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ABSTRACT

Advanced oxidation process (AOP) is considered a very effective treatment process for the
degradation of biopersistent and toxic organics in industrial wastewater. In this process hydroxyl
radical (-OH) is generated which can react unselectively with organics until mineralization.
Several types of AOPs such as ozonation, peroxone, Fenton, photochemical, photocatalytic
processes have been utilized in the past for the treatment of textile wastewater. Among these,
titanium dioxide (TiO,) based photocatalytic AOP has been utilized widely in recent years

because of its powerful photocatalytic activity to degrade organics from wastewater.

Although, TiO, is a widely used photocatalyst in the treatment of textile wastewater, it has major
drawback from its large band gap energy for activation to produce -OH. Considering this, the
main objective of the current study was to synthesize TiO, nano-composites with lower band gap
energy by doping TiO;, with other metals. The other objectives were to characterize TiO, nano-
composites and the application of TiO, nano-composites in presence of solar radiation in the

treatment of model azo-dye used in textile processing.

The nano-composite photocatalysts of TiO,, M0oOs-TiO; and Ag-MoOs-TiO, were prepared by
sol—gel and thermal treatment method. The characterization of the nano-composites showed that
a predominately anatase phased TiO, based nano-composites were synthesized. The doping of
Ag and MoOs increased the structural roughness, specific surface area, pore volume and reduced
the band gap energy of the nano-composites. The photocatalytic degradation experiments
demonstrated that the degradation of Methyl orange under solar radiation from Ti0,, M0oOs-TiO,
and Ag-MoOs-TiO, nano-composites were 81%, 91% and 97%, respectively. The enhanced
photocatalytic degradation under solar radiation indicates that the pairing between Ag, MoO; and
TiO, was effective in the preparation of the nano-composites. Thus, the outcomes from the
current study suggest that the TiO, based nano-composites have potential for the treatment of

organics present in textile wastewater under solar radiation.
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CHAPTER 1

INTRODUCTION

This chapter summarizes current understanding and background information about the research
topic. It states the purpose of the work in form of research problem with respect to present
situation. The scopes and significance of the research work have been discussed with respect to
industrial and commercial aspects. In addition, the chapter also includes research objectives in a

well organized thought-out manner.

1.1 Background

Environmental pollution is one of the most significant problems that are being faced by all living
beings in our planet. It is the disposal of various unwanted contaminants in the environment,
which can cause serious damages to the living organisms (Saini and Malhotra, 2016). The
sources of these unwanted contaminants are the consequence of the human activities like
industrialization, urbanization and modernization; and natural disasters like earthquakes, tsunami

and volcanic eruptions.

In recent years, the environmental pollution has reached an alarming level and thus, the issue has
started to receive more interest from the researchers around the world. The researchers are trying
to find a better solution for the treatment of contaminants generated from rapid industrialization
and urbanization before discharging to the environment. In context of the pollution abatement,
the environmental pollution has been classified into five different types such as air, water, soil,

noise and light pollution (Saini and Malhotra, 2016).

Among these pollution types, one of the most hazardous and treacherous one is the water
pollution. The polluted water is categorized into municipal, agricultural and industrial

wastewater based on the source. The municipal wastewater mainly consists of domestic sewage



along with hospital discharges. For the case of agricultural wastewater, it consists of low
concentrated pollutants discharged from farms, dairy and cultivated lands. The constituents from
both sectors are normally biodegradable except some of the trace level biopersistent organic

compounds such as endocrine disrupting chemicals, pesticides, herbicides (Vymazal, 2009).

On the other side, the industrial sector generates a huge quantity of wastewater which may
contain toxic and carcinogenic biopersistent organics along with inorganics and biodegradable
organics. The major industrial individuals which generate a huge amount of wastewater
discharge are typically petrochemical industries, pulp-paper industries, tannery industries and
textile industries (Saini and Malhotra, 2016; Vymazal, 2009). The quality and nature of

wastewaters generate from different industries may vary extensively.

Recent studies showed that the textile sector is one of the largest industrial wastewater
generators. The wastewater discharge from the textile industry is more toxic and more
concentrated with inorganics and organics compared to the inorganics and organics
concentration in wastewaters generated from other industries. The textile wastewater typically
contains contaminants like dyes and heavy metals which are mainly discharged from its dyeing

and washing sections (Saini and Malhotra, 2016; Vymazal, 2009).

It has been reported that about 10-25% of applied dyes are lost in the wastewater during a dyeing
process. Approximately, 2-20% of the lost dyes in wastewaters are openly discharged as aqueous
effluents in different water intake bodies of the environment (Zaharia et al., 2009). The release of
dye-containing effluents into the aqua system is considered detrimental to the aquatic living
organisms. The characteristics that make the dye detrimental for the environment are its complex

structures, synthetic origin and recalcitrant nature (Shah et al., 2013).

One of the major problematic dyes is considered to be the azo dye and is predominantly used in
textile industries. A common type of azo dye is methyl orange, which has shown many

detrimental consequences on environment. It typically resists bio-degradation because of its



fused aromatic ring structure. Additionally, it can also be easily reduced to toxic amines because
of the presence of azo group in the structure. These amines along with existing azo dyes can
easily participate in human food cycle and can lead to allergies, dermatitis, malignant tumors and
cancer (Reemtsma, 2008). This indicates that the wastewater treatment is a necessity to

remediate the adverse effects of the dyes.

Several treatment techniques have been developed to establish an economic and efficient method
to treat the textile wastewater. The treatment techniques include conventional physico-chemical,
biological and advanced tertiary treatment processes (Wang et al., 2011). The textile wastewater
has always been preferred to be treated with physico-chemical technique. In most cases, the dyes
are removed as sludge from the suspension of wastewater. However, the accumulation of
concentrated sludge with dyes creates a solid disposal problem. Excessive chemical usage also
generates a possibility of secondary pollution (solid disposal) within the treatment technique

(Wang et al., 2011; Ali et al., 2009).

Another widespread alternative for the physico-chemical method is the biological treatment
method. The biological process treats the textile wastewater in a similar pattern as natural
purification done by the environment. In comparison, the biological process is more efficient
than physico-chemical technique (Wang et al., 2011). Conventionally, activated sludge process is
utilized for the treatment of textile wastewater. The removal efficiency of this process is related
to the ratio between organic load and the biomass, temperature and oxygen concentration.
Undesirably, there are several drawbacks of the activated sludge biological treatment technique.
The major drawbacks include land area requirement, sensitivity, operation flexibility and most
prominently the ineffectiveness towards synthetic complex chemical structures (Ranganathan et

al., 2007).

In past decade, the researchers have suggested that possible best treatment solution might be
merging different existing treatment techniques together. The recommended arrangement was

physico-chemical followed by biological and advanced tertiary treatment technique (Carmen and
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Daniela, 2012). The advanced tertiary treatment techniques are of three major types. The
categories are physical, physico-chemical and chemical techniques such as advanced oxidation

processes (AOPs).

The advanced physical methods are typically based on membrane and filter separation technique.
The techniques are based on the permeability or selectivity property of the contaminants
(Ranganathan et al., 2007). Membrane and filter separation processes have high separation
effectiveness, moderate energy consumption and user friendly operation mechanisms. However,
limitation lies on small-scale usage, special equipment requirements, high investments,

maintenance and short lifetime (Forgacs et al., 2004).

