with high 

chemical stability and 

photocatalytic activity. Efficient 

charge carrier separation takes 

place due to ferroelectric properties 

which results better photocatalytic 

performance under visible light 

irradiation. 

(Ahmad et al., 2017; 

Pattnaik et al., 2018) 

Bi₂WO₆ n 2.7 Its band energy position facilitates 

•OH radical formation rather than 

•O₂⁻ radical therefore very much 

effective in organic pollutant 

degradation. However, higher 

recombination rate decreases its 

photocatalytic activity. 

(Jonjana et al., 2018; 

Zhang and Ma, 

2017a) 

BiVO₄ - 2.3-2.4 It exists as three different crystal 

forms: monoclinic scheelite, 

tetragonal scheelite, and tetragonal 

zircon. Many researchers explored 

it application towards water 

splitting because of its location of 

conduction band. However, 

addition with electron scavenger it 

can degrade the organic micro-

pollutants in visible light 

irradiation. 

(Guo et al., 2010; 

Xie et al., 2006) 

BiPO₄ - 3.85 It has three allotropes: low 

temperature monoclinic, high 

temperature monoclinic and 

hexagonal. It represents higher 

(Maisang et al., 

2017) 
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Material Type Eg, (eV) Characteristics Reference 

photocatalytic activity than TiO₂ 

due to higher charge carrier 

separation resulted from 

electrostatic field generated by PO₄ 

tetrahedrons. 

InVO₄ p 2.0 Lower bandgap and suitable energy 

band position enabled wide 

application of the material 

including organic pollutants 

degradation, air purification, water 

splitting, gas sensor and so on. 

(Hoon et al., 2012; 

Yan et al., 2012) 

Ag₃PO₄ p 2.45 More than 90% quantum efficiency 

has been reported as a visible light 

driven catalyst. However due to 

poor photostability and high cost its 

application has been limited. 

Recently several composite 

catalysts are being developed using 

this compound. 

(Chi et al., 2018; 

Guo et al., 2018) 

Ag₃VO₄ n ∼2 eV Due to the narrow bandgap it is one 

of promising visible light driven 

photocatalyst. However, due to 

higher charge carrier 

recombination rate its application 

has increased in composite 

catalysis. 

(Zhang and Ma, 

2017a, 2017b) 

 

3.3. Strategies for improved photocatalytic performance 

Development of new photocatalytic material is a challenging field of research and significant 

efforts are being made since the last decades. For a successful photocatalytic operation both kinetic 

and thermodynamic requirements must be satisfied. The kinetic process is discussed in the earlier 

3.1 section. The key challenges in the kinetic process development is the reduction of charge 

carrier reunification which takes place in the range of nanoseconds. Several strategies can be 

adopted to enhance the kinetic properties of the photocatalytic processes such as development of 
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highly efficient charge transport nanostructures, creating high quality heterojunction interfaces and 

development of highly reactive surfaces and co-catalysts. 

On the other hand, thermodynamic properties include the minimum required band gap energy for 

photoexcitation, position of the valence and conduction band and their corresponding overpotential 

for the redox reactions (Li et al., 2018). For example, semiconductor with higher VB labels are 

suitable for water oxidation reaction (WOR) and therefore can be used in photocatalytic dye 

degradation and other water treatment application. Whereas semiconductors with higher CB 

position is effective for carbon dioxide reduction reaction (CRR) and hydrogen evolution reaction 

(HER). A schematic of thermodynamic requirements for a photocatalytic reaction is illustrated in 

Figure 3.2. For improvement of the thermodynamic properties of photocatalysts the key strategies 

include the development of wide spectrum responsive photocatalysts and composition engineering 

like doping and defect reduction (Li et al., 2016). 

 

Figure 3.2: Thermodynamic requirements for water treatment (A) and solar fuel production (B) (Li et al., 

2018). 

It must be noted that, semiconductors with higher valence band level exhibits higher oxidation 

potential and therefore suitable for water oxidation reaction to produce •OH radicals and the 

pollutant degradation as well. Different strategies for the development of photocatalytic material 

are explained in the following sub-sections. 

3.3.1. Bandgap engineering 

Band structure engineering is an effective approach to the improvement of photocatalytic activity 

of semiconductor material as the bandgap configuration significantly affects the photon absorption 
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efficiency, formation of electron-hole pairs and capabilities of redox reactions by excited charge 

carriers. Therefore, in recent years tremendous efforts were made in the bandgap engineering by 

many researchers around the world. Bandgap modification can be performed either by altering the 

valence band or conduction band position by incorporating the additional components into the base 

structure. Band gap engineering is usually made by doping with impurities such as the alkali 

metals, transition metals (e.g. Cr, Fe, Co, Ni, Zn), noble metals (e.g. Ag, Au, Pt, Pd) and non-metal 

elements (e.g. N, C, S, F). 

Band gap modification by doping with the alkali or alkaline-earth metals including Li, Na, Ca, Sr, 

Ba etc. has been reported by many researchers (Sato et al., 2002, 2003; Jiang Yin et al., 2003; 

Zhang et al., 2007). In that case radius of the metal ion influences the cut in band gap energy. For 

example, Yin et al. reported that the band gap energy of MCo1/3Nb2/3O₃ (M = Ca, Sr and Ba) 

reduced from 2.77 to 2.27 eV when Ba was incorporated instead of Ca (J Yin et al., 2003). 

In many studies it has been testified that the assimilation of transition metal into the TiO₂ structures 

may lead to the establishment of new energy levels between the VB and CB; thereby, significantly 

reduces the band gap energy and improved the visible light absorption range (Dvoranova et al., 

2002; Fuerte et al., 2001; Li and Li, 2002, 2001; Li et al., 2010; Lin et al., 2005; Seabra et al., 

2011; Wu and Chen, 2004). However, some limitations such as role of transition metal as 

recombination sites for charge carriers and photo-corrosion has also been reported (Demeestere et 

al., 2005). 

 Visible light response of metal oxide semiconductors can also be enhanced by doping with noble 

metals (Behar and Rabani, 2006; Cihlar et al., 2013; Ishibai et al., 2007; Li and Li, 2001; Xiong et 

al., 2015; Zeng et al., 2007). Incorporation of noble metal significantly reduces the recombination 

rate of charge carriers by creating more electron trap and promoting the interfacial charge transfer. 

Non-metal elements doping is also an auspicious technique to enhance the visible light activity of 

semiconductor materials. Among the various non-metal dopants, nitrogen is the most promising 

one due to it high stability, lower ionization energy and comparable atomic dimensions with 

oxygen. Visible light response of N-doped TiO₂ was first explored by Asahi and his co-workers 

(Asahi et al., 2001). They produced N-doped TiO₂ via sputter deposition technique under N₂/Ar 

atmosphere. After that, substantial efforts are being made by many researchers to understanding 
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the fundamental mechanisms for improved photocatalytic efficiency of N-doped TiO₂ by studying 

its electronic, optical and structural properties (Chen and Mao, 2007; Serpone, 2006; Zhu et al., 

2009). Also, other non-metals such as C, P and S significantly contribute in band gap narrowing 

by changing the lattice parameters and creating the trapping states within the valence and 

conduction bands from electronic disorder (Ohno et al., 2003; Shen et al., 2006; Yang et al., 2007). 

3.3.2. Morphological Improvement 

Morphology and surface chemistry of the semiconductor material plays a vital role in the transfer 

of charge carrier at the catalyst surface, selectivity, redox potential and exposure towards photo-

corrosion. In several research it was shown that the morphological properties are strongly reliant 

on the crystallinity and architecture of the particles (He et al., 2012; Shang et al., 2008; Zhang and 

Zhu, 2012). Crystallinity of the material can be improved by reducing the defect concentration 

which in turn reduces the electron-hole recombination sites. Also, the particle size favors the 

charge carrier migration to the catalysts surface by reducing the diffusion resistance. However, 

expansion of band gap was reported if the radius of particles becomes less than the Bohr radius. 

Crystal facets also said to be play a substantial role in photocatalytic reactions. In a report, Yang 

et al. showed that the [001] facet is more reactive than [101] facet in anatase TiO₂ (Yang et al., 

2008). 

