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ABSTRACT 
Advanced oxidation processes (AOPs) are considered as the most efficient and highly 

attractive process for the degradation of azo dyes from textile wastewater. In this process, a 

strong oxidizing radical known as hydroxyl radical (˙OH) is produced, which can react with 

organics unselectively until mineralization. Titanium dioxide (TiO2) based photocatalytic 

process has been utilized widely in last few decades because of its higher photocatalytic 

activity to degrade organics from textile wastewater. Doping of TiO2 with noble metals (Ag, 

MoO3) can increase the performance of TiO2. Therefore, the major objectives of this study 

were to synthesize Ag/MoO3/TiO2 nanocomposite, design and construction of UV-

Ag/MoO3/TiO2 nanocomposite immobilized reactor using borosilicate glass (BG), and finally 

investigation and optimization of the UV-Ag/MoO3/TiO2 nanocomposite reactor performance 

for the treatemt of methyl orange (MO) dye. The photocatalysts of TiO2, MoO3/TiO2, 

Ag/TiO2, and Ag/MoO3/TiO2 were synthesized by  sol-gel and heat treatment methods. The 

physico-chemical properties of all the photocatalysts were analyzed by applying X-ray 

diffraction (XRD), Scanning electron microscopy (SEM), Fourier transform infrared 

spectroscopy (FT-IR), UV-Vis diffuse reflectance spectroscopy (UV-Vis/DRS), and 

Brunauer–Emmett–Teller (BET). The XRD showed the increased amount of anatase phase of 

Ag/MoO3/TiO2 nanocomposite compared to TiO2 nanoparticles and MoO3/TiO2 and Ag/TiO2 

nanocomposites. The photocatalytic removals of MO dye (10 ppm) were found 59.5%, 

63.1%, 70.6% and 75.8%, for TiO2, MoO3/TiO2, Ag/TiO2, and Ag/MoO3/TiO2, respectively, 

for a particular dose of photocatalyst (0.120 g) at pH 7.0 with 5.5 h of contact time. The 

impact of operating parameters such as initial dye concentration, pH and hydrogen peroxide 

(H2O2) dose was evaluated. The photocatalytic performance was decreased with increase of 

pH and initial dye concentration, and increased with the addition of photocatalyst and H2O2 in 

the reactor. The reaction kinetics were consistent with the first-order kinetic model and rate 

constant values were 0.003 min-1, 0.002 min-1, 0.003 min-1, and 0.004 min-1 for TiO2, 

MoO3/TiO2, Ag/TiO2, and Ag/MoO3/TiO2, respectively, for 0.120 g of photocatalyst dose. 

Thus, the outcomes from the current study suggest that the synthesized Ag/MoO3/TiO2 

nanocomposite has a great potential for the treatment of organics present in textile 

wastewater under UV-radiation. 
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CHAPTER 1 

INTRODUCTION 

 
This chapter reveals the importance of the study with respect to the current situation of the 

industry. The scope and significance of the research work have been discussed concerning to 

industrial and commercial aspects. Finally, the chapter includes the research objectives and 

organization of the thesis. 

 

1.1 Background 

In recent years, water pollution has been considered a major issue because a large number of 

unwanted contaminants are being discharged into the surface water from different industrial 

sources such as textile, dyeing, food, pharmaceuticals, plastics, leather, pulp and paper, sugar, 

petroleum and metal works [1, 2]. Among these sources, textile industries are found to be the 

highest polluting source since a large quantity of wastewater is generated every day [3, 4]. 

The wastewater generated from the textile industry contains a higher concentration of 

inorganics and organics compared to wastewaters generated from other industries. Typically, 

the textile wastewater contains dyes, suspended solids, dissolved solids and heavy metals, 

which correspond to high BOD, COD, and intense color that are discharged after partial 

treatment [1, 5]. Textile azo dyes are mostly bio-persistent, carcinogenic, mutagenic, and 

toxic to the environment that can cause serious damage to human health such as skin 

irritation, nausea, headache, and congenital malformation [6, 7]. A common type of azo dye 

is methyl orange (MO), which has shown many detrimental consequences on the 

environment. Typically, it resists bio-degradation because of its fused aromatic ring structure. 

It can also be easily reduced to toxic amines because of the presence of the azo group in the 

structure. This indicates a potential treatment strategy is badly needed to manage this 

wastewater for sustainable development of the textile sector. 

Various treatment technologies such as physical (filtration, adsorption, ion exchange), 

biological (bio-sorption, bioaccumulation, biodegradation), and chemical processes 

(oxidation, ozonation, and electrochemical) have been developed for the treatment of textile 

wastewater. All conventional treatment technologies have some limitations for the 

degradation of organic dye compounds such as high energy consumption, high chemical 

consumption, operating cost, sludge production, toxic gas release and thus, considered as a 
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ineffective treatment process [6, 8, 9]. In the last few decades, the researchers have suggested 

that the best possible solution might be formulated with several existing techniques together. 

The recommended arrangement was the physico-chemical treatment followed by advanced 

tertiary treatment techniques [10]. The advanced tertiary treatment techniques are of three 

major categories including physical, physico-chemical, and chemical techniques such as 

advanced oxidation processes (AOPs). In AOPs, a highly reactive hydroxyl radical (˙OH) is 

generated that can degrade a broad range of pollutants non-selectively and quickly into 

carbon dioxide (CO2), and water (H2O) [6, 11]. Recently, the semiconductor photocatalysts 

including TiO2 [12], CdS [13], ZnO [14], ZnS [15], SnO2 [16], SiO2 [17], Al2O3 [18], ZrO3 

[19], and WO3 [20] have received greater attention for the treatment of textile dye-containing 

wastewater. 

Among those semiconductor photocatalysts, TiO2 has received as one of the most emerging 

photocatalyst for effective remediation of contaminated water due to its low cost, low 

operating temperature, biologically inert nature, low energy consumption, water insolubility, 

high chemical stability, less toxicity, narrow bandgap ( , wide spectrum, 

environmentally benign, and  safety toward both environment and human [6]. In 

photocatalytic process, the degradation is observed when the semiconductor photocatalyst 

absorbs UV-radiation. Generally, UV-radiation itself is not capable to generate ˙OH to 

degrade dye or organics in water, but combination with TiO2 semiconductor it can generate 

˙OH to degrade organics [21]. When semiconductor TiO2 absorbs UV-radiation at wavelength 

<400 nm, the electrons (e−) are excited by photon energy and forms charge carriers of 

conduction band electron ( ) and valance band hole , respectively. This charge 

carriers are recombined and scavenged with , , and organic compounds in presence 

of  and forms ˙OH, and superoxide radical anions (O2˙-) on TiO2 surface that are capable of 

degrading a large variety of organic compounds [6, 22]. In the last decade, several strategies 

have been focused namely chemical and morphological modification to enhance charge 

separation and visible light region of TiO2 which would permit the use of UV-radiation [23]. 

The morphological modification was developed by increasing the surface area, pore-volume, 

and porosity of semiconductor materials. Several research have conducted study on chemical 

modification of TiO2 such as metal doping [24], non-metal doping [25], co-doping with 

metal/metal [26], co-doping with non-metal/non-metal [23], and co-doping with metal/non-

metal [27] in the treatment of dye solution. Doping or co-doping of metal/non-metals [28] 
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with TiO2 crystal structure under UV-radiation has been demonstrated as the most potential 

path towards bandgap energy reduction in order to increase the active catalyst site [6, 29]. 

Metal doping or co-doping can be easily introduced into the TiO2 lattice crystal structure due 

to their comparable ionic radius [6]. The uses of noble metals have properties to increase 

charge carrier separation, which consequently increases the photo-induced electron transmit 

rate at the edge [30]. Among all the noble metals, silver has received greater potential in TiO2 

photocatalyst’s surface that can enhance the photocatalytic activity. This enhancement is 

mainly due to its distinctive surface plasmon resonance property which acts as an electron 

sink and assists to reduce electron recombination [31]. The next suitable semiconductor is 

MoO3 (n-type semiconductor with a bandgap of 2.9 eV), which has also shown positive 

aspect and considered a comparatively cheap and less consumable that can replace the WO3 

[30].  

In photocatalytic degradation, the semiconductor photocatalyst is used as a suspension and 

thin-film/immobilization. However, the major disadvantage of the suspension method of 

application of TiO2 photocatalyst is the separation/filtration of the TiO2 from the treated 

wastewater that increases the total treatment cost [32]. To address this issue, TiO2 based 

nanocomposites are immobilized on various supporting materials such as glass, ceramics, 

polymeric material, stainless steel, silica, cellulose, etc. that have greater potential for 

enhancing the photocatalytic process performance [33, 34]. The most commonly used 

supporting material is glass due to its high transparency to the UV-radiation, chemical 

inertness, low cost, good adherence capability, resistance to the corrosive environment, and 

high calcination temperature [35].  

Several techniques have been employed for the synthesis of TiO2 crystal structure such as 

sol-gel method [3], precipitation method [3], sonochemical method [36], chemical vapor 

deposition method [3], hydrothermal [37], solvothermal method [3], and thermal 

decomposition of alkoxide method [3]. Among those synthesis techniques, sol-gel is a very 

simple, effective, economical, and eases of maintenance for preparing nanoparticles [3]. 

 

1.2 Significance of the Study 

The textile industry is one of the largest growing and profitable sectors in Bangladesh. More 

than 4500 textile industries grew up in the country, and the export stood around $30 billion 

per year from this sector. The textile, in particular, contributes around 80% of all the exports, 

which contributes 20% of GDP. Moreover, around 4 million people are working in this sector 
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which contributes about 45 percent of all industrial employment and contributes 5% to the 

total national income [38]. Therefore, textile sector is playing a key role in Bangladesh’s 

economy by earning foreign currency and providing employment opportunity.  

Although textile provides significant economic benefits both employment and government 

revenue, it also faces the environmental and social impacts associated with the generations of 

toxic wastewaters from its wet processing operations. Consequently, a huge amount of 

wastewater is generated every day. The wastewater is discharged to the environment after 

ineffective conventional treatment techniques. The discharge of this ineffectively treated 

wastewater gives rise to an alarming environmental concern related to water pollution. The 

possible solution can be done by the modification of existing wastewater treatment processes 

using TiO2 based photocatalysts. The addition of AOPs with conventional treatment schemes 

seems to be the right step to make the treatment system more efficient and effective. 

Therefore, this current research was an attempt to synthesize TiO2 based photocatalysts for 

enhancing visible light photocatalytic performance. The synthesized photocatalyst will be 

able to degrade model textile MO dye (model azo dye) using TiO2 photocatalyst-immobilized 

on BG reactor under a self-designed UV photocatalytic reactor. However, in Bangladesh, the 

TiO2 based photocatalytic wastewater treatment application is still not being considered. 

Thus, the proposed research will reveal the comprehensive and fundamental assessments of 

the photocatalytic concept for the treatment of textile and other industrial wastewaters. The 

knowledge from this research will contribute to applying the technique on a large scale for 

the treatment of wastewater to achieve the zero discharge. 

Recently, the foreign investors are creating pressure on the textile industry for proper 

treatment of wastewater before disposal to the water intake body. Based on the foreign 

pressure, the Department of Environment (DoE), Bangladesh has imposed a road map of zero 

liquid discharge on every industry to be implemented. However, the existing ETPs in local 

industries are not adequately equipped for attaining zero discharge. Therefore, the main 

purpose of the proposed study was to investigate a modified TiO2 based photocatalyst for the 

treatment of textile wastewater in presence of UV-radiation. Thus, the proposed technology 

in combined with the existing conventional technology will assist to remove toxic and 

biopersistent dye contaminants effectively and the treated effluent will be mineralized 

completely which will in turn lead to zero liquid discharge. This is not achievable by using 

the existing technology alone. The process illustrated in this paper will be able to provide 

knowledge on laboratory scale research and further need to scale-up for industrial 
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application. Thus, it is expected that the outcome from the current research will assist to 

improve the conventional wastewater treatment technology and will help to develop sustain 

economic growth of the textile sector in Bangladesh.  

 

1.3  Objectives of the Study  

The main objective of this study was to investigate the UV-photocatalytic reactor 

performance using laboratoty synthesized TiO2 photocatalyst, and MoO3/TiO2, Ag/TiO2, and 

Ag/MoO3/TiO2 nanocomposites on MO dye degradation. The specific aims under the main 

objective to be covered were listed below:  

• Synthesis of TiO2 photocatalyst, and MoO3/TiO2, Ag/TiO2, and Ag/MoO3/TiO2 

nanocomposites using sol-gel technique and heat treatment method.  

• Characterization of TiO2 photocatalyst, and MoO3/TiO2, Ag/TiO2, and Ag/MoO3/TiO2 

nanocomposites using X-ray diffraction (XRD, for crystal structure), Scanning 

electron microscopy (SEM, for surface morphology), Fourier transform infrared 

spectroscopy (FT-IR, for the surface functional group), Ultra-violet visible 

spectroscopy (UV-Vis, for absorption edge and bandgap energy) and Brunauer–

Emmett–Teller (BET, for the surface area). 

• Assessment of borosilicate glass-photocatalysts (TiO2, MoO3/TiO2, Ag/TiO2, and 

Ag/MoO3/TiO2) immobilized reactor performance in the degradation of MO dye.  

• Optimization of UV-reactor performance based on dye degradation by changing pH, 

dye concentration, and w/o addition of H2O2.  

 

1.4 Organization of the Thesis 

The thesis paper has five distinct chapters. The outline of each chapter is given below: 

Chapter 1 provides the introductory background, significance, and objectives of this 

study.  