Adsorption is the mainstream method used in physico-chemical textile dyeing wastewater
treatment. Till date, activated carbon is considered to be the best choice as an adsorbent of textile
dye wastewater (Forgacs et al., 2004). Alongside it’s all the benefits, the process carries some
major drawbacks like expensive extraction, expensive adsorbent regeneration and high capital
cost. In addition, there might be transformation of the toxic pollution from the aqueous to an

adsorbent phase (Crini, 2006).

AOP relies upon complex chemical interactions of the pollutants. The basic concept is the
generation of oxidizing agent which oxidizes the contaminants (Crini, 2006). The major
conventional AOP processes are hydrogen peroxide/ozone, ozone/ultra-violet irradiation, Fenton
and photo-catalysis/ultra-violet irradiation. Among these, Fenton (H,O,+Fe®") process is the
most popular and simpler treatment with the principle of hydroxyl radicals ((OH) activation. The
key negative aspects of this particular treatment method are excessive chemical additives and
high residual iron concentration (Carmen and Daniela, 2012; Crini, 2006). Ozone/H,0; in
presence of ultra-violet irradiation is found to be the most effective one till date (Parsons, 2004).
Unfortunately, the short comings of the processes are expensive, high energy consumption and

short life of ozone (Chong et al., 2010; Mahmoodi et al., 2006).



In recent years, researchers considered photocatalytic AOPs for the treatment of industrial
wastewater to make the processes cost efficient, environmentally green and most importantly
sustainable. They reported that photocatalysts processes are innovative processes where the
complex organic pollutants are completely destructed to CO,, water, and mineral acids

(Mahmoodi et al., 2006).

There are several photocatalysts stated in the literature for these types of application and most of
them are abundant in nature. Titanium dioxide (TiO,) has been acknowledged with the
furthermost attention in the progress of photocatalysis technology. It is considered to be one of
the most active photocatalysts within the photon energy range of 300 nm-390 nm (Chong et al.,
2010). Additional properties like thermal, mechanical and chemical stability make TiO; a perfect
photocatalyst for textile wastewater treatment process (Chong et al., 2010; Khan et al., 2015; Lee

and Park, 2013).

Till date, the function of titanium dioxide catalysts for wastewater treatment is facing a serious
scientific challenge. The band gap of TiO; is about 3.2 eV (anatase), so it absorbs light only in
the UV part of the solar spectrum. UV accounts for only 4% in the total incoming solar radiation.
Hence for solar radiation related applications, it is essential to extend the light absorption of TiO,
to the visible region, which accounts for about 42% in the incoming radiation (Mahmoodi et al.,

2006; Lee and Park, 2013).

Enhancement of photocatalytic response of titanium dioxide catalyst under solar irradiation is
attempted by using a variety of material science and engineering concepts. The principle is to
find the perfect balance between photocatalytic activity and catalyst’s structural composition
(Lee and Park, 2013; Bak et al., 2010). One of the key synthesis approaches is sol-gel technique
for mixing catalysts with catalyst supports. This synthesis process provides encouraging
properties like high purity, high effective porosity and large surface area (Abhang et al., 2011).
In general, enhanced photo-active TiO, have a great capacity to contribute to the photocatalytic

treatment processes of textile wastewater.



1.2 Scopes of Study

Textile is one of the largest growing industrial sectors in Bangladesh. In recent times, the number
of textile industries has increased significantly to meet the ever increasing market demands.
Consequently, there is huge amount of textile wastewater generation from textile wet processes.
The wastewater is discharged to the environment after ineffective conventional treatment
techniques. The discharge of this ineffectively treated wastewater gives rise an alarming
environmental concern related to water pollution. The possible solution can be modification of
existing wastewater treatment processes. The modification can be done by addition of AOPs.
The addition of AOPs with conventional treatment scheme seems to be the right step to make

treatment system more efficient and effective.

Unfortunately, the AOP’s comes with major drawbacks like capital intensiveness, sophisticated
design and maintenance. Thus, AOP’s requires improvement in terms of simplicity and viability.
Several effective AOP systems for textile wastewater treatment has previously been investigated
and analyzed. One of the promising textile wastewater treatment techniques is photocatalysis
using TiO; in presence of UV-light. However, the technique still has some negative aspects of

using expensive UV-light and thus requires an extensive improvement.

The current research considered the major deficiencies of existing TiO, based photocatalytic
technology. The study was an attempt to prepare and characterize modified visible light efficient
titanium based photocatalytic nano-composites. The photocatalyst will be able to degrade methyl
orange (model textile azo-dye) under solar radiation in a self-designed photocatalytic reactor.
However, in Bangladesh, the TiO, based photocatalytic wastewater treatment application is still
not being considered. Thus, current study will provide a preliminary direction towards greener

and comparatively economical solution for the treatment of textile wastewater.



1.3 Significance of the Study

Currently, the whole world is moving towards renewable energy applications where solar energy
is considered to be of the highest potential. Therefore, the main goal of the proposed study was
to investigate a modified TiO, solar irradiation based textile wastewater treatment process. The
modified solar photocatalytic technology illustrated in this paper will be able to provide
knowledge on laboratory scale research and further need to scale-up for industrial application.
Altogether, proposed application of solar photocatalysis can be considered as one of the key
strategies for sustainable management of wastewater by means of impact on environment, public

health and greener economy.

1.4 Objectives of the Study

The main objective from this project was to study the performance of laboratory synthesized
TiO, based nano-composite material on textile wastewater treatment in presence of solar

irradiation. The specific aims under the main objective to be covered are listed below:

1.  To synthesize modified TiO, nano-composites by sol-gel technique along with heat
treatment method.
ii.  To characterize the nano-composites using XRD, UV—Vis-NIR spectrophotometer,
BET surface analysis and SEM.
ili. To investigate the performance of TiO, nano-composites on photocatalytic
degradation of methyl orange (model textile azo-dye) under solar radiation in a glass

reactor.



1.5 Thesis Outlines

Chapter 1 provides the introductory background, scopes and significance of this study.

Chapter 2 reviews past works related to the fundamental knowledge of heterogeneous
photocatalyst. It gives an overview of photocatalytic reaction mechanism, affecting factors of
photocatalytic activity and modification performed on TiO, based photocatalyst. This chapter

also points out the deficiency associated with the existing techniques.

Chapter 3 provides all the experimental methods, principles and procedures employed during this
research. Initially, sol-gel preparation technique of TiO, based photocatalyst nano-composites
has been presented in the chapter. Secondly, the chapter describes all characterization techniques
employed in this research. The final sub-section of the chapter includes photocatalytic

experimental setup diagram and detailed experimental procedures.

Chapter 4 focuses on presenting the observed results of photocatalyst’s preparation route. The
factors affecting the preparation and synthesis of TiO, photocatalysts have been discussed
systematically. All the photocatalysts characterization results have been well presented and
thoroughly discussed. This chapter also includes the performance of synthesized photocatalysts
for the degradation of methyl orange. The closing sub-section contains mechanism of enhanced

photocatalytic activity of the modified TiO, photocatalysts.

Chapter 5 concludes the thesis by stating what has been achieved in this research work, which

further includes recommendations for future work.
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CHAPTER 2

LITERATURE REVIEW

Photocatalysis, up to this point of time has seen limited full-scale application in wastewater
treatment. A significant amount of research interest was shown on this process over the last three
decades. This chapter reviews past works related to the fundamental background of TiO,
photocatalyst. It gives an overview of photocatalytic reaction mechanism, affecting factors of
photocatalytic activity and modification of TiO, photocatalyst. This chapter also includes

synthesis technique of TiO, photocatalyst along with its effective characterization methods.