3.3.3. Dye sensitization 

Photosensitization properties of dyes can be used as an effective approach to modify the photo 

sensitive characteristics of semiconductor material such as improvement of visible light response 

of TiO₂ (Chatterjee and Mahata, 2001; Moon et al., 2003). The fundamental mechanism lies behind 

the dye sensitization is the excitation of electron from HOMO (highest occupied molecular orbital) 

to the LUMO (lowest unoccupied molecular orbital) resulted from the absorption of light in the 

visible range. The photoexcited electron subsequently moves to the CB of TiO₂ and participate in 

the reduction reaction at the titania surface to produce superoxide radical (•O₂⁻) and hydrogen 

peroxide radical (•OOH), while the VB of TiO₂ remains unaffected (Figure 3.3). The photoactive 

radicals then participate to degrade the organic substances and mineralize then to CO₂ and H₂O. In 

this process it must be noted that, the LUMO of dye molecules must have more negative potential 

than the CB of TiO₂ (Pelaez et al., 2012; Rehman et al., 2009). 
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Figure 3.3: Improvement of photocatalytic process by dye sensitization process (Rehman et al., 2009). 

3.3.4. Composite semiconductors 

Composite catalysts, by combining two or more catalysts, are also considered as a promising 

approach to advance the photo response of catalysts towards the range of visible light. They not 

only recompense the shortcomings of individual materials, but also establish a synergistic outcome 

such as improved charge separation and photostability (Marci et al., 2001; Marschall, 2014). 

Composite catalysts can be two types, namely, multicomponent and multiphase heterojunction. 

When two different types of materials are combined to prepare a composite, it is called the 

multicomponent heterojunction whereas the later one consists of two different phases of same 

materials (Marschall, 2014). 

 

Figure 3.4: Different types of heterojunction composites (Marschall, 2014). 

Multicomponent heterojunction semiconductor can be three types based on their band position as 

shown in Figure 3.4. When two semiconductors, namely A & B, are combined where the CB 
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position of A is lower than the CB position of B and VB position of A is higher than the VB 

position of B, both excited electron and hole are accumulated on the CB and VB of A respectively. 

In that case, higher recombination rate of charge carrier is observed which in turn reduces the 

photocatalytic efficiency of the composite materials. However, selective incorporation of co-

catalysts within the composite system significantly improves the catalytic performance. A 

characteristic example of type I composite is TiO₂/WO₃/Pt (Srinivasan and Miyauchi, 2012). 

Composites with type II heterojunction offers the effective charge carrier separation due to their 

relative band positions. Since holes and electrons are moved up and down respectively for gaining 

energy, photoexcited electrons shift from the CB of B to the CB of A and a simultaneous 

transformation of the holes from the VB of A to the VB of B takes place. As a result, an effective 

charge carrier separation is accomplished. A widely studied example of type II composite is the 

CdS/TiO₂ system (Bai et al., 2010; Baker and Kamat, 2009). The bandgap energy of CdS and TiO₂ 

are 2.4 and 3.2 eV, respectively. Therefore, under the visible light the electron-hole pair is created 

only from the excitation of CdS while TiO₂ remains unaffected. The photoexcited e⁻ transfer to 

the CB of TiO₂ due to the lower position of CB compared to TiO₂. On the other hand, h⁺ are 

accumulated on the VB of CdS rather than transferring due to the higher position of VB in CdS 

relative to TiO₂. 

In type III composite, the band arrangements are such that, the CB position of semiconductor A is 

even lower than the VB position of semiconductor B. This type of band positioning is often called 

the broken-gap condition and hardly used to improve the photocatalytic efficiency. Charge carrier 

separation takes place as like type II composite (Marschall, 2014).    
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4. LITERATURE REVIEW 

4.1. UV Filters 

UV filters are the principal ingredients of personal care products such as sunscreen lotions, 

lipsticks, shampoo, hairspray or makeup and used as a UV stabilizer in different plastic products 

and paints. Their primary function is to absorb, reflect or scatter the UV radiations, UVA (320-

400nm) and UVB (290-320nm), and protect the consumer's screen and products from the harmful 

effect of sunlight.  

4.2. Organic UV filters and their characteristics 

Two types of UV filters are available: inorganic and organic UV filters. Inorganic UV filters 

usually reflect or scatter the UV radiation whereas the organic one absorbs the UV radiation, 

mostly UVB (Serpone et al., 2007). There are two inorganic materials known-to-exist that acts as 

UV filters: Zinc oxide (ZnO) and Titanium dioxide (TiO₂). On the other hand, number of organic 

UV filters are still unknown; the most common compounds are benzophenones, cinnamates, 

benzimidazoles, para-aminobenzoates, dibenzoylmethane, and camphor derivatives. Different 

countries around the world has different legislation for the approval and usage of these UV filters. 

There are approximate fifty-five UV filters permitted for use in personal care products worldwide. 

In Europe 27 UV filters are approved by European Union among which 10 compounds are 

uniformly approved (Santos et al., 2012). Table 4.1 represents some common UV filters with the 

physico-chemical characteristics. 

Table 4.1: Molecular structure and physico-chemical properties of some commonly used UV filters 

Name Structure Molecular 

wt. (g/mol) 

Solubility in 

water @ 25°C 

Log Kow 𝜆𝑚𝑎𝑥 

(nm) 

p-amino benzoic 

acid (PABA) 

 

137.14 915 0.83 282 

Benzophenone-3 

(BP-3) 

 

228.24 0.21 3.79 290 
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Name Structure Molecular 

wt. (g/mol) 

Solubility in 

water @ 25°C 

Log Kow 𝜆𝑚𝑎𝑥 

(nm) 

Benzophenone-4 

(BP-4) 

 

308.31 0.65 0.88 288 

Butyl methoxy 

dibenzoyl methane 

(BMDM) 
 

310.39 0.037 2.41 358 

Ethyl-hexyl 

dimethyl PABA 

(EHDPABA) 
 

277.4 0.0021 6.15 310 

Ethyl-hexyl 

methoxycinnamate 

(EHMC)  

290.4 0.15 5.8 306 

Ethyl-hexyl 

salicylate (EHS) 

 

250.34 0.028 5.77 240 

Homosalate (HS) 

 

262.35 0.02 6.16 - 

Octocrylene (OC) 

 

361.49 0.0002 7.35 300 

Phenyl 

benzimidazole 

sulfonic acid 

(PBSA) 
 

274.3 0.26 0.01 300 

 

4.3. Toxicological impact of UV filters in environment and aquatic life 

UV filters enter the environment in two different way: direct and indirect way (Santos et al., 2012). 

Direct way means their direct exposure to the environment such as during bathing and swimming 

activities in the lake, beach, river and swimming pool. Also, it may come directly from the 

manufacturing industry. Indirect exposures are related to household wastewater discharges and 
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effluent from the wastewater treatment plant. For example, during showering and laundry, they 

mixed with water and then comes to the environment or wastewater treatment plant. In the water 

treatment plant, UV filters and their degradation products are usually accumulated in the sludge 

and finally comes to the environment during sludge disposal. Environmental existence of UV filter 

was first reported in 1982 when benzophenone (BP) was detected in the water of Baltic Sea 

(Ehrhardt et al., 1982). 

UV filters primarily enter the pool water during the swimming and recreational activities from the 

swimmer’s body. Recently, they are detected in the swimming pool water and surface water in 

different countries with different concentration levels (Table 4.2). Commonly detected compounds 

are Benzophenone-3 (BP-3), 4-methyl-benzylidene camphor (4-MBC), Octyl p-

methoxycinnamate (OMC), Isoamyl methoxycinnamate (IMC), Octocrylene (OC), Octyl 

dimethyl-p-aminobenzoate (ODPABA), 2-phenyl-1H-benzimidazole-5-sulfonic acid (PBS). 

Table 4.2: UV filters concentration in swimming pool water 

Country UV Filters and their concentrations, µg/L References 

BP-3 4-MBC OMC IMC OC ODPABA PBS 

Germany 1.2 0.6-10 1.8-7  7-25  2-16 (Zwiener et al., 

2007) 

Spain ˂ 0.11 ˂ 0.2  ˂ 0.7 ˂ 3 ˂ 0.07  (Vidal et al., 

2010) 

Slovenia 0.1-0.4 ˂ 0.15-

0.33 

  ˂ 0.27   (Cuderman and 

Heath, 2007) 

Greece 2.4-3.3     ˂ 0.9-2  (Lambropoulou 

et al., 2002) 

 

In several studies it has shown that, the UV filters may undergo some degradation in aqueous 

media under sunlight or chlorine environment (Gong et al., 2015; Santos et al., 2012). 