Chapter 2 reviews past work related to the general knowledge of photochemical advanced 

oxidation process, heterogeneous photocatalysis, and advances photocatalyst materials. It 

also gives an overview of photocatalytic reaction mechanisms, synthesis techniques and 

modification, photocatalyst immobilization, and factors affecting the photocatalytic 

activity. Finally, this chapter was associated with characterization techniques of 

photocatalysts.   
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Chapter 3 provides all the experimental methods, principles and procedures employed 

during this study. Firstly, the sol-gel preparation technique of TiO2 based photocatalyst 

nanocomposites has been presented in the chapter. Secondly, the chapter includes all 

characterization techniques of TiO2 based nanocomposites. Thirdly, the chapter includes 

the immobilization of TiO2 photocatalyst and photocatalytic experimental setup diagram 

with detailed experimental procedures for the degradation of MO dye under UV-

radiation.  

Chapter 4 provides the results and discussion of the research work. Firstly, it discusses all 

the characterization techniques and compared the outcomes with relevant literature. 

Secondly, it discusses the photocatalytic performance of immobilized-Ag/MoO3/TiO2 on 

BG surface., Finally, optimization of the reactor performance by changing initial dye 

concentration, pH, photocatalyst dose, and the addition of H2O2 have been presented in 

the Chapter. 

Chapter 5 summarizes the results from the present research work and provides a future 

outlook for continued research. 
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CHAPTER 2 

LITERATURE REVIEW 

 
Photocatalysis is a well-known and novel technology for the treatment of textile wastewater. A 

significant amount of research interest was shown in this process in the last decade. This Chapter 

represents the past works related to the fundamental background of TiO2 based photocatalyst. It 

gives an overview of photocatalytic reaction mechanism and kinetics, preparation techniques of 

TiO2 based nanocomposites with modification, dyes degradation techniques on the surface of 

photocatalyst, selection of dyes and radiation sources. Finally, the Chapter includes the factors 

that affect the photocatalytic reactor performance and characterization techniques of TiO2 

photocatalyst. 

 

2.1 Photochemical Advanced Oxidation Processes 

A group of chemical oxidative technologies classified as advanced oxidation processes (AOPs) 

has garnered a significant level for the treatment of textile wastewater over the last three decades. 

All AOPs are characterized by the production of highly reactive and non-selective hydroxyl 

radicals (.OH), which are the strongest oxidants in an aqueous medium [39]. The .OH are capable 

of oxidizing nearly all organic compounds to water, carbon dioxide, and mineral salts through a 

process termed mineralization [40]. The conventional AOPs can be divided into homogeneous 

and heterogeneous based on the reaction phase [41]. Homogeneous catalysts are present in the 

same phase as reactants and products, usually liquid, while heterogeneous catalysts are present in 

a different phase, usually the solid and liquid or gaseous phases. Ultraviolet (UV) radiation in 

conjunction with other chemical additives like UV/H2O2, UV/O3, UV/TiO2, and UV/Fenton has 

been shown an effective process for the degradation of dye. When no UV source is used the 

technology can be termed as a dark oxidative process, such as: ozonation (O3), fenton’s reagent, 

sono-fenton, photo-fenton, electro-fenton, ultrasound, and microwaves. Among all developed 

AOPs, three have garnered the most study and use industrially: ozonation, UV/H2O2, and 

photocatalysis utilizing either ultraviolet (UV) or solar irradiation with titanium dioxide (TiO2) 

[42]. 

The major advantages of the advanced photocatalytic oxidation process are as follows[43]: 
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o It offers a good route for the use of broadly available energy. 

o This process does not have waste disposal problems. 

o The photocatalytic process is a non-selective oxidation process for most organic 

pollutants; therefore, it can destroy a variety of hazardous organic compounds in different 

influents. 

o It can transform organic pollutants into innocuous products by redox reactions and 

complete the mineralization of the organic pollutants. 

o It is inexpensive. Thus, the photocatalytic degradation of environmental pollutants is an 

interesting topic for study. 

 

2.2 Heterogeneous Photocatalysis 

Heterogeneous photocatalysis is a process of enhancing the rate of chemical reactions by means 

of light in a catalytic system. It is the most widely applied photocatalytic process. In this process, 

both the photocatalyst and chemical reactants are in different phases [6]. Basic concepts of the 

heterogeneous photocatalytic system involve steps as follows [44]: 

1. Transfer of reactants in water to the surface of photocatalysts. 

2. Adsorption of reactants on the surface. 

3. Photonic activation of the surface of photocatalyst and reaction in the adsorbed phase. 

4. Desorption of reaction products. 

5. Elimination of reaction products from the interface region. 

It is generally accepted that when photocatalyst (TiO2) absorbs the light with energy equal to or 

greater than the bandgap energy of photocatalyst, the formation of electron-hole pairs occurs 

[45]. The electron-hole pairs dissociate into positively charged holes ( ) in valence band (VB) 

and electrons ( ) in conduction band (CB). These charge carriers in the CB and VB reduce and 

oxidize compounds adsorbed on the surface of photocatalyst, respectively. However, 

recombination of these charge carriers can occur causing absence of chemical reaction. Often in 

the literature, decrease or increase of photocatalytic activity is explained by enhanced or 

suppressed electrone-hole recombination, respectively [46].  
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2.3 Advanced Semiconductor Photocatalyst 

Photocatalysis has received much attention in recent decades as a promising environmental 

remediation technique because of its ability to complete degradation of organic and inorganic 

toxins from textile wastewater [47, 48]. The photocatalytic heterogeneous wastewater treatment 

processes which use various groups of solid semiconductors such as oxides titanium dioxide 

(TiO2), cerium oxide (CeO2), zinc oxide (ZnO), zirconium oxide (ZrO2), iron oxide (Fe2O3), 

tungsten oxide (WO3), vanadium pentaoxide (V2O5), sulfide (ZnS), and cadmium sulfide (CdS)] 

were investigated [6]. Although the metal oxides are less powerful catalysts (higher bandgap 

energies) than the noble metals, these are more suitable as photocatalytic semiconductors 

because of their resistive behavior to deactivation and poisoning [49]. However, many of these 

semiconductors have enough bandgap energies which need to overcome for the photocatalytic 

chemical reactions. By doping the metal oxide with impurities reduces the bandgap energy and 

electromagnetic radiation with lower energy (to be fit in the visible light region) and can be 

utilized to activate the catalyst, possibly increasing photocatalytic activity [50]. The bandgap 

energy of various metal oxides is listed in Table 2.1.  

Table 2.1: Bandgap energy of some metal oxide photocatalysts 

Photocatalyst Bandgap energy 
(eV) 

Photocatalyst Bandgap energy 
(eV) 

TiO2 (rutile) 3.0 CdS 2.4 
TiO2 (anatase) 3.2 WO3 2.7 

ZnS 3.7 Fe2O3 2.2 
ZnO 3.3 MoS2 1.8 
SnO2 3.6 SrTiO3 3.2 
SnO  2.5-3.0 WSe2 1.2 

 

2.3.1 Titanium dioxide (TiO2) photocatalyst 

Titanium dioxide (TiO2) is a semiconductor material, which is extensively used due to its 

superior photoreactivity, long-term stability, chemically and biologically inert, non-toxicity, low 

operating cost, radically low level of energy consumption, and not dangerous for humans and the 

environment [6]. The photocatalytic activity of TiO2 depends on various factors, including 

surface area, crystallinity, impurities anddensity of the surface hydroxyl groups. Among all 
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properties of TiO2, the photodecomposition of the organic pollutants in an aqueous environment 

and the photoelectrochemical water splitting are of the main interest of this work [51]. 

TiO2 is an n-type semiconductor. Naturally, it occurs in three available crystal forms known as 

anatase, rutile and brookite, in which well-crystallized anatase and rutile have been widely 

studied owing to their practical uses. Both anatase and rutile phase of TiO2 crystal structures are 

comprised of  octahedrons that each Ti atom is surrounded octahedrally by six oxygen 

atoms [6]. The basic crystallographic and physical properties of anatase, rutile, and brookite 

phase of TiO2 photocatalyst are listed in Table 2.2. 

Table 2.2: Crystallographic and physical properties of TiO2 photocatalyst 

Property Anatase Rutile Brookite 
Crystallographic structure Tetragonal Tetragonal Orthorhombic 
Space group 

 

 

Pbca 

Lattice parameters (nm) a = 0.3784 
b = 0.9515 

a = 0.4594 
b = 0.2959 

a = 0.5447 
b = 0.9184 
c = 0.5145 

Volume of the unit cell/molecule 
(  

34.172 31.216 25.75 

Density ( , T= 298 K 3.894 4.250 3.99 

Bandgap energy (  3.2 3.03 3.10-3.40 

Electron effective mass (  
  

--- 
Hall mobility of electron 
[  

4 0.1 --- 

Electrons in the crystalline semiconductors are confined to certain energy levels, which are also 

known as electron movement orbitals, and forbidden from another region. The highest range of 

energy levels that electrons occupy at absolute zero degree is called the valence band and the 

range of energy levels higher than that is called conduction band. Each energy band has a large 

number of quantum states. The valence band describes a state of electrons tightly bound to the 

atomic nuclei and the conduction band reflects the electrons escaped from the materials to move 

entirely free in the crystal lattice. Rutile phase TiO2 has a direct bandgap of 3.0 eV while the 

anatase phase has an indirect bandgap of 3.2 eV [52]. To extend the light absorption spectrum 
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toward the visible light range, intense efforts have been made in order to modify the optical 

absorption properties of TiO2 phases, including ions doping and compositing TiO2 with other 

semiconductors of narrower bandgap. The most feasible modification method seems to be 

doping TiO2 with metal and nonmetal atoms to tune the band structures [52, 53]. 

There are several ways to overcome these drawbacks like doping of cationic sublattice of TiO2 

with either donor-type ions such as W6+, Mo6+ and Nb5+ or acceptor-type ions such as Cr3+, Fe3+. 

These so-called second-generation photocatalysts are particularly interesting to increase the 

electrical conductivity, which in most cases results in a decrease of the recombination losses, as 

well as to modify the electronic structure of the photocatalysts leading to an improvement of 

their optical properties. The third generation of photocatalysts is the anion-doped TiO2 has 

attracted considerable attention due to its enhanced photocatalytic activity in the visible light. In 

this case, N-doped TiO2 seems to be the most interesting due to the noticeable red-shift of light 

absorption [53]. 

 

2.4 Preparation of Photocatalytic Materials 

In photocatalysis, the photocatalyst is the most important part that is mostly dependent on its 

synthesis technique. Various techniques are applied for the preparation of TiO2 nanoparticles or 

thin films of TiO2 including sol-gel method, chemical precipitation method, hydrolysis, spray 

deposition method, chemical vapor deposition, sputtering, micro-emulsion method, aerosol-

assisted chemical vapor deposition, hydrothermal method, electro-deposition, flame combustion 

method, microwave-assisted hydrothermal synthesis, thermal plasma, solvothermal method, and 

sonochemical method, etc. [54]. Among all synthesis technique, sol-gel is an inexpensive and 

moderately low-temperature procedure. This technique allows almost comprehensive control 

over the product’s chemical ingredient compositions. The technique also permits trouble-free 

addition of very minute dopant in terms of impurities. In most cases, the dopant is considered to 

be uniformly distributed in the ultimate desired product. In addition, sol-gel method also has 

other remunerations like micro-structured crystals and pure product [55, 56]. 

 

2.4.1 Sol-gel Process 

The Sol-gel method is a wet chemical route for the synthesis of colloidal dispersions of metal 

alkoxides or organic salts which can be altered to powders, fibers, thin films and monoliths [57]. 
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In general, the sol-gel method consists of hydrolysis and condensation reactions. TiO2 can also 

be made using alkoxide precursors, most commonly metal alkoxides, such as titanium 

isoproproxide  and titanium proproxide [58, 59]. Sol-gel coating is a process of preparation of 

single or multicomponent oxide coating which may be glass, glass ceramic or crystalline ceramic 

depending on the process as shown in Figure 2.1. Also, the nanomaterials used in modern 

ceramic and device technology require high purity and facilitate to control over composition and 

structure. The sol-gel coating is one of the interesting methods because it has many advantages 

are listed below.  

o The chemical reactants for the sol-gel process can be conveniently purified by distillation 

and crystallization. 

o All starting materials are mixed at the molecular level in the solution so that a high 

degree of homogeneity of films can be expected. 

o Organic or inorganic salts can be added to adjust the microstructure or to improve the 

structural, optical and electrical properties of oxide films. 

 

Figure 2.1: Generalized scheme of sol-gel synthesis [59] 
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2.4.2 Sol-gel Chemistry 

The sol-gel process consists of a colloidal solution called “sol” that acts as the precursor for an 

integrated network known as “gel” of either discrete particles or network polymers. A variety of 

precursors for TiO2 including titanium halides (Titanium tetrachloride, TiCl4) and titanium 

alkoxides (methoxide, ethoxide, isopropoxide and tert-butoxide) can be used for the preparation 

of TiO2 nanoparticles [60]. The TiO2 nanoparticles are formed using the precursors which 

undergo various forms of hydrolysis and condensation reactions. Prior to these two reactions, the 

metal alkoxides are prepared in a solution by adding it to alcohol. The alcohol preference is done 

based on their miscibility property. Once the solution is ready, it goes through two types of 

chemical reactions represented by Eq. (2.1-2.3). For the case of hydrolysis process, M represents 

Ti and R represents group of CH3 or C2H5. In condensation process X represents either H or 

alkyl group [61].  

Hydrolysis reaction: 

                                  (2.1) 

Condensation reaction: 

                          (2.2) 

                       (2.3) 

A stable sol is formed by using the steps of hydrolysis and condensation of the alkoxide. Then 

the sol is dried further, condensing to form a gel of amorphous TiO2 [62]. Final heat treatment, 

typically >400°C, crystallizes the amorphous TiO2 into the anatase phase, which is usually the 

desirable crystal phase for photocatalysis. The overall reaction is shown in Eq. (2.4) [63], where 

R is the alkyl group. 