2.1 Photocatalytic Processes

Photocatalysis is a process of enhancing the rate of chemical reactions by means of light in a
catalytic system. The catalytic material is known as photocatalyst and has the capability to
absorb light. The absorbed energy is used to enhance the chemical transformation rate of the
reactants (Chong et al., 2010; Fujishima et al., 2008). There are two types of photocatalytic
system: homogeneous and heterogeneous. Heterogeneous photocatalytic system is the most
widely applied photocatalytic process. In this process both the photocatalyst and chemical
reactants are in different phases (Fujishima et al., 2008). The basic concepts of the heterogeneous
photocatalytic system involve steps as follows:

1. Light absorption

ii.  Charge carrier generation

iii.  Charge carrier separation

iv.  Charge carrier transportation

v.  Chemical redox reaction on the surface

In past decades, the model of heterogeneous photocatalytic process has been thoroughly studied

due to its prospective nature regarding environmental applications.

11



2.2 Heterogeneous Photocatalytic System

2.2.1 Electronic Band Structure

The classification of solid particles is based on their nature and character of electronic band
structure. The electronic band is the illustration of sets of permissible energy state series that can
be occupied by electrons. Most important energy bands are valence band (the highest occupied)
and conduction bands (lowest abandoned bands). The maximum energy level of valence band
state at absolute temperature is known as Fermi energy. Above Fermi energy, excited electrons
are free to move to the minimum energy level of conduction bands (Fujishima et al., 2008; Tran

etal., 2012).

The distinction between metal, semi-metal, semiconductor and insulator lies within the variation
of these band states. For metal and semi-metal, valance band and conduction band are partially
overlapped. For the case of semiconductor and insulator, there is a gap between these two bands
(Tran et al., 2012). The gap is recognized as a forbidden energy zone where no electron can be
accommodated. This gap is known as corresponding band gap with respect to the particular solid.
Fortunately, the semiconductor possesses a criterion of smaller forbidden gap, which helps its
electrons to be excited very easily. The excitation may be executed from transfer of electrons
from valance band to the conduction band. A very minute amount of energy is capable of

causing this excitation.

All the semiconductors have their energy band gaps within the range varying from 1 eV to 4 eV
(Tran et al., 2012). The effectiveness of which can be improved by doping with foreign atoms.
The foreign atom helps to form a hole in the valance band of the base. These holes are fashioned
by electron excitation to the doping atoms. The foreign atom possesses their energy levels
immediately above but extremely close to the valance band. Another aspect can be the excitation
of electrons from the dopant atom. In this process electron levels are minutely lower than

conduction band of base semiconductor (Chong et al., 2010).
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2.2.2 Light Absorption and Excitation of Charge Carriers

Light is a form of electromagnetic wave that has properties of both wave and particle. The
particle form of light behaves as photon (a discrete amount of energy). The photon has ability to
travel through space as a wave at particular frequency, wavelength and velocity. Consequently,
lights with wavelength ranging within 300 nm to 1200 nm have energy from 4.1 eV to 1 eV
(Wang et al. 2012). Interestingly, activation of majority of semiconductors takes place within this
energy range (Chong et al., 2010; Khan et al., 2015). This feature makes semiconductor an

attractive useful material for light energy transformation applications.

A semiconductor’s light absorption process is mainly dependent on band gap width and its vector
position. In most cases, photon with energy equivalent or larger than band gap imposed by a
semiconductor can activate it. Photon has the ability to excite an electron to the conduction band
from valence band. This excitation creates a positive hole in the valance band of the
semiconductor as shown in Figure 2.1 (Khan et al., 2015). This process happens under the
boundaries of energy and momentum conservation laws. These laws allow direction of electronic
transitions to be assumed vertical. The vertical form of band to band transition is known as

interband transition.

In termination, light absorption process comes out with electrically uncharged excitons (bound e-
h pairs) or charged excitons (unbound e-h pairs). Electrically neutral excitons are a bound state
of e-h pair which is attracted to each other by means of electrostatic columbic attraction. The
binding energies of excitons in semiconductors are of around 10 meV. The binding energies can
easily be overcome at room temperature. This easy nature makes the process capable of causing
ionization of excitons into free electrons and holes (Chong et al., 2010; Khan et al., 2015; Tran et

al. 2012; Wang et al. 2012).
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Figure 2.1: UV light active semi-conductor and visible light active semi-conductor showing

photo excitation (Khan et al., 2015).

2.2.3 Charge Carrier Separation, Trapping and Transport

Once the electrons are promoted, it can follow more than a few paths based on the environmental

circumstances. These paths are next basic stride for the heterogeneous photocatalytic system.

One of the paths can be charge carrier recombination which is opposite of generation.
Recombination is an undesirable path as it strongly opposes the charge transfer route to the
adsorbate on the catalyst surface (Chong et al., 2010; Einaga et al. 2013). In this process, the
absorbed energy is lost in the form of heat or radiation. The factors that cause this loss are
impurities, surface morphology and crystalline structure. The minimization of charge carrier
recombination can be achieved by means of doping and interfacial junction manipulation (Chong

et al., 2010).

The subsequent alternative for the charge carrier can be trapping. The trapping is done on the
entrap sites at surface of catalyst or in mass of catalyst. The process of trapping can be influential
if photo-generated electrons are limited. A significant electron transfer area on the catalyst
surface is required for better charge carrier separation. The trapping sites are categorized based
on the energy associated with it. The two trapping sites are shallow trapping site and bulk
trapping site. For shallow trapping site energy is lower or close to excitation energy. The bulk

trapping site has energy above the excitation energy (Diebold, 2003).
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The existence and localization of trapped sites depend on the technique of preparation. The
environment during thermal treatment process is the most influential aspect. It helps to generate
beneficial trap sites like oxygen vacancies. The oxygen vacancies are considered as one of the
most essential trapping sites (Humphrey, 1951; Chen and Mao, 2014). The oxygen vacancies

help to hold on to the photo-generated electrons in the photocatalysts.

The charge carrier comes in a paring with the combination of positive hole. The character of
hole-trapping sites is still remained ambiguous. According to literature, it is assumed to be

present next to surface region opposite to bulk (Chong et al., 2010; Diebold, 2003).

The final essential stride is the separation and transportation of the charge carrier to the catalyst
surface. The separation and transportation enhances the desired chemical reaction. The driving
forces of photo-generated charge carrier transfer to the catalyst’s surface are diffusion and drift.
The diffusion is due to charge carrier gradient and drift is due to the force applied by the

potential electric field (Diebold, 2003).

For the case of heterogeneous photocatalytic process, the photo generated charge carrier will
diffuse through a certain distance. Then the charge carrier is driven by a drift force due to the
potential electric field near the edge. Regardless of this spontaneous force, the charge carrier still
faces difficulties depending on environment. The difficulties for charge carrier are depended on
the impurities, crystal and electronic structures. These difficulties increase the mean free path
along with mean free time and consequently hamper photocatalytic activities (Chong et al., 2010;

Hendry et al., 2004).