Photostability of the organic UV filters can be characterized from their aromatic structure with 

conjugated pi-bonds. Under high energetic UV radiation, one of the pi-electrons transfer from its 

ground-state to the next higher orbital (pi*) and become excited. Under this circumstance, two 

possible phenomena may occur, (i) the excited UV molecule may degrade into photo inactive 

compounds or (ii) the excited pi-electron returns to its original ground state by emitting the 

absorbed light in a longer wavelength and thereby restore its original structure (Shaath, 1987; 
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Silvia Díaz-Cruz et al., 2008). However, many researchers suggested that, the water constituents 

such as dissolved organic compounds, alkalinity of the water, nitrogen and chlorine concentration 

may influence the photodegradation of the UV filters in the aquatic environment (Zhang et al., 

2010; Serpone et al., 2002; Santos et al., 2012). Specially, in swimming pool and sea water excited 

UV filters may undergo some degradation by their interaction with the chlorinated media. The 

degradation by-products are even more poisonous than the parent compounds; which may 

penetrate on the human skin and accumulate in the aquatic environment. 

Environmental concerns are arising regarding the UV filters due to their tendency to accumulate 

or concentrate in the aquatic and marine environments as-well-as in the food-chain. In a study, 

Balmer et al. detected four UV filters – BP-3, OMC, 4-MBC and OC in the fish sample with 

concentration level of 123, 72, 166 and 25 ng/g respectively (Balmer et al., 2005). Also, the 

photodegradation of UV filters under natural sunlight, reported by many researchers, lead to the 

formation of undesirable and toxic photoproduct which may penetrate on the human skin and 

bioaccumulate in human urine, breast milk and human semen (Teo et al., 2015). In a very recent 

investigation on pregnant women, Krause et al. found several benzophenones in amniotic fluid, 

cord- and fetal blood (Krause et al., 2018). In other studies, experiment on animals, several VU 

filters are found to be act as endocrine disruptors with significant estrogenic and anti-thyroid 

effects (Schlumpf et al., 2004). 

4.4. Degradation of organic UV filters by AOPs 

Very few studies are reported on the application of AOPs for the elimination of UV filters from 

the wastewater. Table 4.3 summarizes the AOP processes used for the exclusion of UV filters from 

the wastewater. Both 𝐻𝑂• and 𝑆𝑂4
•− radical based AOPs were studied by different researchers. 

The efficiency of an AOP process mainly relies on the formation of the free radicals. One major 

advantages of the AOPs are that it does not require extreme temperature and pressure to generate 

highly reactive free radicals which are expected to mineralize the complex organic pollutants 

completely. 

Hydroxyl radicals (𝐻𝑂•) are one of the most influential oxidizing agents known.  Reaction 

mechanism of 𝐻𝑂• radicals to organic contaminants can be described by three following steps: (i) 

electrophilic addition of 𝐻𝑂• radicals to the aromatic rings (ii) Generation of carbon-centered 
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radicals by the abstraction of hydrogen atom and (iii) oxidation reaction where electron gaining of 

hydroxyl radicals from the organic pollutants takes place (Sillanpää et al., 2018). Table 4.3 

summarizes the application of AOPs for the degradation of UV filters in recent years. 

Table 4.3: Summary of AOP methods used for UV filter degradation. 

AOP Methods UV Filter Experimental 

Conditions 

Major Findings Ref. 

TiO₂/H₂O₂ BP-3 Initial pollutant conc.-

1 mg/L, pH-9.0, TiO₂ 

conc.-1.184 g/L, H₂O₂ 

conc.-128.069 mg/L 

- Complete removal of 

BP-3 was obtained in 

45 min of reaction. 

- Almost 67% of TOC 

was removed in 300 

min. 

- Overall ten degradation 

by-products were 

identified. 

(Henry 

Zúñiga-

Benítez 

et al., 

2016a) 

Ultrasound/O₃ BP-3 Initial BP-3 conc. - 

3.9 mg/L, pH - 6.5, 

Power - 55.9 W, 

Frequency - 20kHz, 

Temp. - 25 ± 2°C 

- Ultrasound with 

ozonation completely 

removes the BP-3 in 50 

min 

- This process removes 

more than 80% TOC. 

(H 

Zúñiga-

Benítez 

et al., 

2016) 

TiO₂/H₂O₂/UV PBSA UV filter conc.-

0.04µM, H₂O₂ conc.-

0.59mM, pH - 7, 

reaction time - 6 min, 

light intensity - 6W, 

monolithic structures 

of catalysts coated 

with 3 layers of TiO₂. 

- Removal efficiency is 

65% 
(Celeiro 

et al., 

2018) 
BP-3 

- Complete removal 

BP-4 
- Complete removal 

Photo-Fenton BP-3 Initial BP-3 conc.- 1.0 

ppm, pH- 3.0, Fe²⁺- 

168 mg/L, H₂O₂ conc. 

- 3449.29 mg/L, 

Temp. - 35 ± 2°C, 

irradiance- 350 W/m² 

- Complete removal of 

BP-3 after 60 min of 

operation 

- Photo-Fenton process 

was more effective than 

the Fenton process. 

- More than 60% of 

organic carbon were 

mineralized after 300 

min of treatment. 

(Henry 

Zúñiga-

Benítez 

et al., 

2016b) 
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AOP Methods UV Filter Experimental 

Conditions 

Major Findings Ref. 

O₃ electrolysis Octocrylene 

(OC) 

Inlet ozone conc. - 

26.1 ppm, Cathodic 

current density - 26.4 

mA/cm², Initial pH = 

10. 

- 87.2% removal of OC 

was achieved within 5 

min. 

(Wu et 

al., 

2017) 

Cobalt ferrite 

peroxymonosulfate 

(PMS) system 

PBSA Initial PMS conc.- 

0.1mM, Catalyst dose 

- 0.08 g/L, Initial 

PBSA conc.- 4 μM, 

pH = 6.75 

- 𝑆𝑂4
•− and •OH radicals 

were generated and 

took part in the 

degradation of PBSA. 

- 75% removal of PBSA 

was observed after 240 

min of reaction. 

- TOC removal was 

32%. 

- Fifteen degradation 

byproducts were 

identified. 

(Al-

Anazi 

et al., 

2018) 

Co-doped carbon 

nanotube-PMS 

system 

BP-4 Initial conc. of 

pollutant - 10 mg/L, 

Initial pH - 7, Catalyst 

dose - 100 mg/L, PMS 

conc. - 1.0 g/L, 

Temp.- 25°C 

- Complete elimination 

of BP-4 within 30 min 

of reaction. 

- The reaction followed 

pseudo-first order 

kinetics and the 

corresponding rate 

constant was 0.1617 

min⁻¹. 
- TOC removal was 20% 

after 30 min of 

reaction. 

- Total 7 intermediate 

degradation product 

was detected. 

(Liu et 

al., 

2016) 

 

  



P a g e  | 29 

 

5. MATERIALS AND METHODS 

5.1. Chemicals 

Analytical grade Lead (II) nitrate, Titanium (IV) butoxide, Antimony (III) chloride, Titanium (IV) 

isopropoxide, Triethanolamine, Benzophenone-3 (BP-3) were procured from the Sigma-Aldrich. 

All the solutions were prepared using deionized water (18.2 MΩ) produced from a Milli-Q water 

purification system. Methanol, ethanol and acetonitrile used in the experiments were HPLC grade 

and purchased from Sigma-Aldrich. For pH adjustment sodium hydroxide, potassium hydroxide 

and 25% ammonia solution were used. 

5.2. Catalyst synthesis methods 

5.2.1. Synthesis of TiO₂ 

Nanostructured TiO₂ were synthesized by sol-gel method from titanium isopropoxide (TIPO) 

precursor according to the guideline provided by Lee et al. (Lee et al., 2010). Initially, calculated 

amount of TIPO and triethanolamine (TEA) was taken in a 500 ml conical flask and set it on a 

magnetic stirrer. Stirring speed was set as 500 rpm. The ratio of TIPO to TEA was kept as 1:2. 