                                (2.4) 

 

2.5 Modified and Unmodified TiO2 Based Nanocomposites 

Modification of TiO2 can lead to desired photocatalytic activity under visible light. The 

performance of TiO2 nanomaterials in textile wastewater treatment strongly relies on their 

physicochemical characteristics such as crystallinity, crystallite size, crystal structure, specific 

surface area, thermal stability and quantum efficiency [64]. Generally, the modification of TiO2 
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nanomaterials can be divided into two main groups, (i) bulk modification and (ii) surface 

modification. In bulk modification, foreign-element-doping is one of the well-known methods to 

enhance the performance of TiO2 nanomaterials [65]. It also increases the thermal stability, 

surface area and shifts the absorption edge over a broad range [66]. In some cases, simultaneous 

cation and anion doping of TiO2 also helps in improving the desirable bulk properties of TiO2. 

Similarly, in surface modification, sensitizing TiO2 with colored inorganic or organic compounds 

can improve its optical absorption in the visible light region [67]. In addition, modification of the 

surface of the TiO2 nanomaterials with other semiconductors can alter the charge-transfer 

properties between TiO2 and the surrounding environment [68]. 

 

2.5.1 Bulk Modification of TiO2 Nanomaterials 

Recently, numerous studies have focused on shifting the bandgap of TiO2 to the visible spectral 

region which would potentially allow more efficient utilization  [69]. The transition metal ions 

such as Fe, Cr, V, Mn and Co can be added as dopants [6]. The deposition of noble metals on the 

surface of TiO2 also acts as an electron trap. The noble metal electron trapping technique helps to 

delay the recombination process. The common doping noble metals used with TiO2 are Ag, Au 

and Pt. The noble metals also have properties of increasing charge carrier separation. The charge 

carrier separation is increased by the photo-induced electron transmit rate at the edge. This type 

of doping also increases the photoinduced electron/hole charge recombination lifetimes by acting 

as an electron-hole trap site [70, 71].  

A separate approach to shifting the absorption edge over a broader range is by modifying TiO2 

with anions such as C, N, S, and F [66]. The non-metal nitrogen doping onto the TiO2 

photocatalyst is extensively considered due to their electronic properties including high stability, 

small ionization and comparable atomic size with oxygen that is better than standard TiO2. It can 

be easily incorporated into nano TiO2 structures as interstitials and substitutional [6]. 

The coupled semiconductors like CdS, WO3, ZnO and MoO3 have shown a very high-quality 

visible light enhancement of TiO2. The enhancement is due to efficient charge separation, 

prolonged excitement of charge-carrier and enhanced interfacial charge transfer. All these major 

aspects are the consequence of the reduction in the usual bandgap energy of TiO2. The 

semiconductor doping helps in creating smaller artificial bandgap energy. The smaller artificial 
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bandgap energy is found to be only possible when comparatively lower leveled bandgap 

semiconductors are coupled [70, 72]. Some of the current research has shown MoO3 (n-type 

semiconductor with a bandgap of 2.9 eV) acquires similar positive aspects of WO3. MoO3 can be 

seen as a comparatively cheap and less consumable replacement of WO3. Though, till now very 

few articles on MoO3-TiO2 have been published and thus leaves a gap to be explored [71, 73]. 

A suitable metal dopant can lead to improvement of the textural properties of TiO2, an increase 

in the acidity of its surface, acceleration of phase transfer, and an increase in the degree of 

separation of any photogenerated charges. These factors are controlled by changes in the 

preparation method, loading of a catalyst, and type of dopant element [74]. Most of the research 

has mainly focused on the surface area, the crystalline structure and anatase to rutile phase 

transformation. In addition to crystal structure, the hybrid material's structural 

properties/morphology is also important. This can affect the transport of reactants and products 

to or from the catalytic active sites, the light absorbance for the photo-excitation of the catalyst, 

and the generation of electron–hole pairs.  

 

2.5.2 Electronic Properties and Optical Response of TiO2 Photocatalysts 

The optical response of any material is largely dependent on its underlying electronic structure. 

The electronic structure of a nanomaterial is closely related to its chemical composition, 

arrangement, and physical dimensions. The electronic states of TiO2 are generally considered to 

consist of three parts are shown in Figure 2.2, such as (i) valence band, (ii) lower conduction 

band, and (iii) upper conduction band [75]. 

i. Valence band: The VB consists of three parts: σ bonding of the O  and Ti  states in 

the lower energy region; the π bonding of the O pπ and Ti  states in the middle energy 

region; and the O pπ states in the higher energy region. 

ii. Lower conduction band: The bottom of the lower conduction band (CB) consists of the 

Tidxy orbital, which contributes to the metal metal interactions due to the σ bonding of the 

Ti t2g-Ti t2g states. At the top of the lower CB, the remaining Ti2g states are antibonding 

with the O pπ states. 

iii. Upper conduction band: The upper CB consists of the σ antibonding orbitals between the 

O pσ and Tieg states. The chemical composition of TiO2 applicable for solar applications 
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can be altered by incorporating a dopant. Specifically, the metal (Ti) or the nonmetal (O) 

component can be replaced by the dopant material in order to alter the optical properties. 

The following section shows the effects of metal and nonmetal doping on both the 

electronic properties and the optical response of TiO2 nanomaterials. 

 

Figure 2.2: The bonding diagram of a perfect TiO2 crystal [75]. 

 

2.6 Mechanism and Reaction Kinetics of TiO2 Photocatalysis 

The UV-TiO2 treatment process is an indirect but effective heterogeneous photocatalytic process, 

which uses energy from UV radiation to break down various organic and inorganic substances in 

the wastewater [76]. For a semiconductor to be an active photocatalyst in the degradation of 

organic pollutants, the redox potential of the photogenerated holes should be sufficiently positive 

to generate the .OH radicals. Further the redox potential of the photogenerated electrons must be 
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sufficiently negative to be able to reduce the adsorbed O2 to superoxide. In photocatalysis, under 

light irradiation (photons), electrons and positive holes are generated in the conduction  

and valence band  of titanium dioxide according to Eq. (2.5) [77]. The holes can either 

react directly with organic molecules (Eq. 2.9) or form .OH (Eq.2.7) that subsequently oxidize 

organic molecules (Eq.2.10) [78]. The electrons can also react with organic compounds to 

provide reduction products (Eq.2.5-2.11). The role of oxygen is important because it can react 

with the photogenerated electrons. 

                                                                            (2.5) 

                                                                         (2.6) 

                                                            (2.7) 

                                                                              (2.8) 

                                                  (2.9) 

                                            (2.10) 

                                                (2.11) 

This mechanism is widely considered to describe the photocatalytic degradation of organic 

compounds using the UV-TiO2 process [12]. The mechanism of the degradation of organic 

compounds by UV-TiO2 process in textile wastewater has been explained by Figure 2.3. 

In photocatalytic studies, first-order kinetics is found sufficient to model the photo 

mineralization of organic compounds. It is reported that first-order kinetics is only valid for low 

concentration dye. One of the most favorable models to describe the dye degradation reaction is 

Langmuir–Hinshelwood (L-H) kinetic model [44]. 

                                                                    (2.12) 

According to L-H model represented by Eq. (2.12), the photocatalytic reaction rate (r) is 

proportional to the fraction of surface coverage by the organic substrate ( . Here  is the 

reaction rate constant, C is the concentration of dye and K is the Langmuir adsorption constant. 

L-H model depends on several assumptions, which include: 

i. The reaction system should be in dynamic equilibrium 
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ii. The reaction should be surface-mediated 

iii. The competition for photocatalyst’s active site is negligible 

 
Figure 2.3: Schematic demonstration of the photocatalytic reaction for TiO2 photocatalyst; (A) 

light irradiation to TiO2 surface, (B) generation of electrons and holes as charge carriers, (C) 

recombination of the electrons and holes, (D) and (E) reductive and oxidative pathways of 

substances absorbed on TiO2 sites, and (F) redox reaction to decompose organic contaminants in 

water [12]. 

Literature studied that the real K-value is significantly smaller [79]. This is explained by the 

differences in adsorption and desorption phenomena during the dark and illuminated period. 

Considering all these assumptions, the Eq. (2.12) can be converted to a typical pseudo-first-order 

model. The pseudo-first-order model is represented by Eq. (2.13). 

                                                                                       (2.13) 

Where Co is initial concentration, t is time and k is an apparent first-order rate constant. 

 

2.7 Reactor Configuration of Photocatalysis 

Photocatalytic reactors for water purification processes can be classified into two main 

configurations, depending on the location of the photocatalysts: (1) slurry-type photocatalytic 

reactors with suspended photocatalyst particles, and (2) reactors with the photocatalyst 

immobilized onto an inert carrier [80]. In slurry type photocatalytic reactor, the catalyst is evenly 
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dispersed in the solution. The uniform catalyst distribution provides very high surface area to 

volume ratios with low mass transfer limitations. Even though there have been several patents 

pertaining to the catalyst in suspension, there has been very little application at a larger scale for 

water treatment [70]. Similarly, in immobilized type photocatalytic reactor, the catalyst is 

immobilized or fixed on a supporting material. Different surfaces such as glass, sand, etc. can be 

used in the reactor [81]. Coating the catalyst on the surface can reduce the active surface area and 

limit the mass transfer in the reactor. Since the catalyst is in a continuous operation, fouling of 

the active sites on the coated support can reduce the rate over time [82]. The difference between 

the slurry-type photocatalytic reactors and photocatalyst-immobilized reactors is that the former 

requires a posttreatment separation process for the recovery of photocatalyst particles (batch 

process), while the latter allows a continuous operation. As illustrated in Figure 2.4, 

photocatalytic membrane reactors can be generalized as exhibiting (1) irradiation of the 

membrane module with an immobilized photocatalyst, and (2) irradiation of a feed tank 

containing a photocatalyst in suspension [83]. 

 

Figure 2.4: Configuration of photocatalytic membrane reactors: (A) slurry-type photocatalytic 

membrane reactors (photoreactors with a photocatalyst in a liquid suspension) and (B) 

immobilized photocatalytic membrane reactors (photoreactors with the photocatalyst 

immobilized in/on the membrane) [83]. 
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2.7.1 Immobilization Procedure of TiO2 Based Photocatalyst 

Different methods such as heat treatment, spin-coating; dip coating, electrophoretic coating, and 

spray coating have been developed for immobilization of TiO2 on surface. Among those, the heat 

treatment is the most common and widely used technique for immobilization. The 

immobilization is followed by high-temperature treatment for a better bond to the supporting 

materials. Dip coating is the easiest of all the coating methods and produces non-uniform films 

that require several dipping cycles [84]. The immobilized film is produced by dip-coating is not 

mechanically robust and can easily be wiped off or damaged during the photocatalytic 

experiment. On the contrary, the other coating produced by different methods is relatively stable 

but could be difficult to produce at larger scales [85]. It is essential to choose a preparation and 

immobilization technique that is compatible with the support in the reactor during the 

experiment. 

 

2.8 Photocatalytic Degradation of Dye 

A dye is a colored substance that has an affinity to the substrate to which it is being applied. The 

dye is generally applied in an aqueous solution, and requires a mordant to improve the fastness 

of the dye on the fiber [86]. Various classes and types of dyes are listed; acid dyes, natural dyes, 

basic (cationic) dyes, synthetic dyes, direct (substantive) dyes, disperse dyes, sulfur dyes and 

pigment dyes. Synthetic dyes are ingredients often derived from carcinogenic petrochemical 

derivatives and are used as colouring agents for many different products on the market. Common 

types of synthetic dyes are known as “azo dyes”. The natural textile dyes are mainly from 

vegetable and animal resources. The synthetic dyes are normally aromatic compounds produced 

by process of chemical synthesis [87].  

 

2.8.1 Azo Dyes 

Azo dyes are the major colourants used in the textile industry, allowing for a large spectrum of 

colours and increased colour fastness. They are a large group of synthetic organic dyes that 

contain nitrogen as the azo group (-N=N-) [89, 90]. The azo group is often bound to an aromatic 

ring, and the dye can then be broken down to an aromatic amine and arylamine. This can take 

place either chemically, through 'reductive cleavage', or through the body's own enzyme system. 

Some azo dyes can also be broken down to arylamines during storage due to light and high 
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temperature. The majority of azo dyes are water-soluble and are therefore easy for the body to 

absorb, and this takes place through inhalation and swallowing of dust as well as through skin 

contact. Azo dyes may also be toxic to aquatic organisms and cause long-term adverse effects in 

the aquatic environment [91, 92].  

 

2.8.2 Methyl Orange 

Methyl orange (MO) is a widely used azo dye and anionic in nature. The chemical formula of 

MO is C14H14N3NaO3S. There is a presence of –N=N– as shown in the molecular structural 

arrangement represented in Figure 2.5. 

 
Figure 2.5: Chemical structure of MO [91]. 

Methyl orange is a pH indicator frequently used in titrations because of its clear and distinct 

colour change. Recently, MO degradation using photocatalyst has received massive interest from 

environmental scientists. The quest is to find the best photocatalytic reaction mechanism to 

enhance the photocatalytic degradation of MO [91, 92]. 

 

2.9 Selection of Radiation Sources 

In photocatalysis, light must be absorbed on the molecules. It has been exhibited the practice of 

different light sources for carrying out dissimilar photodegradation studies and many 

investigations emphasis on the use UV light [93]. Various types of radiation sources are applied 

for photocatalysis in textile wastewater treatment that are described below.  

 

2.9.1 The Mercury Lamps 

Mercury lamps have widely used for suitability and when the photodegradation of the 

compounds is low [94]. Its own adequate energy to produce electron hole (eˉ - h+) pairs within 

the catalyst, which activate the formation of radicals and result in the oxidative degradation of 

the contaminants. The UV photoreactor λ region is higher than the X-ray λ region which is ≤ 100 



[22] 
 

nm, but is shorter than the visible λ region which is > 400 nm of the electromagnetic radiation 

[93]. 