2.2.4 Surface Reactions and Kinetics

Last elementary step of the photocatalytic heterogeneous process is the surface reaction. Once
the photo generated charge carrier is trapped at the interface of catalyst (surface of the
semiconductor), it reacts with adsorbed reactive chemical species on surface (Chong et al., 2010;

Einaga et al., 2013). There is a transfer of charge carrier from surface to the chemical species.
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This transfer acts as a part of redox reaction and is a key ingredient for heterogeneous
photocatalytic reaction. The other simultaneous half of the redox reaction includes the positive
hole. The positive hole receives a substitute of the charge carrier supplied to the semi-conductor
by adsorbate. This supplied charge carrier then follows the same path of photo generation. This
process keeps on repeating itself till the deactivation of the catalyst (Chong et al., 2010; Hendry

et al., 2004).

The driving force of surface reaction is dependent on energy level stage of catalyst and adsorbed
species. In most cases, energy position of conduction band minimum is higher than redox
potential of adsorbed acceptor species. Similarly, the energy position for valance band minimum
is higher than oxidant potential of adsorbed donor chemical species. Once these conditions are
being fulfilled, charge carrier acceptor chemical goes through photo-reduction. And the charge
carrier donor chemical goes through photo-oxidation (Chong et al., 2010; Zhang and Yates,
2012). These two reactions occur at the same time to regenerate the semiconductor. While doing

that it also prevents the charging effect of the photocatalyst.

2.3 TiO, Photocatalysis

TiO; 1s on the most used photocatalysts in process of heterogeneous photocatalysis. It is
considered as a very efficient photocatalyst due to its constituent properties as follows:
1. Stability
ii.  Non-toxicity
iii.  Complete mineralization
iv.  Photocatalytic activity
v.  Oxidizing power
vi.  Chemical resistance
vii.  Convenient production technique
TiO, is generally commercialized in various industries for the purpose of purification,
anticorrosion and self-cleaning surfaces (Wang et al., 2009).

16



2.3.1 Crystal Structures

TiO; is a polymorphic composite with three polymorphous phases: anatase, rutile, and brookite.
Among these three, anatase and rutile phases are used in photocatalytic research. Anatase is most
influential for enhancement of photo degradation for organic contaminants. The use of brookite

is less practical as it is very rare and more complicated to prepare.

The anatase phase crystals are dominantly smaller (below eleven nano-meter) in nature. The
anatase phase has sintering temperature below 600°C. The rutile phase is larger in particle size
(above thirty-five nano-meter) with sintering temperature above 600°C (Sellappan et al., 2011;

Nolan et al., 2009).

Anatase and rutile crystal phases are semiconductors in nature with a band gap of 3.2 eV for
anatase and 3.0 eV for rutile. Even though the rutile phase has a band gap lower than the anatase
phase, it possesses inferior photocatalytic activity (Chong et al., 2010; Einaga et al., 2013). The
plausible reason may be because the anatase has more negative conduction band energy by 0.2
eV. This difference in conduction band energy helps to stimulate the reduction of oxygen within

a wider range of pH (Nolan et al., 2009).

The anatase and rutile phase of TiO; has a tetragonal crystal structure shown in Figure 2.2. The
rutile phase has a unit cell parameters of a=b=4.584 A and ¢=2.953 A. In contrast, anatase phase
unit cell parameters are a =b=3.7845 A and ¢ = 9.5143 A. This extra compact natured structure
of rutile phase compared to anatase phase allows it to occupy 8% less volume. Fortunately, for
anatase these spaces in the arrangement also pick up the pace of the photocatalytic process

(Nolan et al., 2009).
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Figure 2.2: Crystal structures of rutile (a), anatase (b) and brookite (c) (Lam et al., 2014).

2.3.2 Mechanism and Kinetics of Photocatalysis

The general photocatalytic reaction process for mineralization of organic pollutants encouraged
by photocatalyst has various steps. Each and every step of photocatalysis has its own mechanism.
These mechanisms are being studied thoroughly within the past few decades. Nonetheless, a
straightforward wide-ranging route of mineralization is commonly considered and is illustrated

below:

Photo-generation of charge carrier (¢'cg) and holes (h'yg)

TiO+hv — e cg +h'yp 2.1
For the above equation, the symbol of h represents Planck’s constant and v represents frequency
of light. The generated electrons react with water molecules to produce hydroxide radicals

(°OH). The positive holes react adsorbed oxygen molecules to produce superoxide anion radical

(02" ). The reactions are shown in equation 2.2 and 2.3.

Production of hydroxide radicals (°OH)

H,O +h'yvg — H' + °OH 2.2
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Production of superoxide anion radical (O, ")

O, (adsorbed) + e cg — Oy~ 2.3

These radicals go through an oxidation reaction with organic pollutants as stated in equation 2.4
and 2.5. The intermediate products are intriguing elements and are not fixed. The intermediates
formation depends on operating parameters of reaction process and characteristics of organic

pollutants.

Oxidation of organic pollutants with respect to hydroxide radicals

°OH + Organic pollutant -—— CO; + H,0O 2.4

Oxidation of organic pollutants with respect to superoxide anion radical

O," " + Organic pollutant »—— CO, + H,0 2.5

Alongside these common reactions there is another feature of organic pollutant which is
represented by organic dyes. The organic dye can act as a sensitizer in a reaction mechanism.
The organic dye molecules are being excited due absorbance of visible light. These excited dyes
introduces electron hooked on the conduction band of photocatalyst. Once electron is being
injected to the TiO,, it starts to follow the usual steps of photocatalysis reactions. The injected
electrons participate in generating reactive species like hydroxide radicals and superoxide anion
radicals. During this process dye turns itself into a free cationic radical dye (Chong et al., 2010;

Einaga et al., 2013; Pei and Luan, 2012).

In most of the photocatalytic studies simple zero or first-order kinetics was found sufficient to
model the photo mineralization of organic compounds. It is reported that, zero or 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 (LH) kinetic model (Chong et al., 2010).

dac k.KC
T:——:erz—

2.6
dat 1+KC
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According to L-H model represented by equation 2.6, photocatalytic reaction rate (r) is
proportional to the fraction of surface coverage by the organic substrate (6©y), k; 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:

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

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

Literatures reported that real K-value is significantly smaller (Chong et al., 2010). This is
explained by the differences in adsorption and desorption phenomena during dark and
illuminated period. Taking all these assumptions into consideration the equation 2.6 can be
converted to typical pseudo-first-order model. The pseudo-first-order model is represented by
equation 2.7, where C, is initial concentration, t is time and k is an apparent first order rate

constant.
C=Ce&t 2.7

2.3.3 Scope for Enhancement of Photoactivity

The orthodox photocatalytic steps are entirely controlled by essential governing factors stated
below:

i.  Light absorption mechanism

ii.  Stipulation of active surface sites

iii.  Charge carrier dynamics

For the case of a very efficient photocatalyst, it should have all three elementary components to
achieve best photocatalytic degradation. Unfortunately, there are semiconductors that posses
photocatalytic characters but most of them does not produce maximum output. However, TiO,

has shown potentials to go close to a perfect photocatalyst. As it has all credentials which can be
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exploited for improvement of photoactivity (Chong et al., 2010; Khan et al. 2015; Meng et al.,
2012).