Finally, the concentration of stock solution was settled as 0.5M Ti4+ by adding doubly distilled 

water. 

After that, 50 ml of stock solution was taken in a screw-caped Pyrex bottle and same amount of 

water was added with it. The mixed solution was then kept in an oven at 100°C for 24 hours after 

maintaining its pH (using NaOH or HClO₄) as ∼9.6 for gel formation. This step is called first aging 

step. After the first aging period, the resulting gel was transferred into an autoclave for second 

aging. The second aging period was 72 h long and the temperature was maintained as 140°C during 

the period. After the second aging period the gel was transferred into sol in which titania 

nanoparticles were dispersed. The sol was then washed with NaOH solution, dil. HNO₃ solution 

and distilled water and centrifuged to separate the nanoparticles from the residual dissolved 

components. The nanoparticles were then dried in an oven at 80°C for 24 h to take out the residual 

water. After that, the dried powder was calcinated at 500°C for better crystallinity. The following 

reactions takes place during this sol-gel process (Kashyout et al., 2010). 
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Hydrolysis:  3 7 4 2 4 3 7( ) 4 ( ) 4Ti C H O H O Ti OH C H OH+ → +  … … … (5.1) 

1st Aging:  4 4 3 3 2( ) ( ) ( ) ( )Ti OH Ti OH OH Ti O Ti OH H O+ → − − +  … … (5.2) 

2nd Aging:  3 3 2 2( ) ( ) 2 3OH Ti O Ti OH TiO H O− − → +  … … … … (5.3) 

5.2.2. Synthesis of PbO/TiO₂ 

For the synthesis of PbO/TiO₂ composite, a hydrothermal method was adopted according to the 

guideline provided by (Cheng and Zhao, 1994). Starting material for the synthesis was Lead nitrate 

(Pb(NO₃)₂) and titanium butoxide (Ti[O(CH₂)₃CH₃]₄). Initially, the precursor solution was 

prepared by dissolving titanium butoxide into ethanol and lead nitrate into water, named solution 

A and B respectively. Amount of Ti(OBu)₄ and Pb(NO₃)₂ was calculated by maintaining a molar 

ratio of PbO/TiO₂ from 0.5 to 2. After that, Solution B was mixed with solution A under vigorous 

stirring and the pH of the solution was maintained at 13-14 by adding 5M KOH solution. The final 

solution was then sonicated for 10 min and shifted into a Teflon-lined stainless-steel autoclave for 

hydrothermal treatment. The hydrothermal reactions took place at a temperature of 160°C for 2 h. 

After the completion of hydrothermal treatment, the autoclave apparatus was cooled down to 

ambient temperature and the white precipitate was isolated by centrifugal action. The final product 

was then washed with deionized water until a neutral pH was obtained, dried at 80°C for 24h and 

then calcinated at 500°C for 1h. Complete synthesis process is presented in the Figure 5.1 and 

required amount of Lead nitrate and titanium butoxide for different molar ratio are given in Table 

5.1. 

Reactions: 

3 2 2 3( ) 2 ( ) 2Pb NO KOH Pb OH KNO+ → +  … … … (5.4) 

4 9 4 2 4 4 9( ) 4 ( ) 4Ti OC H H O Ti OH C H OH+ → +  … … (5.5) 

2 4 2 2( ) ( ) / 3Pb OH Ti OH PbO TiO H O+ ⎯⎯→ +  … … (5.6) 

Table 5.1: Required amount of lead nitrate and titanium butoxide for synthesis 

Molar ratio of PbO to TiO₂ Lead nitrate, gm Titanium butoxide, ml 

0.5 6.22 12.81 

1 8.29 8.54 

2 9.95 5.12 
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Figure 5.1: Synthesis process of PbO/TiO₂ nanocatalysts. 
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5.2.3. Synthesis of Sb₂O₃/TiO₂ 

Series of Sb₂O₃/TiO₂, with the molar ratio of Sb₂O₃ to TiO₂ in the range of 0.5-2 mol%, were 

synthesized according to the literature from (Liu et al., 2012), named facile hydrothermal 

technique. In a typical process, certain amount of antimony trichloride (SbCl₃) was dissolved in 

40 ml pure methanol at room temperature to form a solution, named as solution A. Another 

solution, named as solution B, was made by dissolving the proportional amount of TiO₂ in 40 ml 

distilled water and activated by sonication for 10 min. TiO₂ was synthesized earlier as described 

in section 5.2.1. Then under stirring, two above solutions (A and B) were mixed to form a 

suspension and the pH of the suspension was maintained at 8-9 by adding ammonia (NH₃·H₂O, 25 

wt%) solution. The suspension was then subjected to sonication for 10 min and then it was 

transferred into a Teflon-lined stainless-steel autoclave for hydrothermal treatment for 12 h at 

140°C. After hydrothermal treatment, the autoclave was cooled down to room temperature. The 

white powder of Sb₂O₃/TiO₂ was separated by centrifugation and washed with distilled water then 

with pure alcohol, followed by drying at 80°C. Finally, the white powder was calcinated at 500°C 

for one hour. 

Reactions: 

3 4 3 43 ( ) 3SbCl NH OH Sb OH NH Cl+ → +  … … … (5.7) 

3 2 2 3 2 22 ( ) / 3Sb OH TiO Sb O TiO H O+ ⎯⎯→ +  … … (5.8) 

 

Table 5.2: Required amount of antimony trichloride and titanium dioxide for synthesis 

Molar ratio of Sb₂O₃ to TiO₂ Antimony trichloride, gm Titanium dioxide, gm 

0.5 7.14 2.5 

1 9.14 1.6 

2 10.28 0.9 

 



P a g e  | 33 

 

 

Figure 5.2: Synthesis process of Sb₂O₃/TiO₂ nanocatalysts. 
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5.3. Characterization methods 

5.3.1. XRD analysis 

X-ray Diffraction is, a nondestructive technique, widely used for the identification of crystalline 

structure of unknown powdered materials (Callister and Rethwisch, 2011). It delivers information 

related to unit cell dimensions, crystal phase, crystal orientation and crystallinity of the materials. 

XRD analysis was made in a PANalytical X’pert Pro Multipurpose X-ray Diffractometer. In a 

typical experiment powdered material are placed in the sample holder and the diffraction peaks, 

generated by the interaction of monochromatic X-rays and crystalline materials, are recorded 

against diffraction angle 2Ɵ (10-100°). High intensity of the peaks is observed when the Bragg’s 

law is satisfied by a set of crystallographic planes. Finally, the observed peaks were matched and 

compared with the JCPDS (Joint Committee of Powder Diffraction Standards) database and the 

crystalline phases were determined. 

5.3.2. SEM and EDX analysis 

Scanning Electron Microscopy (HITACHI, S-4800) was used to study the surface morphology of 

the catalysts. Micrographs were taken at 100k and 250k times magnification while the operating 

voltage was 30 kV. Elemental composition was analyzed by using an Energy- dispersive X-ray 

(EDX) spectrometer that was equipped with SEM. 

5.3.3. BET Analysis 

Textural properties of the synthesized catalysts were determined from N₂ adsorption-desorption 

isotherm at 77K. The experiments were performed in a Micromeritics Tristar II plus surface area 

and porosity analyzer. 

5.3.4. UV-Vis diffuse reflectance spectra 

The optical properties of the synthesized catalysts were characterized by UV-Vis diffuse 

reflectance spectroscopy. Reflectance spectra of the powdered materials were recorded on a 

Lambda 950 spectrophotometer (Perkin Elmer) using BaSO₄ as a reference material. All the 

experiments were conducted at room temperature in the wavelength range of 200-800 nm. 
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Obtained reflectance spectra was then converted to the absorption spectrum using the Kubelka–

Munk function (Wang et al., 2012): 

𝐹(𝑅) =
1−𝑅2

2𝑅
 … … … … (5.9) 

Where, R is the reflectance spectra. The band gap energy was determined from the theory of optical 

absorption (Aghabeygi and Khademi-Shamami, 2018): 

𝛼ℎ𝜈 = 𝐶(ℎ𝜈 − 𝐸𝑔)
1 2⁄

 … … (5.10) 

Where,  α = absorption co-efficient 

  h = Planck’s constant, 6.63x10⁻34 m² kg/s. 