 

2.9.2 Resonance Lamps 

Cadmium (Cd)-vapour resonance lamp has been used for the photosensitized luminescence of 

many substances. This source emits radiation mainly at 326.1 and 228.8 nm. Sodium (Na) vapor 

resonance lamps are available commercially, and lamps using the other alkali metals can be 

either purchased or constructed easily. They usually offer little interest in photochemical use 

since the electronic transition involved is of such small energy [95]. 

 

2.9.3 Discharge Lamps 

A windowless source from a low-pressure discharge in hydrogen is very rich in the 800-200 nm 

region. High-intensity noble-gas discharges have been described using low pressures of Krypton 

(116.5, 123.6 nm). Hot-cathode low pressure discharges using hydrogen, helium, argon, or 

nitrogen provide radiation in the 50-165 nm region [96]. 

 

2.9.4 The Vacuum Ultraviolet Region 

In gas phase photochemistry, the vacuum ultraviolet region is the most important because highly 

energetic processes can occur in this process that evolving photoionization and higher excited 

states. The light source used in this process as synchrotron radiation. The radiation is also 

produced in bursts, with pulse lengths as short as 100 ps so that time-resolved experiments are 

possible. 

 

2.10 Factors Affecting Photocatalytic Activity 

The photocatalytic performance of the catalyst is influenced by several factors; extrinsic and 

intrinsic. Extrinsic factors are those that are not part of the reaction but are an external influence 

towards the reaction by either improving or decreasing the end result. The extrinsic parameters 

are temperature, light intensity, pH, reaction time, catalyst loading and initial concentration of 

pollutant. Similarly, intrinsic factors are those that are not part of the reaction but are an internal 

influence on the reaction by either improving or decreasing the end result. The intrinsic factors 
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include crystal structure, crystallinity and the morphology particle size, surface hydroxyls, and 

surface area [97, 98].  

 

2.10.1 Effect of Initial Dye Concentration  

The most critical factor governing photodegradation of organic pollutants is the formation of .OH 

on the catalyst’s surface and their interaction with the dye. High initial concentration of dyes 

shows low degradation efficiency and hence dilutions are necessary [99]. In highly concentrated 

effluents an increased number of dye molecules are adsorbed on the catalyst surface, covering 

most active sites. Additionally, concentrated dye solution decreases the path length of photon 

entering the solution [100]. The light is absorbed by the pollutant, shielding it from reaching the 

catalyst and reducing the formation of hydroxyl radicals leading to decreased photocatalytic 

activity [101]. The concentration of dye molecules is affected by the available catalyst active 

sites and thus the concentration of dye should increase with increasing catalyst loading for the 

optimal results. 

 

2.10.2 Effect of Catalyst Loading 

Catalyst loading plays a major role in photocatalytic degradation as it is the absorbent of the dye 

molecules. The increase in catalyst loading increases the surface area, thus increasing active sites 

and formation of .OH responsible for the degradation [101]. However, when catalyst loading 

exceeds the optimal value it becomes detrimental to the photodegradation reaction. The catalyst 

particles tend to aggregate, decreasing the surface area, and increasing light scattering causing 

difficulty in light penetration through the solution [102]. Increased catalyst concentration 

decreases photo absorption which sequentially reduces the dye adsorption onto the catalyst 

surface and thus reducing the reaction rates [103]. 

 

2.10.3 Effect of Temperature 

Reaction temperature is an important process parameter. Usually, the photocatalytic systems are 

operated at room temperature. In the range of 20–80˚C, a weak dependence of the degradation 

rates on temperature has been observed [107]. Temperature alters the crystal structure of the 

photocatalyst, therefore, the surface defects are changed, which decreases the reaction of the 

recombination of electron/hole pairs, eventually improving photocatalytic activity [108]. 
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However, heating above 80˚C requires cooling as this may reduce the rate of reaction leading to 

the decrease in the adsorption of pollutant on the catalyst surface [107].  

 

2.10.4 Effect of Irradiation Time 

The photocatalytic reaction has a proportional relationship with irradiation time. But after 

sometimes it shows an inverse relationship with irradiation time due to evaporation. Thus, the 

reaction rate of dye is increased until evaporation starts. With the increase of evaporation of 

water, the degradation rate of original dye compounds decreases as the concentration of dye 

increased with irradiation time. As the time increase, more and more intermediate products such 

as small chain aliphatic compounds are produced and these aliphatic compounds react with .OH 

that causes the slow kinetics of dye degradation after the certain reaction time [109].  

 

2.10.5 Effect of Light Source 

The light source used for the degradation of the organic pollutants is essential as it determines 

performance of the catalyst used. The threshold wavelength corresponds to the bandgap energy 

for the semiconductor catalyst; e.g. for the TiO2 catalyst having a bandgap energy of 3.02 eV, 

thus the ideal wavelength is at 400 nm [99] i.e. UV light region. Sunlight and visible light have 

also been used as an effective light source as reported by [103]. The degradation of 

sulforhodamine-B in aqueous TiO2 dispersions was investigated under three lighting regimes: 

UV light, visible and sunlight. The results revealed that UV and sunlight showed better 

degradation efficiency compared to visible light [110]. 

 

2.10.6 Effect of pH 

The pH of the dye solution also has an important effect on the photocatalytic performance and 

the stability of the catalyst during the degradation process. pH effect is typically dependent on 

the point charge of the semiconductor used in the degradation reaction (electrostatic interaction 

of the catalyst with the pollutant) and on the type of pollutant used in the study [99]. Titanium 

dioxide has an amphoteric character with a zero-point charge pH of 6.25; its surface is positively 

charged under acidic conditions and negatively charged under alkaline conditions [111]. The 

maximum oxidizing capacity of the titania is at lower pH, however, the reaction rate may 

decrease at low pH due to excess H+. The adsorption of the pollutant and photocatalytic 
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performance is enhanced near the zPc of the catalyst [112]. The effect of pH is not only 

dependent on surface charge, but also on the generation of .OH. It was studied the degradation of 

benzamide (BA) and para-hydroxybenzoic acid (4-HBZ) using TiO2 in a pH range of 3–11 and 

chloride anions (range 0–0.8 mol /l) [113]. The degradation rate of 4-HBZ increased with 

decreasing pH, but BA was affected by the chloride anions concentration. This phenomenon is 

dependent on the nature of the pollutant being investigated [47]. 

 

2.10.7 Effect of Oxidant 

There are various oxidants including H2O2, BrO3
- and S2O8

2- are added to TiO2 catalyst that has a 

great influence on the degradation of organic compounds such as (i) to increase the .OH 

concentration, (ii) to prevent the hole-electron recombination, and (iii) to generate other 

oxidizing elements (O2°-, °SO4
-) to enhance the degradation of intermediate compounds. In 

photocatalytic reaction, the intermediate oxidants perform dual functions such as strong oxidants 

and electron scavengers. These intermediate products can inhibit the hole-electron recombination 

of the TiO2 surface according to the following equations [92]. 

                                              (2.14) 

                                                                      (2.15) 

                                                       (2.16) 

The addition of peroxide acts as an oxygen supplier that increases the reaction rate. The effect of 

H2O2 on the degradation of textile wastewater is significant. The oxidation rates have been 

increased with the addition of H2O2 since more hydroxyl radicals could be generated by 

removing surface trapped electrons [114]. However, the oxidative conversion of photocatalytic 

efficiency would be uniformly increased by the addition of H2O2. As a result, .OH are produced 

from the oxidation of hydroxide ions are given in the reactions.  

 

2.10.8 Effect of Particle Size and Surface Area 

Surface area has a great impact of dye degradation. Nanotechnology has been developed to 

improve the surface area for enhanced photodegradation performance. It has been proven that the 

smaller the particle size, the more the surface area observed and thus more .OH are available to 

surface for degrading organic pollutants [115, 116].  
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2.10.9 Effect of Surface Morphology 

Surface morphology has a great impact on catalyst performance. Crystalline morphology has 

been reported to have enhanced photodegradation performance compared to amorphous 

morphologies. Heat treatment has been used to transform amorphous titania to crystalline titania 

[117].  

 

2.11 Characterization Techniques of Photocatalyst Materials 

According to the literature, several analytical techniques are used for the characterization of TiO2 

based photocatalysts. These analytical techniques are used to understand the surface morphology 

and other physical-chemical properties of nanoparticles. Some of the universally reliable and 

splendid analytical techniques are listed below: 

1. X-Ray Diffraction (XRD) 

2. Scanning Electron Microscopy (SEM) 

3. Energy Dispersive X-ray Spectroscopy (EDX) 

4. Fourier Transform Infrared Spectroscopy (FT-IR) 

5. Ultraviolet-Visible (UV-Vis) Absorption Spectroscopy 

6. BET Surface Area Analysis 

 

2.11.1 X-Ray Diffraction (XRD) 

X-Ray Diffraction (XRD) is a laboratory-based technique commonly used for identification of 

crystalline materials and analysis of unit cell dimensions. One of two primary types of XRD 

analysis (X-ray powder diffraction and single-crystal XRD) is commonly applied to samples to 

obtain specific information about the crystalline material under investigation.  

In XRD, the X-rays are generated by a cathode ray tube, filtered to produce monochromatic 

radiation, collimated to concentrate, and directed toward the sample. The interaction of the 

incident rays with the sample produces constructive interference (and a diffracted ray) when 

conditions satisfy Bragg's Law. This law relates the wavelength of electromagnetic radiation to 

the diffraction angle and the lattice spacing in a crystalline sample [118]. These diffracted X-rays 

are then detected, processed, and counted. By scanning the sample through a range of 2θ angles, 

all possible diffraction directions of the lattice are attained due to the random orientation of the 

powdered material. Conversion of the diffraction peaks to d-spacing allows identification of the 
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mineral because each mineral has a set of unique d-spacing. Typically, this is achieved by 

comparison of d-spacing with standard reference patterns. The value of d-spacing is obtained 

from Bragg’s law- 

                                                                        (2.17) 

Where d is an interlayer spacing, θ is the X-ray angle of incidence (and of diffraction) measured 

concerning the crystalline planes, n is an integer value and  is the wavelength of the incident 

beam. Crystallite size of crystals are calculated from Scherrer formula-  

                                                                            (2.18) 

Where D is the crystallite size, k is a dimensionless shape factor (typical value 0.9), l is the X-ray 

wavelength, β is the line broadening at halfway of the maximum intensity (FWHM) and θ is the 

Bragg angle (in degrees). Sample preparation is one of the most important steps in a successful 

XRD analysis [119]. 

 

2.11.2 Scanning Electron Microscopy (SEM) 

Since the invention of Scanning Electron Microscopy (SEM), it has become an indispensable 

tool in research and has significantly contributed towards biology, medicine, environment, and 

material sciences research [120]. SEM analysis is employed to determine the size, shape and 

morphologies of particles. The working principle of SEM is similar to an optical microscope, but 

it measures the electrons scattered from the sample rather than photon. Magnification of images 

up to 200000 times can be performed using SEM. It can measure the particle size and shape of 

any conductive or sputter coated sample and the sensitivity is down to 1 nm [121]. There are 

various advantages of SEM including its wide array of applications, the detailed two-

dimensional and topographical imaging, and the versatile information garnered from different 

detectors. SEMs are also easy to operate with the proper training and advances in computer 

technology and associated software have made the operation user-friendly.  
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2.11.3 Energy Dispersive X-ray Spectroscopy (EDX) 

Energy-dispersive X-ray (EDX) spectroscopy is used to characterize the sample chemically 

[122]. It relies on the investigation of a sample through interactions between electromagnetic 

radiation and matter, analyzing X-rays emitted by the matter in response to being hit with 

charged particles. A high-energy beam of charged particles such as electrons or protons, or a 

beam of X-rays, is focused on the sample being studied. At rest, an atom within the sample 

contains ground state (or unexcited) electrons in discrete energy levels or electron shells bound 

to the nucleus. The incident beam may excite an electron in an inner shell, ejecting it from the 

shell while creating an electron hole where the electron was. An electron from an outer, higher-

energy shell then fills the hole, and the difference in energy between the higher-energy shell and 

the lower energy shell may be released in the form of an X-ray. The number and energy of the X-

rays emitted from a specimen can be measured by an energy-dispersive spectrometer. As the 

energy of the X-rays is characteristic of the difference in energy between the two shells, and of 

the atomic structure of the element from which they were emitted, this allows the elemental 

composition of the specimen to be measured [120]. 

 

2.11.4 Fourier Transform Infrared Spectroscopy (FT-IR) 

Fourier Transform Infrared Spectroscopy (FTIR) is an analytical technique used to identify the 

functional groups on the surface. The FTIR analysis method uses infrared light to scan test 

samples and observe chemical properties. The principle of FTIR is related to the vibrations of the 

atoms in a molecule. The infrared zone of the electromagnetic radiation is utilized to determining 

what fraction of the incident radiation is transmitted or absorbed at a particular energy [123]. 

Each peak in the absorption spectrum corresponds to the vibration of a molecule part. FT-IR 

involves the energy region of EMR corresponding to the wavenumber of 14000 ~ 4 cm-1. It can 

be divided into near-infrared region (14000 ~ 4000 cm-1), mid-infrared region (4000 ~ 400 cm-1) 

and far-infrared region (400 ~ 4 cm-1). The commonly used region for FTIR is (4000 ~ 400 cm-1) 

because the absorption radiation of most functional groups and bonds in organic and inorganic 

materials is within this region. FTIR spectroscopy is an established technique for quality control 

when evaluating industrially manufactured material, and can often serve as the first step in the 

material analysis process. A change in the characteristic pattern of absorption bands clearly 

indicates a change in the composition of the material or the presence of contamination [124]. 
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2.11.5 Ultraviolet-Visible (UV-Vis) Absorption Spectroscopy 

UV-Vis refers to absorption spectroscopy or reflectance spectroscopy in the ultraviolet-visible 

spectral region. This means it uses light in the visible and adjacent (near-UV and near-infrared 

(NIR)) ranges. The absorption or reflectance in the visible range directly affects the perceived 

color of the chemicals involved. In this region of the electromagnetic spectrum, molecules 

undergo electronic transitions. This technique is complementary to fluorescence spectroscopy, in 

that fluorescence deals with transitions from the excited state to the ground state, while 

absorption measures transitions from the ground state to the excited state [125]. The transitions 

or interaction of light is illustrated in various different forms. 