2.3.3.1 Light Absorption

The light absorption range is really important aspect in photocatalytic process. Unfortunately,
TiO; can only absorb light within the range of ultra-violet region. So, TiO, has to be dependent
on artificially generated ultra-violet (UV) light. As sunlight only consists 4% of ultra-violet light,
it is quite impractical to use TiO, under solar radiation (Meng et al., 2012). Currently, the whole
world is going through an alarming energy crisis. Therefore, the scientists have been looking for
a solution to TiO’s use under solar radiation. The scientists came up with answer of broadening

absorption wavelength range or red-shifting absorbance wavelength edge.

The concept of broadening or red-shifting absorbance wavelength edge is achieved by band gap
engineering. The other additional techniques are photo-sensitization and surface plasmon
resonance (Wang et al., 2012; Meng et al., 2012). The band gap engineering technique involves
modification of electronic properties. In this technique an additional energy state is introduced

which alters the band gap (Park et al., 2006).

On the other side, photo-sensitization is simply incorporating nano-particles on the TiO, surface.
Photo-sensitization helps to create electrons-hole pairings and inject photo generated charge
carriers to conduction band within visible light range (Chong et al., 2010; Chen et al., 2009). For
surface plasmon resonance, it is one of the extraordinary optical phenomena. This phenomenon
is noticeable in metal particles at nano scale. It results in an enhancement of light absorption and
distribution. The distribution is done in its neighborhood of ultra-violet and visible ranges (Wang

etal., 2012).
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2.3.3.2 Active Surface Site

The extent of active surface area is the second most essential part of a photocatalytic process.
The higher available active surface area means more reactant can be adsorbed on surface.
Consequently, it can enhance the performance of photocatalytic degradation. The most
convenient way to increase surface area is by means of nano-structuring. Nano-structure
sequentially results in larger surface area to volume ratio. Another alternative way of increasing

active surface area is introduction of porous support like whiskers or tubes (Hurum et al., 2003).

2.3.3.3 Charge Carrier Dynamics

The final element of catalytic system where improvements can be done is charge transportation
process. The simplest method is to generate catalyst of thin films or nano structured so that mean
free path of the charge carrier is shortened. The shortened mean free path means rate of transfer
is increased by a reducing charge recombination. There are other ways like addition of metal

nano-particles as co-catalyst which improves charge carrier separation (Kamat, 2012).

2.4 Advancement of TiO: Photocatalysts

In most cases, photocatalytic reaction involving TiO, photocatalyst are being carried out under
ambient conditions. The major constrain as discussed earlier is absorbance of narrow wavelength
spectrum to activate TiO,. The photocatalytic reaction within that wavelength spectrum range is
a cost intensified scheme. The scientists recommended using of solar light which is in abundance
and free of cost. In search of unique solution, the major focuses were given on two important
factors. One is visible light activation method and other being rightfully designed photo-reactor

arrangement (Chong et al., 2010; Meng et al., 2012).
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2.4.1 Visible Light Activation

The visible light activation of TiO, has been tried by researcher for last two decades.
Unfortunately, the exceptionality of photo responding properties of TiO; is still an intriguing
issue to be countered. Recently, a number of engineering techniques have been adopted to
increase the absorbance wavelength TiO, (Chong et al., 2010; Dong et al., 2015). The techniques
enhance the photo response of TiO, photocatalyst under solar scale. The techniques include
composite TiO, photocatalysts are stated below:
1. Coupling with carbon nano-tubes

ii.  Dye sensitizers

iii.  Incorporation of noble metals or metal ions

iv.  Doping of non-metals and transition metals

v.  Doping and coupled semiconductors

2.4.1.1 Carbon Nano Particles or Tubes Coupling

A major influential part of a photocatalytic reaction is rate of half-reactions in photocatalytic
process. The rate is extensively dependent on catalytic structure and composition. The enhancing
material science concepts involve addition of electron acceptor or modification of catalytic
structure. These techniques facilitate TiO, photocatalysts to find balance between rates of half-
reactions and catalytic structural composition. One of the most studied concepts is carbon nano

particles or tubes coupling with TiO, photocatalyst (Lam et al., 2014).

Carbon coupling has credentials of holding electron-hole pairs for a longer period of time. The
prolongation is due to the ability of capturing charge carrier within its structure. The structure
tends to have a large electron-storage capacity. Therefore, the carbon coupling is considered as
an improvement in adsorption capacity of organic pollutants and there is an increase in the

overall photo-degradation process to some extent. On the other hand, there is a drawback of the
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carbon nano-tube or particle coupling such as possible degradation of carbon nano constituents

from long term use of carbon nano-tube (Lam et al., 2014; Fu et al., 2004).

2.4.1.2 Dye Sensitizers

In a dye based sensitizers, the dyes like methylene based ones are excited by solar spectrum. The
excited dye provides extra electrons to conduction band of TiO,. Those extra electrons enhance
the electron-hole pair formation in TiO; (Zhao et al., 2005). Unfortunately, dye on TiO, surface
is attached by means of physical adsorption. There is no real bonding formed and can easily be
desorbed. This desorption may lead to a decrease in ability of photo activity within visible range.
In addition, desorbed dye can also be degraded to undesired toxic intermediate products (Zhao et

al., 2005; Fu et al., 2004).

2.4.1.3 Doping of Non-Metals

In addition to two methods discussed earlier, doping of non-metals is found directly influential
for visible light enhancement of TiO,. It helps in photocatalytic activity of TiO, photocatalyst
within the visible light region quite significantly. The reason for this enhancement is their
impurity states which are close to valence band edge (Dong et al., 2015). Undesirably, the
technique has its major drawbacks along with advantages. For the case of non-metals, they do
not proceed as charge carriers because of their vulnerable stability. In addition, doping of non-
metals also requires intensely controlled expensive preparation method (Chong et al., 2010;

Dong et al., 2015).

2.4.1.4 Dopant of Metal Ions and Transition Metals

The incorporating concept of metal ions, transition and noble metals has gained prominent
reputations. This incorporation directly affects visible light activity properties of TiO, based

photocatalyst (Chong et al., 2010; Dong et al., 2015). The simple explanation of visible light

24



photoactivity for metal-doped TiO; is formation of a new energy level. The energy level is

produced in band gap of TiO; by distribution of metal nano-particles in photocatalyst.

The newly produced energy state is considered as a defected state of the conduction band. This
allows electrons to be excited to a new lower level of energy. In other words, it helps in
narrowing the band gap required for activation (Zaleska, 2008). For transition metals such as Fe,
Cu, Co, Ni, Cr, V, and Mo, there is an added assistance. The transition metals improve trapping
method of charge carrier and slow down electron-hole recombination process during activation

(Chong et al., 2010; Dong et al., 2015; Zaleska, 2008).

2.4.1.5 Deposition of Noble Metals

Deposition of noble metals on the surface of TiO; 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 TiO, are Ag, Au and Pt. The noble metals also have properties of increasing
charge carrier separation. The charge carrier separation is increased by photo-induced electron

transmit rate at the edge (Chong et al., 2010; Dong et al., 2015).