  ν = light frequency 

  C = proportionality constant based on material 

  Eg = the bandgap energy. 

The bandgap energy can be obtained by extrapolating the stepper portion of the (αhν)² vs. hν plot 

(also known as Tauc’s plot) to (αhν)² = 0. It can be noted that, the Kubelka–Munk function, F(R), 

can be used instead of α in Eq. (2). 

5.4. Photocatalytic Experiment 

Photocatalytic experiment was conducted in a 50 cm³ quartz beaker under the UV light irradiation. 

In a typical experiment, the calculated amount of catalysts and BP-3 solutions were taken into the 

reactor and placed on a magnetic stirrer. The rotational speed of the stirrer was fixed at 500 rpm 

during all the experiment. Prior to light irradiation, the mixed sample was kept stirring in dark 

condition for 0.5 h to achieve the adsorption-desorption equilibrium. Photocatalytic reaction time 

was started with the starting time of light irradiation. The first sample was taken at the end of dark 

condition and considered as the initial concentration for photocatalytic degradation. The samples 

were then withdrawn periodically, and the suspended catalysts were removed by filtration with 0.2 

µm RC membrane prior to store in a vial for HPLC analysis. Photocatalytic degradation rate was 

calculated by Ct/Co. Where, Co is the initial concentration before light irradiation and Ct is the 

concentration at time t. 
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5.5. Analytical Methods 

5.5.1. HPLC method for BP-3 analysis 

BP-3 was analyzed on a SHIMADZU LC-20ADsp HPLC equipped with a UV/VIS detector. The 

detection wavelength of BP-3 was 287 nm. A Kinetex 5µm EVO C18 100Å column (150 x 4.6 

mm) was used for the separation. Mobile phase was consisted of acetonitrile and 0.1% acetic acid 

solution (70:30, v/v) and the flowrate was maintained as 1.0 ml/min. The column temperature was 

upheld at 30°C and the injection volume of BP-3 was 20µL. 

5.5.2. GC-MS for identification of degradation intermediates 

Degradation byproducts were identified using GC-MS analysis. Samples were prepared using the 

solid phase extraction (SPE) columns (Chromabond C18 ec, octadecyl-modified silica, encapped, 

Macherey-Nagel). The column contains 500 mg of C18 phase having a volume of 3 mL. The 

column was first conditioned with acetone and water of pH 7. After that, 3 ml of the sample was 

passed through the column slowly and then collected using acetone for analysis. The samples were 

analyzed by GC-MS (Agilent-GC 6890N, MS 5975) with an Agilent GC column DB-1MS 

(dimensions: 30 m × 0.25 mm, 0.25 micrometer). The inlet temperature was 250°C in the spitless 

mode, and the injection volume was 1.0 ml. The oven temperature was programmed at 60°C for 

2min, followed by a heating rate of 5°C /min to reach 300°C, where it was held for 2 min at 300°C. 

The obtained results were compared with the reference available in the NIST2014 MS library. 

5.5.3. Methods of TOC determination 

The degree of mineralization after the photocatalytic treatment was estimated by analyzing the 

Total Organic Carbon (TOC) before and after the experiment using a TOC analyzer (SHIMADZU 

TOC-VCPH/CPN equipped with ASI-V Autosampler). The TOC removal efficiency was calculated 

by the following equation: 

%Removal of TOC 100
i f

i

TOC TOC

TOC

−
=   … … (5.11) 

Where, 𝑇𝑂𝐶𝑖 and 𝑇𝑂𝐶𝑓 represents the initial and final TOC concentration (mg/L) respectively.  
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6. RESULT AND DISCUSSION 

This section deals with the outcome of research plan with possible discussion of obtained result. 

This section is organized with the characterization results followed by photocatalytic experiment 

results. 

6.1. Characterization of catalysts 

Synthesized composite catalysts were characterized by different characterization techniques such 

as XRD, SEM, BET, FTIR, UV-Vis DRS and results are discussed in the following sub-sections. 

6.1.1. XRD Analysis 

 

Figure 6.1: XRD patterns of synthesized PbO/TiO₂ catalysts of different ratio. 

X-ray Diffraction peaks of PbO/TiO₂ catalysts for different ratio of composites are illustrated in 

the Figure 6.1. The diffraction peaks at 25.3°, 37.8° and 54.0° corresponds to the (101), (004) and 

(105) planes of anatase TiO₂ (JCPDS #21-1272), respectively. The other peaks at 27.4°, 36.1°, 
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55.3° and 68.7 could be indexed to the (110), (101), (211) and (112) facets of rutile TiO₂ (JCPDS 

#21-1276). The characteristic peaks of PbO at 2Ɵ of 28.5° and 31.7° corresponds to the plane of 

(101) and (110) respectively (JCPDS #78-1666) and confirms the formation of PbO/TiO₂ 

composites. 

Figure 6.2 represents the XRD patterns of Sb₂O₃/TiO₂ catalysts with different molar ratio of Sb₂O₃ 

to TiO₂. It can be seen both anatase and rutile phase exists in the synthesized catalysts. The 

characteristic peaks match with the (JCPDS #21-1272) and (JCPDS #21-1276) for anatase and 

rutile respectively. The characteristic peak at diffraction angle of 28.3° corresponds to the 

orthorhombic Sb₂O₃ (JCPDS #11-694). Peaks at 28.3, 34.5, 57.2 and 59.5° corresponds to the 

(222), (331), (444) and (551) planes respectively (Zeng et al., 2004). A little shift in the peaks can 

be attributed to the partial substitution of Ti⁴⁺ sites in TiO₂ by Sb³⁺ (Liu et al., 2012). 

 

Figure 6.2: XRD patterns of synthesized Sb₂O₃/TiO₂ catalysts of different ratio. 
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6.1.2. SEM Analysis 

 

Figure 6.3: SEM micrograph of synthesized PbO/TiO₂ photocatalysts (a&b: PbO/TiO₂ = 1:2; c&d: 

PbO/TiO₂ = 1:1; e&f: PbO/TiO₂ = 2:1). 

Scanning Electron Micrographs (SEM) of PbO/TiO₂ catalysts are presented in Figure 6.3. As can 

be seen from the figure that, the particles have an agglomerated flower like structures (a & e) which 

results in a high surface area. Also, the surface of the particles seems to be porous that may 

facilitate the adsorption during experiment. The particle size was approximately 200-300 nm.  
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Figure 6.4: SEM micrograph of synthesized Sb₂O₃/TiO₂ photocatalysts (a&b: Sb₂O₃/TiO₂ = 1:2; c&d: 

Sb₂O₃/TiO₂ = 1:1; e&f: Sb₂O₃/TiO₂ = 2:1) 

SEM images of Sb₂O₃/TiO₂ composite materials are presented in Figure 6.4. It can be seen that, in 

every case Sb₂O₃/TiO₂ composites are consists of an irregular shaped aggregated particle. Particles 

size ranges from 50-100 nm due to their irregular shape and structure. 
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6.1.3. EDS Analysis 

  

Figure 6.5: EDS spectrum of PbO/TiO2 (1:2). Figure 6.6: EDS spectrum of PbO/TiO2 (1:1). 

 

Figure 6.7: EDS spectrum of PbO/TiO2 (2:1). 

EDS spectrum of PbO/TiO₂ catalysts are presented in Figure 6.5 to Figure 6.7. Elemental peaks of 

Pb, Ti and O are detected in every case as shown in the figure. Corresponding elemental 

compositions are presented in Table 6.1.s 

Table 6.1: Mass and Atomic composition of PbO/TiO2 catalysts from EDS data. 

Elements PbO/TiO₂ (1:1) PbO/TiO₂ (1:2) PbO/TiO₂ (2:1) 

Wt% At% Wt% At% Wt% At% 

Pb 57.21 09.67 56.21 07.81 26.49 02.52 

Ti 10.68 07.81 02.66 01.60 09.75 04.02 

O 10.84 23.72 09.53 17.15 18.86 23.24 
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EDS spectrum of Sb₂O₃/TiO₂ composites for different composition are presented in Figure 6.8 to 

Figure 6.10. Corresponding elemental compositions in terms of weight and atomic percentage are 

presented in the Table 6.2.  