For solid like semiconductors, the reflectance against wavelength curve is easily being observed. 

The values of reflectance are used to calculate the absorbance. The absorbance curve is utilized 

to observe the absorbance edge shift. In addition, Tauc plot is a commonly applied to determine 

bandgap with respect to reflectance. For liquids, the light absorbance depends on constituted 

chemical compounds in liquid. This absorbance property is used to identify particular 

compounds within liquid mixture. Simultaneously, Beer’s law can be applied to calculate the 

concentration of that particular compound [126]. The Beer’s law is represented by equation 

(2.19) which states absorbance quantity (A) of a solution is directly proportional to concentration 

of absorbing species (c). Taking into consideration that path length (b) and constant of 

proportionality ( ) are kept constant. 

                                                                             (2.19) 

 

2.11.6 Nitrogen Physisorption Measurement (BET analysis) 

The physisorption technique is one of the most common methods used to measures surface area, 

pore-volume, pore size, and its statistical distribution. The technique uses an inter gas as 

adsorbate, especially nitrogen. The process of adsorption and desorption is carried out with 

different amounts of nitrogen. The corresponding readings in terms of pressure or thermal 

conductivity are measured. The recorded measurements are used in gas adsorption equation 

models to estimate microstructure characteristics like porosity. According to literature, the 

Brunauer–Emmett–Teller (BET) multi-point model is one of the finest available techniques 

[127]. 
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CHAPTER 3 

MATERIALS AND METHODOLOGY 

 
This chapter represents the research methodology that has been adopted. Firstly, preparation 

techniques of TiO2 based phtocatalysts are presented. Secondly, all characterization techniques 

used in this research are discussed. The chapter also includes the immobilization procedure, and 

photocatalytic experimental schematic with detailed experimental procedures. 

 

3.1 Materials 

3.1.1 Chemicals 

The major reagents and chemicals used for experiments in the laboratory include the precursor 

titanium (IV) isopropoxide (C12H28O4Ti) (Sigma-Aldrich, 97%), silver nitrate (AgNO3) (Sigma-

Aldrich, 99%), absolute ethanol (C2H5OH) (Tradia, USA), methyl orange (Sigma-Aldrich, dye 

content 85%), molybdenum tetra-hydrate ((NH4)6Mo7O24·4H2O) (Sigma-Aldrich, 99%), nitric 

acid (HNO3) (Merck, 69% extra pure), hydrochloric acid (HCl) (Sigma-Aldrich, 37%), acetone 

(C3H6O) (Mark, India, 97%), sodium hydroxide (NaOH) (Merck, Germany), hydrofluoric acid 

(HF, 48% extra pure) (Sigma-Aldrich), and hydrogen peroxide (H2O2) (Sigma-Aldrich, 30%), 

and distilled water. 

 

3.1.2 Equipment and Analytical Instruments 

The major equipments used for analysis in the laboratory include the UV-Visible 

spectrophotometer (UV-Vis) (DR-6000, DR-4000, UV-2600, Shimadzu, Japan), Fourier 

transport infrared spectroscopy (FT-IR) (FT-IR-470, Shimadzu, Japan), Scanning electron 

microscope (SEM) (JSM-6700F, JEOL, Japan), X-ray diffraction (XRD) (PANalytical 

Empyrean Series 2 X-ray Diffraction), Brunauer–Emmett–Teller isotherm (BET), Digital 

balance (Precisa, Switzerland), Drier (Germany), Muffle furnace (Navertherm, England), and 

Magnetic stirrer (China).       
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3.2 Experimental Methods 

The experimental design and procedures were determined by taking research objectives into 

consideration. The major parts of this particular research were divided into six categories.  

i. Synthesis of TiO2 based nanocomposites using sol-gel method 

ii. Characterization of TiO2 based photocatalysts 

iii. Immobilization of TiO2 photocatalysts on borosilicate glass 

iv. Experimental set-up of photocatalysis 

v.  Photocatalytic degradation of methyl orange 

vi. Optimization of reactor performance 

 

3.3 Synthesis of Photocatalysts using Sol-gel and Heat Treatment Method 

All chemicals that were used to perform the experiments were analytical grade. The laboratory 

apparatus was washed using distilled water, acetone, and hydrochloric acid followed by drying in 

a micro-oven at 70°C for 30 min. In the typical sol-gel synthesis process, at first, the solvents 

absolute ethanol and distilled water were mixed in a molar ratio of 6:3 with vigorous stirring at 

800 rpm for 10 min. In the following steps, 7.0 ml precursor solution of titanium 

(IV) isopropoxide (TTIP) was added dropwise to the solvent and stirred vigorously at above rpm 

for 3 hours at room temperature to enrich the stability and homogeneity of the gel at an adjusted 

pH 3 using HNO3 (0.1 M) and NaOH (0.1 M) [3,30,128]. The higher quantity of solvent 

mixture was used to suppress the fast condensation, which enhance the nucleophile attack 

of TTIP species to yield TiO2 nanocrystals [129]. The resulting gel was allowed to be aged at 

room temperature for 24 h. Then the obtained gel was dried in a micro-oven (controlled 

environment) at 90 °C, 100°C, and 110 °C for 2 h at each condition to evaporate water and other 

organic materials to the maximum extent [130]. Thus, the dried TiO2 clustered solid was 

calcined at 400 ºC and 500 °C (heating rate was 6.66 °C/min to raise temp 400 °C and then at 

3.33 °C/min to raise temp 500 °C) for 2 h. The heated sample was cooled naturally to room 

temperature for 24 h. Finally, the obtained calcined sample was marked as pure 

TiO2 nanoparticles. 

A similar procedure was applied to prepare Ag/TiO2, MoO3/TiO2, and Ag/MoO3/TiO2 

nanocomposites. The only exception was the addition of silver nitrate and ammonium 

molybdenum into the solution. In the preparation of Ag/TiO2 nanocomposite, a solution of silver 
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nitrate (AgNO3) was prepared by using deionized water. AgNO3 solution was prepared after the 

addition of 0.134 g of AgNO3 in 20 ml of deionized water. The AgNO3 solution was added 

dropwise to titanium precursor solution under vigorous stirring to maintain silver (Ag) in the 

final product at 1 wt% [131, 132]. The rest of all synthesis procedures were exactly similar to the 

synthesis of TiO2 nanoparticles. The obtained final product was marked as Ag/TiO2 

nanocomposite.  

For MoO3/TiO3 nanocomposite preparation, about 0.52 g of ammonium molybdenum mixed 

with 20 ml deionized water and stirred for 10 min. Similarly, this solution was added dropwise to 

the titanium precursor solution under vigorous stirring. This was done to maintain at 3 wt% of 

molybdenum (MoO3) in the final product [133], and the rest of all synthesis procedures were 

exactly similar to the synthesis of TiO2 nanoparticles. The obtained final product was marked as 

MoO3/TiO2 nanocomposite.  

In the case of silver and molybdenum doping, at first, AgNO3 and MoO3 solutions were prepared 

separately and stirred for 10 minutes. All the other preparation steps were similar to the Ag/TiO2 

and MoO3/TiO2 preparation techniques. The concluding product was marked as Ag/MoO3/TiO2 

nanocomposite.  

 

3.4 Characterization Techniques of TiO2 Based Nanocomposites Photocatalysts 

3.4.1 X-Ray Diffraction (XRD) 

X-ray Diffraction (XRD) was conducted on a PANalytical Empyrean Series 2 X-ray diffraction 

system at a wavelength ( ) (Cu Kα wavelength), at 40 mA, and at 40 keV. XRD 

diffractograms were acquired at 25 ˚C over a 2θ range of 20–75˚ with a step size of 0.020˚ and a 

step time of 1 s. The corresponding results of all samples were observed from computer at 2θ in 

terms of intensity. The average crystalline size of photocatalysts was calculated according to the 

Debye-Scherrer formula [30] that is represented in Eq. (3.1), where ,  and  are Bragg angle, 

shape factor, and wavelength, respectively. The lattice parameters were measured and described 

using tetragonal system equation as given in Eq. (3.2), where, hkl are the miller index, d is the 

lattice spacing, and a, c are the lattice parameter. The mass fraction of anatase and rutile phase 

was calculated that is stated as Eq. (3.3), where,  is the mass fraction of rutile phase, and  

and  are the areas of rutile and anatase diffraction, respectively. 
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 D =                                                                                 (3.1) 

                                                                                        (3.2) 

                                                                                      (3.3) 

 

3.4.2 Scanning Electron Microscope (SEM) 

Scanning Electron Microscopy (SEM) (JSM-6700F, JEOL, Japan) images were taken to 

visualize the surface morphology, shape, and size of the photocatalysts. For SEM analysis, the 

samples were dried and de-moisturized. A minute amount of de-moisturized samples was taken 

on a both-side conductive carbon-based tape. The sample containing carbon tape was placed in 

the sample holder. In this particular analytical technique, images of different positions were 

taken at the micro and nano level. The different magnification (30,000-50,000x), working 

voltage (5.0 kV), and working distance (8 mm) respectively were visualized at the micro and 

nano level. For each and every sample, corresponding images were generated at the same 

condition for consistency. 

 

3.4.3 Fourier Transform Infrared Spectroscopy (FTIR) 

Fourier Transform Infrared Spectroscopy (FTIR) was used to analyze the functional group of 

different TiO2 based nanocomposites (IRPrestige-21@Shimadzu at Centre for Advanced 

Research in Science in University of Dhaka) within a range of 4000-400 cm-1. The spectra of the 

solid samples were frequently obtained by mixing and grinding a small amount of materials with 

dry and pure KBr crystals.The discs were prepared by first mixing 1 mg of dried sample with 

500 mg of KBr (Merck, for spectroscopy) in an agate mortar and then pressing the resulting 

mixture at 10 tonnes cm-2 for 15 min under vacuum.  

 

3.4.4 UV-Vis Diffuse Reflectance Spectrophometer (UV-Vis/DRS) 

The UV-Vis spectral analysis of the photocatalysts was performed in slurry form. water was used 

as solvent to make separate suspentions of the photocatlysts.  A double beam spectrophotometer 

(Spectrophotometer, UV-Vis-2600) was used to perform the experiments  at pH 6 in the visible 

region (200-800 nm [134]. A 1 mg sample of TiO2 nanocomposite was dissolved in a 10 ml 

distilled water. The UV-Visible spectrum of TiO2 was obtained for 10 μM solutions in the range 



[34] 
 

of 200 nm to 800 nm. All the other samples were analyzed using an analogous way without any 

notable change. 

The graphical pattern of the absorbance against wavelength plot was used to estimate absorbance 

edge shift. As calculation of bandgap energy of composite materials is very significant. The 

bandgap energy (Eg) of all samples was determined by employing the Kubelka-Munk formulae 

and Tauc’s plot, which are stated in Eq. (3.4-3.5), where  is the absorption coefficient (cm-1), 

 (eV) is the energy of excitation (photon energy), K is a featuring constant, R is the diffuse 

reflectance, and Eg is the bandgap energy. The value of n was considered 2 as a representation of 

direct transition [30]. The calculation of the Eg can be performed by plotting 

( versus ) and extrapolating the absorption edge to zero [30]. 

                                                                                      (3.4) 

                                                          (3.5) 

 

3.4.5 Brunauer–Emmett–Teller Isotherm (BET) 

Brunauer–Emmett–Teller (BET) analysis was performed to determine the specific surface area 

(m2/g) and total pore volume (cm3/g) of catalyst. The BET analysis was conducted at the boiling 

temperature of N2 (77 K). All the samples were dried at 250 °C for 30 min. The moisture-free 

samples were analyzed sequentially by nitrogen adsorption and desorption methods. Different 

compositions of nitrogen (15%, 30%, 50%, and 95%) were used to perform the experiment. The 

respective parameters of thermal conductivity were calculated using 48 Pulse Chemi Sorb 2705 

(Micromeritics) [135]. The BET model is represented by the Eq. (3.6).  

                                                              (3.6) 

 

3.5 Design and Construction of TiO2 Immobilized Reactors 

3.5.1 Immobilization of TiO2 Based Nanocomposites on BG 

The borosilicate glass (BG) was used as supporting material where TiO2 based nanocomposites 

were immobilized. This supporting material was purchased from the local market. At the very 

beginning, the TiO2 based nanocomposites were immobilized on BG using heat treatment 
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method. Before immobilization, the BG supporting material was cleaned with distilled water 

followed by cleaning using HF solution (1 M) overnight. After that the BG was washed with 

NaOH solution (0.1 M) for 2 h for ensuring a good fixation of TiO2 photocatalyst on the BG 

plates [136]. 0.120 g TiO2 photocatalyst was added in absolute ethanol solvent and the 

suspension was stirred by using a glass rod for 10 min to improve the dispersion of TiO2. 

photocatalyst in the solvent [137]. The suspension was poured on a BG plate and then placed in 

room temperature for 1 hour. After that, it was placed in an oven at 110 °C for 1 hr. After drying, 

the BG plate was calcinated at 500 °C for 120 min and washed with distilled water for the 

removal of weakly attached TiO2 [138]. This thermal treatment ensured the removal of the 

organic (ethanol) load and facilitated inter connection (sintering) between TiO2. Similar 

procedures were applied for the immobilization of Ag/TiO2, MoO3/TiO2, and Ag/MoO3/TiO2 

nanocomposites on the BG plate.  