Among all the noble metals, silver has received most interest in literature and has shown
industrial acceptability. Silver has a comparative low cost and easy preparation method. The
deposition of silver nano-particles on photocatalyst’s surface has shown an enhancement in
photocatalytic process. The enhancement is mainly due to its performance as an electron sink
(reduction in recombination). In addition, silver also has distinctive surface plasmon resonance

property (Wang et al., 2012; Yang et al., 2010)

2.4.1.6 Coupled composite semiconductors

The coupled composite semiconductors technique involves direct mixing or precipitation of two
different semiconductors. The coupled semiconductors like CdS, WOs, ZnO and MoOs have

shown a very high-quality visible light enhancement of TiO,. The enhancement is due to
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efficient charge separation, prolonged excitement of charge-carrier and enhanced interracial
charge transfer. All these major aspects are consequence of the reduction in usual band gap
energy of TiO,. The semiconductor doping helps in creating a smaller artificial band gap energy.
The smaller artificial band gap energy is found to be only possible when comparatively lower
leveled band gap semiconductors are coupled (Chong et al., 2010; Dong et al., 2015; Spanhel et
al., 1987).

Based on all these properties, Cadmium sulfide is in pole position as coupling semi-conductor
with TiO,. Cadmium sulfide has band gap energy of 2.4 eV and this property makes it the most
influential. Conversely, Cadmium sulfide is vulnerable to photo-anodic corrosion in aqueous
environments. Next suitable semiconductor is WO3 because of its appropriate band gap energy of
2.7 eV. It can easily be activated itself and coupled TiO, under visible light range. It also has
high oxidation power regarding photo generated holes to produce hydroxide ions. The concern
about WOs, is its luxurious price tag. The coupling weight percentage is another issue which
makes it susceptible for industrial applications. Some of the current research has shown MoO;
(n-type semiconductor with a band gap of 2.9 eV) acquires similar positive aspects of WOs;.
MoO:s; can be seen as a comparatively cheap and less consumable replacement of WOs. Though,
till now very few articles on MoQO3-TiO, have been published and thus leaves a gap to be

explored (Dong et al., 2015; Bai et al., 2015).

2.4.1.7 Three-component Alliance Scheme

Techniques mentioned above do not have all the necessity properties to maximize visible light
photoactivity of TiO,. Recently, three-component alliance scheme have attracted substantial
curiosity. The scheme includes addition of noble metal plus a minute amount of semiconductor
on TiO,. These alliance schemes can consequence in superior photocatalytic activity and
extraordinary characteristic (Yang et al., 2010). The improved photocatalytic activity of three-

component alliance scheme is a collaboration of electron trapping and alternative band gap. The
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electron trapping capability is due to the doping of noble metal. The reduced alternative band gap

energy is owing to doping of semiconductor with a smaller band gap.

2.4.2 Photocatalytic Reactor

The purpose of visible light enhancement procedure is to carry out a photocatalytic reaction
under visible light range. The photocatalyst must be excited by solar irradiation to produce free
electrons and positive holes. Consequently, the electron-hole pair will result in redox reactions
on the edge with the adsorbed molecules. The set-up of a photocatalytic reactor is a vital part to
control the rate of photocatalytic reaction (Chong et al., 2010; Dong et al., 2015). The rate of
photocatalytic degradation of organic pollutants is dependent on a number of parameters. The
major influential parameters are stated below:
i.  Types of catalyst
il. Pollutant’s concentration
1. Oxygen concentration

iv.  Irradiance intensity.

The most influencing parameter of a photocatalytic reactor is the irradiance. Irradiance is the
radiant flux (power) that is received by a surface per unit area (Bouchy and Zahraa, 2003;

Abhang et al., 2011).

The main concept of photocatalytic reactor is to allow light to come in contact with
photocatalyst. Literature suggested that suspension mechanism of photocatalyst within reactor
assists photo-degradation. The basis of suspension method is the local volumetric rate of energy
absorption. It is dependent on light’s intensity, spatial distribution, scattering properties and

catalyst’s surface area (Abhang et al., 2011).

There are three basic types of suspension based photocatalytic reactors that received immense

attention. The category includes perfectly-stirred closed reactor, perfectly-stirred open reactor
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and plug-flow reactor. For the desired selection of photocatalytic reactor category, attention must
be given on the local specific rate of precise photocatalytic reaction. The local specific rate is a
function of local volumetric rate of energy adsorption and local bulk concentration. Taking both
of these criteria into consideration, perfectly-stirred closed reactor (batch type) is found as the
best option. The positive aspects of the perfectly-stirred closed reactor are stated below:
1. Simplicity

ii.  Accuracy and precision

1ii. Small-scale applications

1v. Uniform concentration distribution
In addition, it also has higher efficiency (achievable by leaving the reactants inside the
photocatalytic reactor for a longer episode of time) compared with others (Bouchy and Zahraa,

2003; Abhang et al., 2011).

The solar radiation is considered to be unidirectional one. The irradiation gathering is carried out
by using a fixed solar based photocatalytic reactor. In which the suspensions are being exposed
to sun for a certain amount of residence time. In case of natural source of irradiation, geometry
of photocatalytic reactor is a crucial parameter. A perfectly designed reactor with effective
geometric arrangement can utilize maximum projected light energy (Abhang et al., 2011;
Rodriguez, 2004). This maximization is done by increasing the amount of light energy
penetration into the reactor. The penetration is enhanced by either mirror reflection or focusing
of the diffused solar radiation. Unfortunately, expensive nature of focusing criteria makes its

quite susceptible compares to reflective one.

The reflective natured photocatalytic reactor collects both diffuse radiations along with the
reflective component of the irradiance (Rodriguez, 2004). The collection of sunlight beams
efficiency on an energy basis is dependent on angular reflective effect photocatalytic reactor. The
reflective nature of photocatalytic reactor is improved by optimizing tilted angle of the shiny

bottom surface (Chong et al., 2010; Dong et al., 2015; Rodriguez, 2004). The major advantages
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of reflective natured photocatalytic reactor are low capital cost and simplicity. The reflective
natured photocatalytic reactor has also shown a great deal of adaptability to small scale

circumstances.

2.5 Preparation Technology of Photocatalyst

The exploitation of sol-gel process is found to be from the mid 18" century. It is still considered
as one of the most widespread and prominent techniques. The sol-gel technique is an inexpensive
and moderately low-temperature procedure. The 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 (Yao et al., 2001; Brinker

and Scherer, 2014).

2.5.1 Sol-gel process

Sol-gel process includes the use of metal alkoxides or organic salts with suitable organic
solvents. The mixture of precursors and solvents tend to form colloidal solution known as the
sol. The sol is just a liquid of corresponding solid particles. The sol tends to range within a
particle size of 1 nm to 1 um. This simple sol turns to or has the ability to acts as an integrated
network. The integrated network is analogous to discrete particles which has properties to be
called gel. The gel formed after abridgment process is solid phase acting as nutshell on liquid

phase (Brinker and Scherer, 2014).

Next step involves removing of encapsulating solvent by means of conventional evaporative
drying. The drying is expected to result in a solid product known as xerogel. In the final step of
sol-gel process, xerogel is strained into thermal treatment typically calcinations. This process of

thermal treatment has propensity to improve structural properties and mechanical stability. This
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is done by means of sintering, grain growth and densification (Yao et al., 2001; Brinker and

Scherer, 2014).