  

Figure 6.8: EDS spectrum of Sb₂O₃/TiO₂ (1:1). Figure 6.9: EDS spectrum of Sb₂O₃/TiO₂ (2:1). 

 

Figure 6.10: EDS spectrum of Sb₂O₃/TiO₂ (1:2). 

 

Table 6.2: Mass and Atomic composition of Sb₂O₃/TiO₂ catalysts from EDS data 

Elements Sb₂O₃/TiO₂ (1:1) Sb₂O₃/TiO₂ (2:1) Sb₂O₃/TiO₂ (1:2) 

Wt% At% Wt% At% Wt% At% 

Sb 60.58 17.58 51.81 13.56 30.64 05.39 

Ti 08.27 06.10 04.65 03.10 11.83 05.29 

O 07.78 17.17 17.98 35.82 19.57 26.21 
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6.1.4. BET Analysis 

  

Figure 6.11: N₂ adsorption-desorption isotherm of 

PbO/TiO₂ photocatalysts. 

Figure 6.12: Pore size distribution of PbO/TiO₂ 

photocatalysts. 

Textural properties of PbO/TiO₂ composites are analyzed by N₂ adsorption-desorption isotherm 

and the results are presented in Figure 6.11. The isotherms of PbO/TiO₂-1:1 and PbO/TiO₂-2:1 

reveals the type III shape while type IV shape was observed in case of PbO/TiO₂- 1:2 composite. 

A change from type IV to type III for increasing ratio of PbO reveals the change of surface 

properties due to the presence of PbO onto the TiO₂ surface. Also in case of type III shape the 

interaction between the adsorbate and adsorption site is relatively poor than type IV shape (Kruk 

and Jaroniec, 2001). A H3 hysteresis loop on type IV isotherm can be observed when materials 

comprised of aggregates of plate like particles that can be seen in Figure 6.3(a). Figure 6.12 

represents the Barrett–Joyner–Halenda (BJH) pore distribution curve for three composites. BET 

surface area, average pore volume and pore size for three composites are presented in Table 6.3. 

Surface area decreases with the increased ratio of PbO to TiO₂. Lowest pore volume was observed 

when the PbO/TiO₂ ratio was 2:1. Maximum average pore size was obtained at a ration of 1:1 of 

PbO/TiO₂. 

Table 6.3: Physical properties of PbO/TiO₂ catalysts. 

Catalysts BET surface area (m²/g) Pore volume (cm³/g) Avg. pore size (Å) 

PbO/TiO₂ (1:2) 13.13 0.050 149.09 

PbO/TiO₂ (1:1) 7.08 0.060 508.79 

PbO/TiO₂ (2:1) 5.79 0.040 340.38 
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Figure 6.13: N₂ adsorption-desorption isotherm of 

Sb₂O₃/TiO₂ photocatalysts. 

Figure 6.14: Pore size distribution of Sb₂O₃/TiO₂ 

photocatalysts. 

Figure 6.13 represents the N₂ adsorption desorption isotherm of Sb₂O₃/TiO₂ catalysts and the 

corresponding pore size distribution curve is presented in Figure 6.14. In this case the isotherm 

shape belongs to type III which means the poor adsorption affinity to the adsorbate molecules. 

Moreover, no hysteresis loops were observed in case of Sb₂O₃/TiO₂ composites. Physical 

properties obtained from the adsorption-desorption isotherms are presented in Table 6.4 and it can 

be visualized that the BET surface area decreases with the increase of Sb₂O₃ into the TiO₂ surface. 

Moreover, a decrease in the pore volume with the increase of Sb₂O₃ content can be attributed to 

the formation of Sb₂O₃ layer onto the TiO₂ surface. 

Table 6.4: Physical properties of Sb₂O₃/TiO₂ catalysts. 

Catalysts BET surface area (m²/g) Pore volume (cm³/g) Avg. pore size (Å) 

Sb₂O₃/TiO₂ (1:2) 20.27 0.199 465.72 

Sb₂O₃/TiO₂ (1:1) 12.58 0.095 393.27 

Sb₂O₃/TiO₂ (2:1) 7.99 0.057 394.93 
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6.1.5. Optical properties of the synthesized catalysts 

  

Figure 6.15: UV-Vis DR spectra of PbO/TiO₂ 

photocatalysts 

Figure 6.16: Plot of (αhν)² vs. photon energy (hν) 

for bandgap estimation of PbO/TiO₂ 

photocatalysts. 

To investigate the optical properties of the synthesized catalysts, light absorption efficiency was 

analyzed using UV-Vis Diffuse Reflectance spectrometer. Reflectance spectra of PbO/TiO₂ 

photocatalysts are illustrated in Figure 6.15 and the corresponding Tauc’s plot is presented in 

Figure 6.16.  

  

Figure 6.17: UV-Vis DR spectra of Sb₂O₃/TiO₂ 

photocatalysts. 

Figure 6.18: Plot of (αhν)² vs. photon energy (hν) 

for bandgap estimation of Sb₂O₃/TiO₂ 

photocatalysts. 

The bandgap values were determined from the Tauc’s plot and the values are obtained as 2.75, 

2.85 and 2.6 for PbO/TiO₂ (1:1), PbO/TiO₂ (1:2) and PbO/TiO₂ (2:1) respectively. The bandgap 
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values were narrower with the increasing amount of PbO which is in good agreement with 

Leelavathi et al. (Leelavathi et al., 2013). 

The light absorption spectrum of Sb₂O₃/TiO₂ catalysts are given in Figure 6.17. As can be visualize 

from the figure, all three catalysts displayed adsorption edges near 400 nm and the corresponding 

bandgap values are obtained from the Tauc’s plot (Figure 6.18) as 3.2, 3.2 and 3.0 for Sb₂O₃/TiO₂ 

(1:1), Sb₂O₃/TiO₂ (2:1) and Sb₂O₃/TiO₂ (1:2) respectively. 

6.2. Photocatalytic performance of synthesized catalysts 

Photocatalytic activity of the synthesized catalysts was verified under UV-C irradiation and the 

results are presented in Figure 6.19. Three experiments, two with catalysts and one without 

catalyst, were conducted under UV-C irradiation for 2 hours with 20 µM concentration of pollutant 

in water. The catalysts were chosen arbitrary where the composite ratio was 1:1 and dose was 1g/L 

for the catalytic experiments. From the experiment it was found that, the degradation rate of BP-3 

was only 2.5% after 2 hour of UV light irradiation; whereas, in presence of catalysts the 

degradation rate was 49.5% and 36.6% for PbO/TiO₂ and Sb₂O₃/TiO₂ respectively. 

 

Figure 6.19: Performance testing of synthesized catalysts (Catalysts 

dose: 1g/L, Initial conc.: 20µM, Irradiation time: 2 hr). 
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6.3. Effect of Initial pH 

In heterogeneous photocatalytic water treatment process pH plays a significant role since it can 

disturbs the isoelectric point of photocatalysts. As a result, the surface charge of the catalysts 

changes which affects the interaction between the water contaminants and the catalysts surface. 

Also, the pH of the solution may alter the recombination rate of electron hole on the catalysts 

surface (Aghabeygi and Khademi-Shamami, 2018). 

  

Figure 6.20: Effect of Initial pH on overall 

removal of pollutant by PbO/TiO₂ 

catalysts (Initial concentration = 

20µM, Catalyst dose = 1g/L, UVC 

irradiation time = 120 min). 

Figure 6.21: Effect of Initial pH on the 

photocatalytic degradation of 

pollutant by PbO/TiO₂ catalysts 

(Initial concentration = 20µM, 

Catalyst dose = 1g/L, UVC irradiation 

time = 120 min). 