 

3.6 Experimental Set-up 

The experimental photocatalytic reactor system was designed with respect to certain criteria 

stated below: 

a. UV radiation penetration 

b. Pure surface 

c. Suitable sampling and parameters reading credentials 

d. Catalyst in immobilized form 

The UV-Ag/MoO3/TiO2 nanocomposites immobilized experiments were carried out using batch 

reactors containing Ag/MoO3/TiO2-immobilized surface. Four types of BG supporting material 

was used to immobilize-Ag/MoO3/TiO2. Experiments and analysis were performed according to 

developed methods based on the dye degradation by changing initial dye concentration, pH, and 

with or without the addition of oxidant hydrogen peroxide. The experimental set-up of MO 

degradation by using Ag/MoO3/TiO2-immobilized supported material is shown in Figures 3.1. 
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Figure 3.1: The schematic diagram of photocatalytic reactor system. 

 

3.7 Photocatalytic Degradation of MO Dye under UV Radiation 

The photocatalytic degradation of MO dye has been divided into five major parts stated below: 

1. Preparation of desired MO solution 

2. Preparation of calibration curve 

3. Photocatalytic reactions and sample analysis 

4. Optimization of reactor performance 

5. Reaction kinetics  

 

3.7.1 Preparation of Desired Methyl Orange Solution 

At first, approximately 0.1 g of the powder MO was added to 1 L of deionized water to prepare 

100 ppm MO solution. The solution was stirred for 20 min. The homogeneous solution (10 ppm, 

30 ppm, and 50 ppm) was used for the experiments. Before using the dye solution for 

experiments, it was stirred for 10 min.  
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3.7.2 Calibration Curve 

The molar absorption coefficient of the MO solutions was determined from a plot of absorbance 

against concentration (calibration curve) using Beer-Lambert law. For calibration curve, 5, 10, 

15, 20, and 30 ppm MO solutions were prepared. Each and every sample including a blank was 

placed in SHIMADZU UV-2600 UV-VIS Spectrophotometer. The corresponding absorbance 

peak value was recorded at a wavelength of 464 nm. The recorded absorbance peak values 

against MO concentrations were plotted to generate calibration curve is shown in Figure 3.2. 

 
Figure 3.2: Calibration curve of MO for dye degradation 

 

3.7.3 Photocatalytic Reactor Activity and Batch Adsorption 

The photocatalytic activities of TiO2 photocatalyst and Ag/TiO2, MoO3/TiO2, and 

Ag/MoO3/TiO2 nanocomposites were estimated by determining the degradation of MO dye in 

immobilized reactor under 5 h of UV light radiation. In our experiments, the self-designed 

immobilized batch reactor consists of 250 mL beaker (cylindrical Pyrex cell) and photocatalysts 

which may contain TiO2, Ag/TiO2, MoO3/TiO2, and Ag/MoO3/TiO2, respectively. In a typical 

experimental procedure, 4 sets of such immobilized reactors were employed together to 

investigate a comparative performance of those 4 reactors. Initially, a 125 mL of MO dye 

solution at a fixed concentration (e.g. 10 ppm) and a fixed pH (e.g. 6.8) was placed into each of 4 

sets of reactors. The photocatalyst dosses of each 4 set reactors was 0.120 g. Then the 

immobilized reactors were placed inside of a self-design wooden box covered with an aluminum 
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foil containing 100 W UV (5 20 W UV lamps) tube lamps (parallel arrangement). The 

experiment was carried out under UV radiation (365 nm wavelength) on a magnetic stirrer for 5 

h at a dark condition. The aluminum foil cover was used to ensure the maximum light to fall on 

the reaction vessel by reflection. The mixture was stirred vigorously using a magnetic stirrer 

(China 78-Magnetic Stirrer) throughout the study to ensure uniform mixing. The batch studies 

were carried out from 11.00 am to 4.00 pm. At the end of 30 min time intervals, 5 mL samples 

were withdrawn and filtered. The supernatant was collected in a plastic bottle fitted with cap and 

was kept under cover to avoid any photo degradation. The various exposure times carried out 

were 0, 30, 60, 90, 120, 150, 180, 210, 240, 270, and 300 min. Finally, the filtered dye solutions 

were measured by using UV-Vis spectrophotometer (UV-Vis-2600 Spectrophotometer). 

The molar absorption coefficient (calibration curve) of MO dye concentration was determined 

and the corresponding absorbance against with peak values of each curve were utilized. The 

maximum absorption wavelength of MO dye was found at 464 nm at pH 7.0. The photocatalytic 

degradation of dye was evaluated for each reactor to investigate the performance of TiO2, 

Ag/TiO2, MoO3/TiO2, and Ag/MoO3/TiO2 nanocomposites. The impact of initial dye 

concentration, pH, the addition of hydrogen peroxide was evaluated from the experiment. The 

pH was regulated by adding incremental amounts of either dilute HNO3 or NaOH to the solution.  

 

3.7.4 Optimization of Reactor Performance 

The optimization of reactor performance was carried out by changing initial dye concentration, 

pH, and addition of H2O2. The optimization of these operating parameters are listed below: 

 

Study of the Effect of Dye Concentration 

The effect of dye concentration experiment was conducted for three different dye concentrations 

of 10 ppm, 30 ppm and 50 ppm at pH 3.0, 6.8, and 11.0. A 125 mL of MO solution was allowed 

to contact with fixed-dose (i.e., 0.120 g) of photocatalysts for a time interval of 5 h (11.00 am to 

4.00 pm). The different dye concentrations of the MO solution were prepared by the addition of 

distilled water.  
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Study of the Effect of Photocatalyst Dose 

To assess the impact of photocatalyst dose, the experiment was conducted at four different doses 

of 80 mg, 100 mg,  120 mg, and 140 mg, which were added in 125 mL 10 ppm of MO solution 

and were allowed to perform the experiment for a time interval of 5 h (11.00 am to 4.00 pm). 

 

Study of the Effect of pH 

The effect of pH was unraveled by conducting experiments at acidic pH 3, a basic pH 11 and at 

the neutral pH 6.8. In each case, 120 mg of the photocatalysts were added in a 125 mL of MO 

dye solution of 10, 30, and 50 ppm and allowed to perform the experiment for a time interval of 

5 h (11.00 am to 4.00 pm). The pH of the MO solution was adjusted by the addition of dilute 

HNO3 or NaOH solution. 

 

Study of the Effect of H2O2 

The effect of H2O2 was unraveled by adding 0.1 mL and 0.25 mL of H2O2 in a 125 mL of MO 

solution containing 10 ppm, 30 ppm and 50 ppm dye at acidic pH 3, a basic pH 11 and at the 

neutral pH of 6.8. In each case, 120 mg of the photocatalysts were added and allowed to perform 

the experiment for a time interval of 5 h (11.00 am to 4.00 pm).  

 

3.7.5 Reaction Kinetics and Mathematical Equations 

The dye degradation (%) was used as an indicator to evaluate and compare the photocatalytic 

performances of the Ag/MoO3/TiO2 immobilized BG reactor.  

The percentage (%) degradation was determined by using the following equation [139]:  

%  Degradation =                                                                   (3.7) 

Where C0 is initial concentration of dye solution, ppm, Ct is concentration of dye solution after 

irradiation, ppm. 

The kinetics of the degradation of MO dye by photocatalytic reaction were studied for zero-

order, first-order and second-order with respect to dye degradation with time [140]. The 

integrated form of expressions for kinetic models are presented by Eqs. (3.8-3.10)  
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 Zero-order kinetics:                                      

                                                                                        (3.8) 

 First-order kinetics: 

                                                                                         (3.9) 

            Second-order kinetics: 

                                                                                         (3.10) 

Where k0 (mgL-1. min-1), k1 (min-1) and k2 (Lmg-1. min-1), represent the apparent kinetic rate 

constants for zero, first and second-order reaction kinetics, respectively. Co and Ct are the initial 

dye concentration and dye concentration at time t (min), respectively [140]. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

 
In this Chapter, the results and discussion of the study have been presented systematically. The 

key parts of this Chapter include results and discussion on the characterization of photocatalysts 

and the photocatalytic degradation of MO dye in presence of UV-irradiation. The closing sub-

section contains optimization of photocatalytic activity of the modified TiO2 photocatalysts. 

 

4.1 Characterization of Photocatalysts 

The analytical techniques used in this particular research were XRD for crytalline structure, SEM 

for surface morphology and particle size, FT-IR for surface functional group, UV-Vis/DRS for 

optical activity and bandgap energy, and BET for surface area and pore volume. The analytical 

results obtained are discussed in this particular section with respect to performed analysis in the 

laboratory. 

 

4.1.1 X-ray Diffraction (XRD) of Photocatalyst 

XRD was performed to determine, phase composition, crystallinity, and average crystalline size. 

The spectra of all synthesized samples (TiO2 nanoparticles and MoO3/TiO2, Ag/TiO2, and 

Ag/MoO3/TiO2 nanocomposites) are shown in Figure 4.1. As shown in Figure 4.1a, the 2  peaks 

in XRD spectra were at  25.39°, 30.89°, 37.85°, 47.88°, 54.18°, 55.15°, 62.60°, 69.07°, 70.20°, 

and 75.06° corresponding to the diffractions from the crystal planes of {101}, {110}, {004}, 

{200}, {105}, {211}, {204}, {116}, {220} and {215} (JCPDS card no 21-32272), which 

indicates that the TiO2 nanoparticles (NPs) were dominated by the anatase crystal structure 

[30,141]. It was observed that no distinguished peaks were observed for MoO3/TiO2, Ag/TiO2, 

and Ag/MoO3/TiO2 nanocomposites as compared to TiO2. This reveals that there was no change 

of crystal lattice structure of TiO2 after modification using MoO3 and Ag dopant due to the 

addition of a lower amount of MoO3/Ag, the high crystalline structure of TiO2, very low 

diffraction intensity from MoO3 impurity, and uniform distribution of the Ag into the TiO2 

crystal structure [132, 133]. Only the key difference was observed in intensity level of the major 

anatase (101) plane peaks which depends on the rate of calcination temperature distribution. The 



[42] 
 

anatase phase was usually exhibited the best photocatalytic behavior, while the rutile phase was 

the most stable phase [142]. This was formed due to electron transport from the valence band to 

the conduction band in the anatase phase and thus, results in the increase of photocatalytic 

activity for dye degradation [143, 144].  

More than 80% of anatase phase (Table 4.1) was obtained in Ag/MoO3/TiO2 nanocomposite and 

it was reported that the mixture of a large portion of anatase with an adjacent lower portion of 

rutile phase exhibited higher photocatalytic activity [142]. According to the literature, the dopant 

acts as a crystal structure defect and may suppress the rate of temperature distribution during the 

heating period on the surface of nanocomposites [30]. Besides, peaks with higher intensity were 

observed in doped nanocomposites as compared to TiO2 nanoparticles indicating that the crystals 

were mostly amorphous [30]. The possible reason for amorphous nature is the presence of 

surface defects that are exhibited by dopants and surface oxygen vacancy [30,131,145]. For this 

particular case, the existence of MoO3 and Ag has hindered the phase transformation, which 

resulted in amorphous phase rather than crystalline structure. 

Table 4.1: Summary of theoretical physicochemical properties of TiO2 nanoparticles 

SI 

No. 

Samples Methods Anatase 

phase, 

% 

Rutile 

phase, 

% 

Crystalline 

Size (nm) 
 

(Å) 

Lattice 

Paramenter 

(Å) 

 a c 

1. TiO2 Sol-gel  70.44 29.55 11.52 3.52 3.786 9.518 

2. MoO3/TiO2 Sol-gel  74.18 25.81 7.76 3.53 3.797 9.504 

3. Ag/TiO2 Sol-gel 80.59 19.40 6.13 3.51 3.784 9.495 

4. Ag/MoO3/TiO2 Sol-gel 82.43 17.56 4.25 3.53 3.795 9.503 

 

The peak intensities from the XRD analysis were used to measure the theoretical 

physicochemical properties of all samples and Table 4.1 shows those calculated data. The 

average crystalline size of the TiO2, MoO3/TiO2, Ag/TiO2, and Ag/MoO3/TiO2 nanocomposites 

were found to be 11.52 nm, 7.76 nm, 6.13 nm, and 4.25 nm, respectively. The crystalline size 

was reduced due to the lattice distortion that was employed with interface tension along with the 

stress field. The smaller crystalline size was responsible for the increased surface area of 
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Ag/MoO3/TiO2 and can have higher photocatalytic activity for the degradation of dye under the 

incident visible light exposure [146-147]. 

 
Figure 4.1: XRD plot of photocatalysts (a) TiO2, (b) MoO3/TiO2, (c) Ag/TiO2, and (d) 

Ag/MoO3/TiO2 

Also, lattice parameters such as a, c, and dhkl were determined for all samples (Table 4.1) and 

small difference were observed in doped TiO2 with respect to TiO2. These differences of axial 

parameters were formed due to anisotropic size dependent variation during preparation period 

[148]. Furthermore, those axial parameter deviations are very small to influence the 

photocatalytic activity of corresponding photocatalysts. As photocatalytic character was 

predominantly dependent on the availability of active surface area rather than slight amendments 

in axial parameters of the photocatalyst [149]. However, the smaller crystalline size in 

Ag/MoO3/TiO2 nanocomoposite is an indication of increased surface area as we observed from 
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BET analysis and can have a higher photocatalytic activity to the degradation of dye under the 

incident visible light [146].  

 

4.1.2 Scanning Electron Microscope (SEM) of Photocatalyst 

SEM images, shown in Figure 4.2, demonstrate the shape and surface morphology of all the 

photocatalysts. A porous bulk structure along with quite uniform spherical morphology was 

observed for TiO2 (Figure 4.2a). A similar morphology was obtained by other researchers with a 

slightly smaller particles size [150]. The surface ruggedness and roughness were increased 

slightly [151, 152] from the incorporation of MoO3 in TiO2 as shown in Figure 4.2c. This change 

of surface was executed due to the aggregation of MoO3 and TiO2 spherical particles. Figure 4.2e 

shows dense bubble pattern surface of Ag incorporated TiO2, which has higher surface roughness 

due to aggregation of spherical Ag particles on TiO2. This dense bubble pattern on support 

crystal due to particle aggregation that is frequently observed in literature of doping synthesis 

[153]. 