2.5.2 Sol-Gel Chemistry

The conventional sol-gel methods use metal alkoxides as a common sort of precursor. The
selection of precursor is based on commercial availability, high purity and solution chemistry
mechanisms. The method of sol-gel based on metal alkoxides is illustrated in two types of
chemical reactions. The chemical reactions are stated as basic hydrolysis and condensation. 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 equation (2.8), (2.9) and (2.10). For the
case of hydrolysis process, M represents Ti or etc and R represents group of CHs or C,Hs. In

condensation process X represents either H or alkyl group (Brinker and Scherer, 2014).

e Hydrolysis reaction

-M-OR + H,O — -M-OH + ROH 2.8

e (Condensation reaction
-M-OH + XO-M — -M-O-M- + XOH 2.9
-M-OH + -M-OH —-M-0O-M- + H,0 2.10

The condensation process in case of sol-gel is hypothetically considered as inorganic
polymerization. The time extent of condensation or polymerization is commonly known as
gelation time. Within this particular time period there is a rapid rise in viscosity and
transformation of solution to an elastic gel. The gelation time decides morphology and structural

characteristics (Brinker and Scherer, 2014; Iguchi et al., 2009).
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2.5.3 Aging and Drying

The concept of aging is based on time associated with the process allowed for separation of solid
gel network and solvent. It’s expected that hydrolysis and condensation might happen during the
process of aging. This continuation can lead to an unexpected outcome or undesired product. So,
it is really important to consider the aging time for a successful sol-gel synthesis process (Iguchi

et al., 2009; Kim et al., 2008).

Once perfect bridging bonds are achieved, the drying step is being carried out. Drying step
removes the left over solvents that might have been trapped within porous gel matrix. This step
is vital and vulnerable to the evaporation rate. The evaporation rate is affected by surface tension
or capillary force. These forces are associated with evaporation suction on pore surface. As a
result, there is tendency of surface collapse or blockage and solvent trapping (Brinker and

Scherer, 2014; Iguchi et al., 2009).

2.5.4 Heat Treatment

Once the completely synthesized gel is dried, the solid crystal clusters are heated at high
temperature. The thermal heating technique during this process is known as calcination. The
calcination process helps to stabilize chemical and physical properties of the solid gel. Though,

the selection of temperature is based on the application of product solid.

In most cases, the process of calcination is constituted in an inert or oxidizing environment. The
heating environment criterion is dependent on the catalyst’s nature. Literatures show that there
are some reactions that can also happen during this thermal treatment. One of the reactions is

thermal decomposition of unstable salts like nitrates, hydroxides (stated in equation 2.11).

Ti(OH)s — TiO, +2H,0 2.11
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The thermal treatment is exclusively dependent on some important parameters which are stated
below:
1. The maximum temperature
ii.  The rate of temperature rise
iii.  The hold-up time at utmost temperature

iv.  The cooling rate

All these factors decide phase transitions, pore sintering, morphological structures and
credentials for future applications (Brinker and Scherer, 2014; Kim et al., 2008; Ohno et al.,

2004).

2.6 Selection of Synthetic Dye

The dyes are generally classified as natural and synthetic based on their raw ingredients. The
natural textile dyes are mainly from vegetable and animal resources. The synthetic dyes are
normally aromatic compounds produced by process of chemical synthesis (Carmen and Daniela,
2012). Their structure possesses aromatic rings that have delocalized electrons and different
functional-groups. Currently, the uses of synthetic dyes are most favorable because of their

availability, coloring superiority and low expenditure.

Dyes color is due to the chromogene-chromophore structure (acceptor of electrons). The dyeing
capability is due to auxochrome groups (donor of electrons). The electron acceptor part is
composed of an aromatic structure usually based on benzene ring. The electron donor is double
conjugated links with delocalized electrons like azo group (-N=N-). Finally, auxochrome group
which is an ionizable group that has power over dyes’ binding capacity. The most common
example of auxochrome group is -OH (hydroxyl) (Carmen and Daniela, 2012; Reemtsma, 2008).

All these structural characteristics that make the synthetic dye an ideal preference for a textile
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diligence. On the other hand, these same properties formulate it as a frightening invisible cost for

the surroundings.

The textile industrial uprising production has increased the use of textile dyes to an alarming
level. Currently, about 20% of the entirety global production of dyes is released to environment.
Most of the release is at some stage in the dyeing process. The process more often than not
consists of bio-persistent organic compounds. These substantial amounts of non-visual
biopersistent, toxic and carcinogenic contaminants are able to produce secondary hazardous

products (Carmen and Daniela, 2012; Reemtsma, 2008; Konstantinou and Albanis, 2004).

2.6.1 Azo Dyes

One of the major problematic dyes is considered to be azo dye. The azo dye has shown countless
detrimental consequences on environment. It typically resists bio-degradation due to its fused
aromatic ring structure. In addition to that, it can easily be reduced to toxic amines due to the
presence of azo group. These amines along with existing azo dyes are carcinogenic and easily
participate in human food cycle (Reemtsma, 2008). The chemical’s participation can lead to
allergies, dermatitis, malignant tumors and cancer. Beyond all these concerns, LDsy value for
aromatic azo dyes varies between 100 and 2000 mg/kg body weight. A person can easily
consume it, whose water and food cycle are infected by azo dye wastewater (Carmen and

Daniela, 2012; Reemtsma, 2008).

Till date, in the existing marketplace about 50-70% of the available dyes are azo dyes. Azo dyes
are being classified into three departments like mono-azo dye, di-azo dye, and tri-azo dye. This
classification is done based on the presence of the number of azo bond. Unfortunately, numerous
sort azo dyes have been found hazardous for ecosystem. To some extent azo dye is lethal for
human due to the formation of aromatic amines which is carcinogenic (Konstantinou and

Albanis, 2004; Yu et al., 2012; Devi et al., 2009).
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2.6.2 Methyl Orange

One of the most widespread types of model azo dye is methyl orange (MO). MO is a regularly
used as water-soluble azo dye and anionic in nature. The chemical formula of MO is
C14H14N3NaOsS. There is a presence of -N=N— as shown in molecular structural arrangement

represented in Figure 2.3.

HyC

N N=—N— SO:Na

/

115

Figure 2.3: Molecular structure of methyl orange dye (Devi et al., 2009).

MO obstructs the diffusion of light even at a very low concentration. The obstruction causes
adverse effect on photosynthesis process and results in ecosystem disruption. A great deal of
effort has been executed on examining the decomposition of methyl orange azo-dye. Recently,
MO degradation using photocatalyst has received a massive interest from environmental
scientists. The quest is to find, the best photo-catalytic reactions mechanism to enhance
photocatalytic degradation of MO (Konstantinou and Albanis, 2004; Yu et al., 2012; Devi et al.,
2009).

2.7 Photocatalyst Characterization and Analytical Techniques

According to the literature, for the purpose of photocatalyst characterization various analytical
methods are used. Many of these analytical techniques are now able to penetrate into molecular
level. These analytical techniques are also able to provide desired accurate-precise understanding
of nanoparticles. Some of the universally reliable and splendid analytical techniques available for

photocatalyst analysis are stated below:

1. X-Ray Diffraction (XRD)
ii.  UV-VIS-NIR Spectrophotometer
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iil.  Scanning Electron Microscope (SEM)

iv.  Nitrogen Physisorption Measurement (BET analysis)

2.7.1 X-Ray Diffraction (XRD)

X-ray diffraction (XRD) is used to investigate crystalline structure and composition of a
particular substance. The technique utilizes concept of monochromatic x-ray beam interaction
with the crystal lattice. The crystal lattice structures of substance characterize episodic
arrangement of atoms in three dimensions. These arranged atoms have ability to diffract or
scatter all form of light beam. For the case of XRD, the atoms diffract x-rays projected towards
them. These diffracted beams follow interference properties of a wave under especially
controlled conditions. A maximum interference is achieved corresponding to same symmetry of
distributed atoms for a composite. This decisive factor for constructive interference is explained
to follow the Bragg’s law. The law is represented in equation 2.12, where d, ©, n, and A are the
space within the lattice planes, angle of diffraction, order of diffraction, and x-ray wavelength

(Rengaraj and Li, 2006).