Photocatalytic experiments were performed at initial pH of 3, 5, 7, 9, 11 to investigate the effect 

of pH on photocatalytic degradation of BP-3. All the experiments were conducted at an initial 

concentration of 20µM, with catalyst dose of 1g/L and an irradiation time of 120 min. As can be 

seen from Figure 6.20 and Figure 6.21, each composite catalyst does not respond similarly at 

different pH conditions. For the catalyst PbO/TiO₂ (1:2) both removal and degradation rate were 

increased with the increasing pH up to 9 and at pH 11 the removal rate was almost same while the 

degradation rate was declined. For composite ratio 1:1, better removal and degradation rate was 

obtained at pH 9. Complete removal and maximum degradation rate of 84.1% was observed by 

PbO/TiO₂ (1:2) catalysts at pH 7. Comparing all these it can be conclude that, the best catalyst 

composite was PbO/TiO₂ (2:1) and the optimum initial pH of the solution for this catalyst is 7. 
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On the other hand, Sb₂O₃/TiO₂ catalysts showed better photocatalytic activity at higher pH for all 

the composite ratios. The maximum removal efficiency was attained at pH 11 by Sb₂O₃/TiO₂ (2:1) 

composites; however, the maximum degradation rate was observed at pH 9. Better degradation 

rate at alkaline conditions can be attributed to the higher density of hydroxyl ions, which facilitates 

the generation of more hydroxyl radical and therefore the better degradation rate of BP-3. 

  

Figure 6.22: Effect of Initial pH on overall 

removal of pollutant by Sb₂O₃/TiO₂ 

catalysts (Initial concentration = 

20µM, Catalyst dose = 1g/L, UVC 

irradiation time = 120 min). 

Figure 6.23: Effect of Initial pH on photocatalytic 

degradation of pollutant by 

Sb₂O₃/TiO₂ catalysts (Initial 

concentration = 20µM, Catalyst dose 

= 1g/L, UVC irradiation time = 120 

min). 
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6.4. Effect of catalysts dose 

Photocatalytic reaction rate is strongly dependent on the catalysts loading. In many literatures it 

was evidenced a proportional relationship between the reaction rate and catalysts dose until an 

optimum loading is achieved. Beyond this optimum loading the reaction rate starts to decrease due 

to light screening effect of excess catalysts. As a result, the photocatalytic efficiency decreases. To 

estimate the optimum catalysts dosage the photocatalytic experiment was carried out at different 

amount of catalysts loading while the other operating parameters such as initial pH, concentration 

and reaction time were kept constant. 

 

Figure 6.24: Effect of catalysts (PbO/TiO₂ (2:1)) dose on BP-3 degradation (Initial pH = 7, Initial 

concentration = 20µM, UVC irradiation time = 120 min). 

Figure 6.24 represents the catalysts loading effects on photocatalytic degradation of BP-3. The 

experiments were carried out at pH 7 with an initial concentration of 20µM of BP-3 for 120 min. 

It is clearly seen that the photodegradation rate increases with increasing catalysts dosage and after 

a certain value it starts to decrease. However, a rising trend of adsorptive removal rate was 

observed with increasing catalysts dosage which increases the overall removal rate. Maximum 

photodegradation of 86.6% and overall removal of 98.8% was obtained when the catalysts dose 

was 0.75g/L. Complete removal was obtained when the catalysts dose was 1.5 g/L however the 
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photodegradation rate was relatively lower, 79.3%, due to higher adsorptive removal. Therefore, 

in terms of photocatalytic degradation the optimum dose of catalyst is 0.75 g/L. 

 

Figure 6.25: Effect of catalysts (Sb₂O₃/TiO₂ (2:1)) dose on BP-3 degradation (Initial pH = 9, Initial 

concentration = 20µM, UVC irradiation time = 120 min). 

 

To investigate the effect of catalysts loading on the degradation of BP-3 by Sb₂O₃/TiO₂ (2:1) 

catalysts a series of experiments were carried out at different catalysts doses ranging from 0.25 to 

2 g/L. All the experiments were conducted with initial BP-3 concentration of 20µM at pH 9 for 

120 min under UV-C irradiation and the results are presented in Figure 6.25. A maximum 

photodegradation of 80.3% of BP-3 was obtained when the catalyst dose was 0.25 g/L. Further 

increase in catalysts loading significantly reduces the photodegradation rate. Also, the adsorptive 

removal rate was increasing with the increment of catalysts loading. It must be noted that the 

adsorptive removal is relatively low in case of Sb₂O₃/TiO₂ catalyst than the PbO/TiO₂ (2:1) catalyst 

due to their surface characteristics.  
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6.5. Effect of initial concentration 

Initial concentration of water contaminants may significantly influence the performance of an 

established operating condition by reducing the photocatalytic efficiency. It is evident that, the 

surface of photocatalysts become saturated at higher concentration of contaminants which impedes 

the lights to reach the catalysts surface (Aghabeygi and Khademi-Shamami, 2018). As a result, the 

highly reactive hydroxyl radical production as well as the photocatalytic degradation rate declined. 

To study the concentration effect, the experiments were carried out different initial concentration 

while the other parameters such as operating pH, catalysts dose and reaction time were kept 

constant. 

 

 

Figure 6.26: Effect of initial pollutant concentration on the degradation of BP-3 by PbO/TiO₂ (2:1) catalyst 

(Initial pH = 7, Catalyst dose = 0.75 g/L, UVC irradiation time = 120 min). 

The photodegradation of BP-3 by PbO/TiO₂ (2:1) catalyst was studied at different initial 

concentration ranging from 20 to 50 µM and the results are illustrated in Figure 6.26. all the 

experiments were conducted under UV-C irradiation at pH 7 and the catalysts dose was 0.75g/L. 

The experimental results revealed a declined trend in the photodegradation rate with the increasing 

initial concentration. The maximum degradation and removal was obtained at 20 µM initial 
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concentration. Time dependent photodegradation was also studied (Figure 6.27) and modelled by 

Langmuir-Hinshelwood equation. The model equation that describes the photodegradation 

kinetics of BP-3 is expressed by the following equation (Al-Hamdi, 2017; Barka et al., 2008): 

1

r ad

ad

k K CdC
r

dt K C
= − =

+
 … … … … (6.1) 

Where, r, kr, Kad and C is the degradation rate, intrinsic rate constant, adsorption equilibrium 

constant and concentration of the pollutant respectively. Equation (6.1) can be simplified to the 

first-order kinetics expression by assuming the weak adsorption and low concentration of the 

compound as shown by equation (6.2). 

ln r ad app

o

C
k K t k t

C

 
− = = 

 
 … … … (6.2) 

Here, kapp is the apparent rate constant which can be obtained from the slope of ( )ln
o

C C− vs t 

plot. 

  

Figure 6.27: Degradation kinetics of BP-3 by 

(PbO/TiO₂ (2:1)) at different initial 

concentration of pollutant (Initial pH 

= 7, Catalyst dose = 0.75 g/L). 

Figure 6.28: Degradation kinetics modelling of 

BP-3 by (PbO/TiO₂ (2:1)) at different 

initial concentration of pollutant 

(Initial pH = 7, Catalyst dose = 0.75 

g/L). 

A plot of ( )ln
o

C C− vs t for different initial concentration was presented in Figure 6.28 and the 

corresponding values of apparent rate constants were found from the slope of the plot and listed in 

Table 6.5 with their correlation coefficients. It was found a good relationship between the model 
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and experimental data and the apparent rate constant was declined with the increasing 

concentrations of BP-3. 

Table 6.5: Kinetic parameters of BP-3 degradation by (PbO/TiO₂ (2:1)) at different initial concentration. 

Initial Concentration, µM 20 30 40 50 

k (min⁻¹) 3.58×10⁻² 1.77×10⁻² 0.60×10⁻² 0.58×10⁻² 

R² 0.95 0.93 0.94 0.97 

In case of Sb₂O₃/TiO₂ (2:1) catalyst, the effect of initial concentration on the photodegradation of 

BP-3 was studied in the range of 10-50μM. The reactions were carried out at pH 9 for 120 min 

under UV-C irradiation and the catalyst dose was kept 0.25 g/L in all case. Figure 6.29 represents 

the outcome of the experimental results and it can be visualize that the maximum photodegradation 

was at lower concentration and the degradation rate decreased gradually with the increasing initial 

concentration which was in agreement with (Aghabeygi and Khademi-Shamami, 2018). 

 

Figure 6.29: Effect of initial pollutant concentration on the degradation of BP-3 by Sb₂O₃/TiO₂ (2:1) catalyst 

(Initial pH = 7, Catalyst dose = 0.25 g/L, UVC irradiation time = 120 min). 

 

The illustration of degradation kinetics is presented in Figure 6.30 and the corresponding kinetic 

modelling plot is given in Figure 6.31. Kinetics data were well fitted with the model equation (Eq. 
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6.2) and the values of rate constants for different initial concentrations are listed in Table 6.6. the 

maximum value of rate constant was observed at an initial concentration of 10μM. 