As shown in Figure 4.2g, it is clear that the aggregation of tiny particles was increased due to the 

addition of Ag on existing TiO2/MoO3. Therefore, the doping of Ag metal does not give any 

changes in the topology of the catalyst surface [30,154]. Moreover, the modification of TiO2 

photocatalyst using MoO3 and Ag indicates an increased ruggedness, roughness and thus yielded 

a more porous surface area [155]. Based on the SEM image, the average diameters (Figure 4.2b, 

d, f, h) were found around 15-25 nm, 60-100 nm, 50-80 nm, and 12-18 nm for TiO2, MoO3/TiO2, 

Ag/TiO2, and Ag/MoO3/TiO2, respectively. 
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Figure 4.2: SEM image of nanocomposite photocatalysts (a) TiO2, (c) MoO3/TiO2, (e) Ag/TiO2, 

and (g) Ag/MoO3/TiO2; and particle size diameter of photocatalysts (b) TiO2, (d) MoO3/TiO2, (f) 

Ag/TiO2, and (h) Ag/MoO3/TiO2 
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4.1.3 Fourier Transform Infrared Spectroscopy (FT-IR) of Photocatalyst 

FTIR spectroscopy was performed to study the surface functional groups on the photocatalysts 

and the spectra are shown in Figure 4.3. The absorption bands observed between 500-800 cm-1 

(below 1000 cm-1) represent the stretching vibrations of Ti–O-Ti, Ti-O-C, and Ti–O bonds in the 

TiO2 lattice structure [8], which confirms the formation of titanium metal complex [156]. It has 

been reported that the presence of Ti-O-Ti bond enhances the photocatalytic performance of dye 

degradation [157]. 

 
Figure 4.3: FT-IR analysis of synthesized photocatalysts; (a) TiO2, (b) MoO3/TiO2, (c) Ag/TiO2, 

and (d) Ag/MoO3/TiO2 

The peak observed between 1620-1540 cm-1 corresponds to stretching vibrations of –C=C–

(alkenes) bond, indicating the presence of sp2 hybridized carbon along with bending vibration of 

O-H bond, which results in higher intensity and shows potential photocatalytic activity. The 

sharp peaks observed between 1370-1400 cm-1  show stretching vibrations of Ti=O bond due to 

the addition of HNO3 in material synthesis [158]. Similarly, the typical vibrations centered 



[47] 
 

absorption peaks around 3380-3450 cm-1 identify the broadband of O-H group that refers to 

alcohol (-OH) and carboxylic acid (-C=O-) groups and contributed to water molecules adsorption 

[159]. 

 

4.1.4 UV-Vis Diffise Reflectance Spectroscopy (UV-Vis/DRS) of Photocatalyst 

UV-Vis diffuse reflectance spectra (UV-Vis/DRS) of synthesized TiO2, MoO3/TiO2, Ag/TiO2, 

and Ag/MoO3/TiO2 photocatalysts were measured. As shown in Figure 4.4, it was observed that 

dopant (MoO3 and Ag) assisted photocatalysts redshifted its absorption edge towards a higher 

wavelength that indicates the photogenerated electron/hole (e-/h+) pair and consequently enhance 

the photocatalytic activity [8,152]. This was formed due to a combinational effect of MoO3 

narrow and TiO2 wide bandgap [30,160]. 

 
Figure 4.4: UV/Vis response of synthesized photocatalysts; (a) absorbance graphs and (b) 

reflectance graphs 
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Furthermore, the addition of Ag metal particles in TiO2/MoO3 nanocomposite acts as traps 

electron and reduces the e-/h+ pair recombination [8,152]. The absorption edge of Ag/MoO3/TiO2 

nanocomposite undergoes a clear red shift along with broadband in visible range compared to 

TiO2, MoO3/TiO2, and Ag/TiO2 nanocomposites. This absorption was formed due to the surface 

plasmon resonance (SPR) and a drastic change in the dielectric constant of the surrounding 

medium of Ag nanoparticles [161, 162]. Additionally, it was clear that a slight increase of the 

reflectance spectrum of the dopant-assisted photocatalyst was found at a longer wavelength than 

TiO2. Thus, an effective enrichment of visible light absorption capacity of Ag/MoO3/TiO2 

nanocomposite has beneficial effect on the photocatalytic activity for the degradation of dye 

[8,152].   

The bandgap energy (Eg) of all the photocatalysts were measured as it is an important parameter 

for photocatalytic degradation of dye. It reveals the amount of energy is to be absorbed by the 

photocatalyst to produce the e-/h+ pair [163]. The calculated Eg values by using Tauc plots (a 

graphical representation of Kubelka-Munk formulism) are tabulated in Table 4.2. 

Table 4.2: The bandgap energy (eV) of all TiO2 based nanocomposites prepared with sol-gel by 

using Kubelka-Munk equation 

Sample Method Bandgap, Eg (eV)  

TiO2 Sol-gel  3.24 

MoO3/TiO2 Sol-gel 3.15 

Ag/TiO2 Sol-gel 2.95 

Ag/MoO3/TiO2 Sol-gel  2.89 

 

The Eg values of TiO2, MoO3/TiO2, Ag/TiO2, and Ag/MoO3/TiO2 photocatalysts were found to 

be around 3.24 eV, 3.15 eV, 2.95 and 2.89 eV, respectively is shown in Figure 4.5. It has been 

reported that the typical bandgap energy of TiO2 NPs for pure anatase phase is 3.2 eV and for 

pure rutile phase is 3.0 eV [164].   
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Figure 4.5: Bandgap energy of all photocatalysts (a) TiO2, (b) MoO3/TiO2, (c) Ag/TiO2, and (d) 

Ag/MoO3/TiO2 nanocomposites 

It can be seen that the Eg values were relatively lower for nanocomposites due to the 

incorporation of dopants MoO3 and Ag into the reaction medium, which attributed to the visible 

light absorption by SPR and suppression of the charge separation. This assists to easier formation 

of e-/h+  pair [2,165] on the photocatalysts. The photocatalysts having a smaller bandgap has 

higher photocatalytic activity for the degradation of organics. 

 

4.1.5 Nitrogen Physisorption Measurement (BET) of Photocatalyst 

The analysis of specific surface area and pore volume were carried out by N2 adsorbate based 

adsorption-desorption mechanism. The experimental values were calculated using the BET 

adsorption method and are summarized in Table 4.3. The result of specific surface area shows a 

dramatic increase due to doping especially with MoO3 and Ag. The specific surface area and 

pore volume of nanocomposites were increased as compared to undoped TiO2. The specific 
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surface area of Ag/MoO3/TiO2 nanocmomposite was increased by 6.6 times in comparison to 

TiO2. It was observed that the surface area decreased with increasing the crystal size. The 

increase of specific surface area is consistent with the observed results as obtained from SEM 

image (Figure 4.2) analysis. The SEM images showed an increase in roughness of Ag and MoO3 

doped TiO2 photocatalysts by means of bubbly surface. The specific surface area is a 

fundamental property of porous catalyst like TiO2. The addition of Ag/MoO3 has greater impact 

on specific surface area shown massive increase of surface area in comparison to MoO3/TiO2, 

and Ag/TiO2 nanocomposites.  

The pore volume was increased significantly with dopings of MoO3 and Ag on TiO2. This 

increase in pore volume was desired for photocatalytic reaction as suggested by the previous 

works related to photocatalysts especially TiO2 [166, 167]. However, the increase of surface area 

can be very useful for contaminants to penetrate through and carry out the desired degradation 

reactions as it implies a larger contact surface exposed to the reagents. Similarly, the increase of 

pore volume can also be considered as an increase in mesopore volume [168]. The experimental 

results from the BET surface studies were justified by the results obtained from XRD (Table 

4.1). In heterogeneous photocatalysis process, a higher surface area and pore volume can be 

useful in the formation of photogenerated e-/h+ pairs in photocatalyst. The heterogeneous 

photocatalytic activity can be influenced significantly by the surface area and pore volume [169].  

Table 4.3: Surface area and pore volume measurement of all composites 

SI No. Sample Method Surface area (m2/g) Pore Volume (cm3/g) 

1. TIO2 Sol-gel 20.02 0.16 0.0673  

2. TiO2/MoO3 Sol-gel 85.82 0.28 0.1555 

3. TiO2/Ag Sol-gel 58.11 0.35 0.1689 

4. Ag/MoO3/TiO2 Sol-gel 136.40 1.63 0.0478 

 

4.2 Photocatalytic Activity Assessment  

The photocatalytic activity of immobilized TiO2, Ag/TiO2, MoO3/TiO2, and Ag/MoO3/TiO2 

photocatalysts on BG plate was evaluated for the degradation of MO dye under UV (100 W) 
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irradiation (5.5 h) and compared each other. The impact of several operating conditions such as 

catalysts dosages, initial dye concentration, pH, and H2O2 were investigated.  

 

4.2.1 Reactors Performance Evaluation  

The dye degradation results for TiO2, Ag/TiO2, MoO3/TiO2, and Ag/MoO3/TiO2 photocatalysts 

are shown in Figure 4.6. It can be seen that the photocatalytic degradation of MO for TiO2, 

MoO3/TiO2, Ag/TiO2, and Ag/MoO3/TiO2 were found to be 59.5%, 63.1%, 70.6%, and 75.8%, 

respectively, which represents the evidence of enhancement of photocatalytic activity from 

doping. For Ag/MO3/TiO2, about 75% of MO was degraded within 5.5 h. According to the 

literature survey, glass is commonly used as the coating substrate, which has high transparency 

to UV-radiation and has the good adhesive property to support TiO2 based nanocomposites 

without reduction of catalytic activity [170, 171]. Therefore, the high degradation rate was 

observed. The photocatalytic degradation orders were TiO2 MoO3/TiO2 Ag/TiO2 

Ag/MoO3/TiO2. The experimental result represents that the photodegradation efficiency can be 

enriched by the addition of Ag and MoO3 nanoparticles onto the TiO2 catalyst surface. 

 
Figure 4.6: MO dye removal under UV irradiation (Experimental condition: Ag/Mo/TiO2 

immobilized on BG reactors: 120 mg, pH: 7.0, initial MO dye conc.: 10 ppm) 
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4.2.2 Reaction Kinetics Study 

The pseudo-first-order model was fitted the best with the experimental data that indicate the 

straight lines almost fit the experimental values (Figure 4.7). The zero-order and the second-

order models were less fitted with the experimental data and the reaction kinetic models are 

shown in Appendix C (Figure C1-C3). It can be seen from (Figure 4.7) that the rate constant 

values were increased with doping indicating the generation of e-/h+ pairs was increased with the 

doping of TiO2 [30]. For instance, the rate constants were 0.003 min-1, 0.002 min-1, 0.003 min-1, 

and 0.004 min-1 for TiO2, MoO3/TiO2, Ag/TiO2, and Ag/MoO3/TiO2, respectively, for 0.120 g of 

photocatalyst dose. The regression values (R2) values were 0.998, 0.968, 0.980, and 0.981 for 

TiO2, MoO3/TiO2, Ag/TiO2, and Ag/MoO3/TiO2, respectively. This was executed due to the 

increase of generation of the number of e-/h+ pairs which consequently increased the .OH in 

solution and enhanced the dye degradation efficiency [172]. In constant, the decreasing trend of 

rate constant was observed with the increase of dye concentration in the treatment. This decrease 

in the rate of reaction might be executed from the reduction of active sites on the catalyst surface 

and interference of the UV-irradiation to reach the catalyst surface [30]. The slight deviations 

might be executed due to interferrence from oxygen or interfering from intermediates [30]. 

 
Figure 4.7: Pseudo first-order reaction kinetics of MO dye degradation in presence of UV-

irradiation (Experimental condition: dose of Ag/Mo/TiO2 immobilized on BG reactors: 120 mg, 

pH: 7.0, initial MO dye conc.: 10 ppm) 
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4.2.3 Impact of pH  

The pH of the dye solution is an important factor in the photocatalytic process. To study the 

impact of the pH on photodegradation efficiency, experiments were carried out at pH 3.0, 7.0, 

and 11.0, respectively, with fixed initial dye concentration (10 ppm), and photocatalyst dose 

(0.120 g of TiO2, Ag/TiO2, MoO3/TiO2, and Ag/MoO3/TiO2 photocatalysts) for 5.5 h under UV-

irradiation. The impact of pH on MO dye degradation is shown in Figure 4.8. As shown in 

Figure 4.8a, it was observed that the decrease of pH from 11.0 to 3.0 increases the 

photodegradation efficiency (from 54.3% to 78.1%). The degradation efficiency was 59.5% at 

pH 7.0. The experimental results showed that higher degradation efficiency was found in the 

acidic medium than in the neutral and alkaline medium. Similarly, for MoO3/TiO2 photocatalysts 

(Figure 4.8b), it can be seen that the decrease of pH from 11.0 to 3.0 increases the 

photodegradation efficiency from 59.5% to 81.2%.  The impact of Ag/TiO2 photocatalyst is 

shown in Figure 4.8c and a similar results were obtained for Ag/TiO2. The highest removal 

(88.4%) was observed at pH 3.0. Finally, for Ag/MoO3/TiO2 photocatalyst (Figure 4.8d), it can 

be seen that the decrease of pH from 11.0 to 3.0, increases the photodegradation efficiency (from 

62.6% to 96.5%).  