  

Figure 6.30: Degradation kinetics of BP-3 by 

(Sb₂O₃/TiO₂ (2:1)) at different initial 

concentration of pollutant (Initial pH 

= 7, Catalyst dose = 0.25 g/L). 

Figure 6.31: Degradation kinetics modelling of 

BP-3 by (Sb₂O₃/TiO₂ (2:1)) at 

different initial concentration of 

pollutant (Initial pH = 7, Catalyst 

dose = 0.25 g/L). 

 

Table 6.6: Kinetic parameters of BP-3 degradation by (Sb₂O₃/TiO₂ (2:1)) at different initial concentration. 

Initial Concentration, µM 10 20 30 40 50 

k (min⁻¹) 1.51×10⁻² 0.92×10⁻² 0.89×10⁻² 0.75×10⁻² 0.59×10⁻² 

R² 0.99 0.99 0.99 0.99 0.99 
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6.6. Mineralization study 

  

Figure 6.32: Mineralization efficiency of 

PbO/TiO₂ (2:1) catalysts at different 

catalysts loading (Initial pH = 7, 

Initial concentration = 20µM, UV-C 

irradiation time = 120 min). 

Figure 6.33: Mineralization efficiency of 

PbO/TiO₂ (2:1) catalysts at different 

Initial Concentration (Initial pH = 7, 

Catalyst dose = 0.75 g/L, UV-C 

irradiation time = 120 min). 

 

  

Figure 6.34: Mineralization efficiency of 

Sb₂O₃/TiO₂ (2:1) catalysts at different 

catalysts loading (Initial pH = 9, 

Initial concentration = 20µM, UV-C 

irradiation time = 120 min). 

Figure 6.35: Mineralization efficiency of 

Sb₂O₃/TiO₂ (2:1) catalysts at different 

Initial Concentration (Initial pH = 9, 

Catalyst dose = 0.25 g/L, UV-C 

irradiation time = 120 min). 

Mineralization efficiency in one of the key parameter that indicates the photocatalytic performance 

of the synthesized catalysts. Figure 6.32 represents the degree of mineralization by PbO/TiO₂ (2:1) 

catalysts at different catalysts loading. The maximum mineralization efficiency of 17.6% was 

achieved when the catalyst loading was 1g/L. Mineralization efficiency at different initial 

concentration was presented in Figure 6.33. After two hours of reaction under UV-C irradiation 

maximum mineralization efficiency was achieved at 20μM concentration. On the other hand, 
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mineralization efficiency was unpredictable in Sb₂O₃/TiO₂ catalysis. Maximum mineralization 

efficiency of 35.5% was achieved when the catalysts dose was 1g/L (Figure 6.34). Effect of initial 

pollutant concentration on degree of mineralization for Sb₂O₃/TiO₂ catalysis is presented in Figure 

6.35. Poor mineralization efficiency in 120 min can be attributed to the absence of hydroxyl radical 

in the photocatalytic process. However, the mineralization efficiency can be improved by 

increasing the reaction time, is given in the Appendix Figure 2. 

6.7. Identification of degradation byproducts 

The GC-MS analysis was carried out for those samples achieved in optimum conditions for all 

system and it was observed that in all cases most byproducts were same. According to the structure 

of BP-3, the most probable degradation/transformation of BP-3 is due to a dominant 

photochemical and 1O2 radicals scavenger of the BP-3. Molecular structures were proposed for 

each intermediated/product based on the molecular ion masses and MS fragmentation patterns and 

presented in Figure 6.36. Among the byproducts, compounds include ethanol, pentamethyl-, 5-

Hydroxy-7-methoxy-2-methyl-3-phenyl-4-chromenone and Phthalic acid, cyclobutyl propyl ester. 

 

Figure 6.36: Possible degradation byproducts from photocatalytic degradation of BP-3. 
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7. CONCLUSION AND RECOMMENDATION 

Photocatalytic degradation of organic UV filter BP-3 was studied under UV-C irradiation. Two 

composite photocatalysts, PbO/TiO₂ and Sb₂O₃/TiO₂ were synthesized by hydrothermal method. 

The characterization result reveals the formation of composite with desired physical and optical 

properties. Photocatalytic degradation results confirm the photocatalytic activity of the synthesized 

catalysts. The best result was obtained with PbO/TiO₂ composite where the ratio of PbO to TiO₂ 

was 2:1. This catalyst can completely remove the BP-3 from waste water at pH 7. However, the 

mineralization rate was relatively poor due to the absence of hydroxyl radical. 

There are also some scopes to further research regarding these materials and processes. Some 

future recommendations are given below:  

 In catalyst level: 

 Particle size and shape modification using different modifying agent. 

 Develop indirect Z-Scheme heterojunction. 

 In Experiment level: 

 Development of new photocatalytic experiment system so that the light and 

catalysts interaction increase. 

 Development of continuous reactor system including monolith structures. 
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APPENDIX 

 

Appendix Figure 1: Callibration curve of BP-3 from HPLC data. 

 

Appendix Figure 2: TOC removal efficiency by different catalysts after 6 hr of reaction (Initial pH = 7, 

Initial conc. = 20 μM, Catalyst dose = 1.0 g/L, under UV-C irradiation). 
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Microanalysis Report 

Prepared for: 

Prepared by: Your Name Here 

Company Name Here 

2/5/2018 

 

 

Element Wt% At% 

  CK 41.75 68.54 

  OK 18.86 23.24 

 MgK 00.11 00.09 

 AlK 00.53 00.39 

  KK 02.19 01.10 

 TiK 09.75 04.02 

 CuK 00.31 00.10 

 PbL 26.49 02.52 

Matrix Correction ZAF 

 KV  30.0   MAG  17900   TILT  0.0   MICRONSPERPIXY 0.008 

PbO/TiO₂ = 1:2 
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Microanalysis Report 
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Element Wt% At% 

  CK 19.72 57.49 

  OK 10.84 23.72 

 AlK 00.21 00.27 

  KK 00.79 00.70 

 SbL 00.00 00.00 

 TiK 10.68 07.81 

 FeK 00.32 00.20 

 NiK 00.23 00.14 

 PbL 57.21 09.67 

Matrix Correction ZAF 

 KV  30.0   MAG  1300   TILT  0.0   MICRONSPERPIXY 0.106 

PbO/TiO₂ = 1:1 
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Microanalysis Report 

Prepared for: 

Prepared by: Your Name Here 
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Element Wt% At% 

  CK 30.18 72.35 

  OK 09.53 17.15 

 AlK 00.72 00.77 

 TiK 02.66 01.60 

 FeK 00.09 00.04 

 CuK 00.61 00.28 

 PbL 56.21 07.81 

Matrix Correction ZAF 

 KV  30.0   MAG  5000   TILT  0.0   MICRONSPERPIXY 0.027 

PbO/TiO₂ = 2:1 
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Element Wt% At% 

  CK 24.44 43.60 

  NK 11.86 18.15 

  OK 19.57 26.21 

 MgK 00.37 00.33 

 AlK 01.28 01.02 

 SbL 30.64 05.39 

 TiK 11.83 05.29 

Matrix Correction ZAF 

 KV  30.0   MAG  4410   TILT  0.0   MICRONSPERPIXY 0.031 

Sb₂O₃/TiO₂ = 1:2 
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Element Wt% At% 

  CK 18.22 53.59 

  OK 07.78 17.17 

 MgK 00.00 00.00 

 AlK 03.05 03.99 

  KK 01.16 01.05 

 SbL 60.58 17.58 

 TiK 08.27 06.10 

 CuK 00.96 00.53 

Matrix Correction ZAF 

 KV  30.0   MAG  2000   TILT  0.0   MICRONSPERPIXY 0.069 

Sb₂O₃/TiO₂ = 1:1 
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Element Wt% At% 

  CK 16.25 43.11 

  OK 17.98 35.82 

 MgK 00.00 00.00 

 AlK 01.89 02.23 

 AgL 07.41 02.19 

 SbL 51.81 13.56 

 TiK 04.65 03.10 

Matrix Correction ZAF 

 KV  30.0   MAG  5000   TILT  0.0   MICRONSPERPIXY 0.027 

Sb₂O₃/TiO₂ = 2:1 

 

 