The experimental results showed that the higher photocatalytic efficiency was found in the acidic 

medium than the neutral and alkaline medium. The order of the photodegradation efficiency was 

pH (11.0)  pH (7.0)  pH (3.0). The pH has a pronounced influence on photocatalytic 

degradation of MO dye. The optimal pH was acidic (pH 3). In an acidic condition, the surface of 

TiO2 is positively charged, which stimulate  TiO2 to adsorb negative charged organic 

compounds. As a result, high photocatalytic activity is expected on the surface because of higher 

adsorption. In contrast, in an alkaline condition, significantly less interaction was caused by 

coulombic repulsion between the negative TiO2 and organic compound anions, leading to a 

decline of photo-catalytic reaction [173, 174]. In addition, pH can also change the pathway of 

photocatalytic degradation for organic compounds. The adsorption of MO on TiO2 surface at 

neutral or basic condition was very limited (3%) due to negatively charged sulfonate groups 

[175]. The experimental results of the present work suggest the synthesized Ag/MoO3/TiO2 

nanocomposite has comparatively higher photodegradation efficiency for MO dye in aqueous 

solution under-UV irradiation. 
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Figure 4.8: Impact of pH on MO degradation efficiency; (a) TiO2, (b) Mo/TiO2, (c) Ag/TiO2, and 

(d) Ag/MoO3/TiO2 nanocomposites under UV-irradiation (Experimental condition: 0.120 g of 

photocatalyst on immobilized reactor, dye concentration: 10 ppm, pH: 3.0, 7.0 and 11.0) 

 

4.2.4 Impact of Photocatalyst Dose 

Assessment of an optimum photocatalyst dose is crucial for the degradation of MO dye from a 

photocatalytic treatment due to avoid an excess catalyst dose. The impact of doses of 

Ag/MoO3/TiO2 immobilization on BG surface for the degradation of MO dye at a particular dye 

concentration (10 ppm) and pH (3.0) is shown in Figure 4.9. As shown in Figure 4.9, it was 

observed that photocatalytic degradation of MO dye were 62.6.58%, 78.1%, 95.6%, and 98.5% 

for 0.080, 0.100, 0.120, and 0.140 g of photocatalyst doses, respectively, for Ag/MoO3/TiO2 
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nanocomposite. It can be seen that with an increase of photocatalyst doses in the reactor, the 

degradation efficiency increases due to a large number of active sites were available to adsorb 

dye molecules and photons [30,151].  

 
Figure 4.9: MO dye degradation under UV-irradiation (Experimental condition: dose of 

Ag/MoO3/TiO2 immobilized on BG reactors: 120 mg, pH: 3.0, initial MO dye conc.: 10 ppm) 

According to literature, it can be seen that by increasing the photocatalyst loading with the 

substrate, the degradation efficiency increases, but further increasing of photocatalyst loading 

will decrease the dye degradation efficiency due to the aggregation of photocatalyst on the 

substrate surface which results in lowering of the surface area [176]. Previously, it has been 

reported that a sufficient amount of catalysts with coatings/dopings is required for effective dye 

degradation from the photocatalytic system [177], however, light scattering and the reduction of 

light penetration into the solution may be executed with an excess amount of photocatalyst 

loading [178]. It was reported that the surface modification of Ag and MoO3 into TiO2 structure 

enhances the absorption intensity in the visible light (redshift) region and improves the electronic 
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structure through harvesting UV-irradiation [179]. The photogenerated e-/h+ pair and bandgap 

energy were formed by the incorporation of MoO3 which effectively suppressed the charge 

recombination and promoted the charge transfer within TiO2/Ag nanocomposite [180]. The 

presence of Ag nanoparticles boosting the photocatalytic activity was ascribed to the redshift of 

the wavelength response due to the SPR effect and consequently increase the e-/h+ 

recombination rate [2]. It was observed that degradation efficiency was increased with doping 

due to increasing the anatase phase that suppresses the crystalline size of TiO2 and consequently, 

increases the surface area. However, the higher surface area can address more dye molecules 

adsorption onto the TiO2 active site and thus, increases MO dye degradation [179]. Therefore, 

Ag/MoO3/TiO2 immobilization dose with a degradation efficiency of MO dye of 95.6% was 

considered as an optimum catalyst dose.  

 

4.3 Impact of Dye Concentration and Hydrogen Peroxide Concentration on Reactor 

Performance 

More than 95% of MO dye degradation was obtained for 10 ppm concentration using 

Ag/MoO3/TiO2 nanocomposite within 5.5 h of UV-irradiation, and therefore, the photocatalytic 

activity was tested at a higher dye concentration such as 30 and 50 ppm. Besides, in this section, 

we also studied the impact of the addition of H2O2 in the reactor to observe the change of reactor 

performance. The photocatalyst dose (0.120 g Ag/MoO3/TiO2 nanocomposite) and solution pH 

(3.0) were kept constant to prepare  a Ag/MoO3/TiO2-immobilized BG reactor. Two doses (0.1 

mL and 0.25 mL) of H2O2 concentrations were used to investigate the impact of H2O2 on the 

reactor performance.  

 

4.3.1 Impact of Dye Concentration 

The impact of dye concentration on Ag/MoO3/TiO2 nanocomposite performance is shown in 

Figure 4.10. As shown in Figure 4.10, the MO dye degradations were 95.6%, 70.77%, and 

46.12% after 5.5 h of UV-irradiation for the initial MO concentrations of 10, 30, and 50 ppm, 

respectively, indicating the decrease of removal efficiency with the increase of dye concentration 

in the reactor. This was formed due to the higher amount of adsorbed dye in contact with a lower 

amount of free .OH or superoxide radical anions and thus, consequently leads to decrease of dye 

degradation [30,152,179]. Also, a high concentration of MO dye might interfere with 
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the penetration of UV-irradiation in the solution [2, 16, 49]. However, the constant active site of 

the photocatalyst surface was occupied by the high concentration of dye molecules, which results 

in a large number of dye molecules remained in the solution [30,37,152]. To address this 

challenge, it is required longer irradiation, higher photocatalyst dosages, and addition of oxidant 

externally into the reactor's to attain a better reactor performance. 

 
Figure 4.10: Impact of initial MO concentration on the degradation efficiency (Experimental 

condition: dose of Ag/MoO3/TiO2 immobilized on BG reactors: 120 mg, pH: 3.0, initial MO dye 

conc.: 10, 30, and 50 ppm) 

 

4.3.2 Impact of Hydrogen Peroxide (H2O2) Concentration 

H2O2 acts as a strong oxidant and electron scavengers that can enhance the photocatalytic 

activity of nanocomposites by increasing the generation of .OH radicals [181]. The impact of the 

addition of H2O2 (two doses: 0.1 mL and 0.25 mL containing 0.5 M concentration) on the reactor 

performance were also studied. As shown in Figure 4.11a, more than 99% dye removal was 

obtained for both additions of 0.1 and 0.25 mL of H2O2 doses indicating 0.1 mL H2O2 dose was 

enough to degrade all the dye in 10 ppm solution.  
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For 30 ppm dye concentration (Figure 4.11b), the addition of H2O2 into the reactor has a 

pronounced impact on MO dye removal, and the removal efficiency was increased from 70.77% 

to 84.67% and 94.57%, respectively, after the addition of 0.1 and 0.25 mL of H2O2 into the 

reactor. A similar impact was also observed for 50 ppm dye concentration (Figure 4.11c), the 

removal efficiency was increased from 46.12% to 70.22% and 81.86%, respectively. The 

removal efficiency was enhanced as the concentration of H2O2 was increased from 0.1 to 0.25 

mL for a higher dye concentration. There was no effect of H2O2 when the reaction was carried 

out in the absence of photocatalyst as H2O2 itself cannot generate .OH radicals [182]. Two 

important things might be executed with the addition of H2O2; (i) increase the amount of 

superoxide radical anions which might suppress the recombination of e-/h+ that acts as an 

external electron scavenger is stated by Eqn. (4.1) and (ii) increase the charge separation by 

accepting conduction band electron to generate free .OH radicals, as represented in Eqns. (4.2-

4.3) [37]. The degradation efficiency was decreased at a higher H2O2 dose due to the formation 

of a hydroperoxy radical (less reactive) by the reaction of free .OH radicals and excess H2O2 as 

expressed in Eqns. (4.4-4.5). Additionally, the H2O2 may consume the valance band holes and a 

competitive reaction must be exhibited due to radical-radical reaction as stated in Eqns. (4.6-4.7) 

[183].  

                                                                            (4.1) 

                                              (4.2) 

                                                                (4.3) 

                                                                         (4.4) 

                                                                              (4.5) 

                                                 (4.6) 

                                                                                      (4.7) 



[59] 
 

 
Figure 4.11: Impact of H2O2 concentration on the degradation efficiency (Experimental 

condition: dose of Ag/Mo/TiO2 immobilized on BG reactors: 120 mg, pH: 3.0). (a) 10 ppm initial 

dye concentration with addition of 0.1 and 0.25 mL H2O2 concentration, (b) 30 ppm initial dye 

concentration with addition of 0.1 and 0.25 mL H2O2 concentration, and (c) 50 ppm initial dye 

concentration with addition of 0.1 and 0.25 mL H2O2 concentration. 
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CHAPTER 5 

CONCLUSION 

 
5.1 Conclusion 

The following conclusions can be drawn from the current study: 

(i) The XRD results showed that the synthesized TiO2 nanoparticles as well as TiO2 

based nanocomposites were preferentially anatase. The average particle size of 

photocatalysts were significantly decreased from 11.52 nm (TiO2) to 4.25 nm 

(Ag/MoO3/TiO2) due to addition of dopants. The crystalline size was reduced due to 

the lattice distortion that was employed with interface tension along with the stress 

field. 

(ii) The SEM images showed higher surface roughness of dopant assisted photocatalysts 

and the average particle diameter of photocatalysts were decreased to 16 nm 

(Ag/MoO3/TiO2)  from 80 nm of MoO3/TiO2 as we observed from the SEM images. 

The modification of MoO3 and Ag into TiO2 photocatalyst indicates an increased 

ruggedness, roughness and thus yielded a more porous surface area. 

(iii) The FT-IR results showed peaks around 1370-1400 cm-1 and 500-600 cm-1 (less than 

1000 cm-1) were attributed to Ti-O-Ti stretching vibration and Ti–O bond in the TiO2 

lattice, respectively. It was reported that the higher surface content of Ti-O-Ti bond 

subsequently enhances the dispersion and photocatalytic performance of dye 

degradation.  

(iv) UV-Vis results showed that dopant assisted TiO2 photocatalysts employed to shift 

absorption edge towards longer wavelength. The estimated bandgap energies (Eg) 

were calculated to be 3.24 eV, 3.15 eV, 2.95 eV, and 2.89 eV for TiO2, MoO3/TiO2, 

Ag/TiO2, and Ag/MoO3/TiO2 photocatalysts, respectively. The Eg values were 

relatively lower for nanocomposites due to the incorporation of dopants MoO3 and 

Ag which attributed to the visible light absorption by surface plasmon resonance 

(SPR) and suppression of the charge separation, thus resulting in the easier formation 

of e-/h+  pair. 
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(v) BET surface analysis suggested that the specific area and pore volume of 

Ag/MoO3/TiO2  nanocomposite was around 8 times higher than pure TiO2. The higher 

surface area and pore volume can be useful in the formation of photogenerated e-/h+ 

pairs in photocatalyst.   

(vi)  Photocatalytic treatment of MO dye revealed that the photocatalyst TiO2, MoO3/TiO2, 

Ag/TiO2, and Ag/MoO3/TiO2 were very effective in presence of 100 W UV-

irradiation. The dye degradation results were 59.5%, 63.1%, 70.6%, and 75.8% for 

0.12 g of TiO2, MoO3/TiO2, Ag/TiO2, and Ag/MoO3/TiO2 immobilized on BG 

surfaces, respectively.  

(vii) The degradation rate constants were measured by using pseudo-first-order steady 

reaction kinetics and the results were 0.003 min-1, 0.002 min-1, 0.003 min-1, and 0.004 

min-1 for TiO2, MoO3/TiO2, Ag/TiO2, and Ag/MoO3/TiO2, respectively, for a 

particular dose of photocatalyst of 0.120 g. The regression values (R2) were 0.998, 

0.968, 0.980, and 0.981 for TiO2, MoO3/TiO2, Ag/TiO2, and Ag/MoO3/TiO2, 

respectively.  

(viii) The photocatalytic degradation of dye was increased with the decrease of pH from 

11.0 to 3.0. The degradation of 10 ppm MO dye was 62.6% at pH 11 which was 

increased to 96.5% at pH 3 for 0.12 g of Ag/MoO3/TiO2 dose under 5.5 h of UV-

irradiation.  

(ix) The photocatalytic degradation was increased with the increase of photocatalyst dose 

(Ag/MoO3/TiO2) and found 95.6%, and 98.5% for 0.120 g and 0.140 g of 

photocatalyst doses, respectively, at a fixed pH (3.0). The optimum photocatalyst 

dose was considered to 0.120 g.  

(x) The dye degradation was decreased with the increase of dye concentration. The 

degradation was decreased from 95.6% to 46.12% when the MO dye concentration 

was increased from 10 ppm to 50 ppm, respectively.  

(xi) The addition of H2O2 into the reactor has increased the MO dye removal efficiency 

from 70.77% to 84.67% and 94.57%, respectively, after the addition of 0.1 and 0.25 

mL of H2O2 into the reactor.  
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APPENDIX  

Appendix A: Experimental UV Reactor with Apparatus 
 

 
Figure A-1: Experimental UV Reactor with Apparatus 
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Appendix B: BET Isotherm Study 

 

 
Figure B-1: Plot of BET isotherm of TiO2 nanoparticle 

 

 
Figure B-2: Plot of BET isotherm of MoO3/TiO2 nanocomposite  
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Figure B-3: Plot of BET isotherm of Ag/TiO2 nanocomposite 

 

 

Figure B-4: Plot of BET isotherm of MoO3/Ag/TiO2 nanocomposite 



[83] 
 

Appendix C: Reaction Kinetic Study 

 
Figure C-1: Pseudo-first-order reaction kinetics of MO dye removal in presence of UV 

irradiation  
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Figure C-2: Zero-order reaction kinetics of MO dye removal in presence of UV irradiation 
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Figure C-3: Second-order reaction kinetics of MO dye removal in presence of UV irradiation  