2d sin © = nA 2.12

2.7.2 UV-VIS-NIR Spectrophotometer

The technique of spectrophotometer is solely dependent on the optical concepts. It quantifies the
interaction between light beams of certain wavelengths with liquids and solids. The wavelength
regions of light are of real importance. The wavelength region signifies different forms of optical
transitions and interactions with solids or liquids. 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
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to observe the absorbance edge shift. In addition, Tauc method is a commonly applied to

determine band gap 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 (Ebraheem and El-Saied, 2013). The Beer’s law is represented by equation (2.13)
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.

A=¢bC 2.13

2.7.3 Scanning Electron Microscope (SEM)

Scanning electron microscope (SEM) system is used to take sample’s high-resolution surface
images. It is estimated that an ordinary SEM has the ability to take images at nano-scale level. In
SEM, high-energy electrons are focused over the sample which scatters from solid surface. The
SEM image is produced by scanning those diminutive diameter scattered beam of high-energy
electrons. The major advantage of SEM image is visual understand and identify of structural
morphology. The SEM image can give precise thought about roughness, shapes and distribution

of sample’s constituents (Mohammadi and Massoumi, 2014).

2.7.4 Nitrogen Physisorption Measurement

Physisorption technique is one of the most common methods used to characterize microstructure
of materials. In general, it measures surface area, pore volume, pore size and its statistical

distribution. The technique uses an inter gas as adsorbate especially nitrogen. The process of
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adsorption and desorption is carried out with different amount of nitrogen. The corresponding
readings in terms of pressure or thermal conductivity (calibrated parameter) are measured. The
recorded measurements are used in gas adsorption equation models to estimate microstructure
characteristics like porosity. According to literature, Brunauer—-Emmett—Teller (BET) multi-point

model is one of the finest available techniques (Sing, 2001).
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2.8 Chapter Summary

Photocatalysis is a process of enhancing the rate of chemical reactions by means of light. The
most efficient type of photocatalytic process is heterogeneous photocatalysis. In heterogeneous
photocatalysis, catalyst is mainly in solid phase with respect to liquid phase medium. Till date,
TiO, photocatalyst is well thought-out as one of the most effective photocatalysts. The anatase

phase of TiO; is considered to be the best for photo-degradation of organic contaminants.

The main focus of the photocatalytic reaction process is generation of electrons (-ve) and holes
(+ve). These generated charges react with water and oxygen molecules to produce radicals. The
most influential of the produced radicals are hydroxyl radicals (°OH). These radicals oxidize
organic pollutants until complete degradation. One of the favorable models to describe dye

degradation reaction is considered to be Langmuir—Hinshelwood (LH) kinetic model.

The major constrain of TiO, photocatalyst is its activation through UV radiation. The possible
solutions are visible light activation and technically designed photo-reactor arrangement.
Recently, three-component alliance scheme has attracted substantial curiosity. The scheme
includes addition of noble metal plus a minute amount of semiconductor on TiO,. For the case of
photo-reactor, reflective natured photocatalytic reactor has a great deal of adaptability and
effectiveness. In most cases, reflective natured photocatalytic reactor is considered in research
level to study dye degradation. One of the most widespread types of model azo dye is methyl
orange (MO). MO is a regularly used as water-soluble model azo dye to represent textile

wastewater.

The most preferred technique for addition of dopant is sol-gel plus thermal treatment. This
synthesizing technique allows comprehensive control over product’s chemical ingredient
compositions. In addition, it also has other remunerations like micro-structured crystals and pure
product. The best techniques to analyze these synthesized photocatalysts are considered to be

XRD, Spectrophotometer, SEM and Nitrogen physisorption measurement. These analytical
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techniques are typically able to provide desired accuracy and precise understanding about

photocatalyst’s characteristics.
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CHAPTER 3

METHODOLOGY

This chapter discusses thoroughly about the research methodology that has been adopted. The
technique that has been adopted in this study was carefully designed to meet the stated research
objectives. Initially, preparation methods of TiO, based photocatalyst nano-composites are
presented. Secondly, all characterization techniques used in this research are discussed. The
chapter also includes basic mathematical laws which have been used to evaluate important
characteristics of photocatalysts. The final sub-section consists of photocatalytic experimental

schematic and detailed experimental procedures.

3.1 Materials

The major chemicals used for carried out the experiment in the laboratory includes titanium (IV)
isopropoxide (Ti{OCH(CHj3),}4) [Sigma-Aldrich, 97%], absolute ethanol (C,H¢O) [Sunypun
Organics Limited], iso-propanol (CH3),CHOH [Sigma-Aldrich, 99.5%], ammonium
molybdenum tetra-hydrate ((NH4)sM07024:4H,0) [Sigma-Aldrich, 99%], silver nitrate (AgNo3)
[Sigma-Aldrich, >99%], methyl orange [Sigma-Aldrich, Dye content 85%] and nitric acid
(HNOs3) [Merck, 69%]. The other chemicals such as caustic soda, hydrogen peroxide used are of

reagent grades purity.

3.2 Experimental methods

The experimental design and procedures are determined by taking research objectives into
consideration. The main aim was to synthesize a noble nano-composite based TiO,. The major

parts of this particular research were divided into segments shown below:

e Sol-gel preparation of TiO, nano-composite

e Doping of molybdenum and silver within the sol-gel method
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e Characterization of the nano-composite photocatalyst
e Simple mirror based photocatalytic reactor design

e Photocatalytic degradation of methyl orange

The features of all these methods are discussed in details under the following sections.
Appropriate references (as mentioned in literature review chapter) of major techniques are also

reconsidered, mentioned and discussed correspondingly.

3.3 Sol-gel Preparation

In this section, the main focus was given on purity of the nano-composite. Laboratory apparatus
used were washed with ethanol (laboratory based), hydrochloric acid (HCl) or deionized water
respectively before performing the experiment. The washed apparatus were dried for 20 minutes
in micro-oven at 100 °C. The similar cleaning procedure was used before every use of the

necessary apparatus.

3.3.1 Hydrolysis and Condensation

At first, a volumetric mixture of absolute ethanol and iso-propanol was prepared. The volumetric
mixing ratio of the solvent mixture was 4:1. The solvent mixture was continuously stirred for 10
minutes. In the following step, titantum(IV)isopropoxide (Ti{OCH(CHs),}4) of 7.5 ml was
added drop wise. The addition was done using a micro pipette to solvent mixture. During this
period the solution was stirred vigorously for 30 minutes (Brinker and Scherer, 2014; Iguchi et

al., 2009). Simultaneously, a solution of deionized water and nitric acid of 2 M was prepared.

In the next step, 10 drops of nitric acid (2 M) was added to titanium precursor solution. This step
was followed by addition of 2 ml of deionized water. The time interval of 30 seconds within each
addition of HNOs and deionized water was maintained (Mohammadi and Massoumi, 2014). The

mixed solution was continuously stirred vigorously for approximately 2 hours. The stirring was
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stopped once gel formation was observed (Mohammadi and Massoumi, 2014; Karkare, 2014;

Eshaghi et al., 2010).

3.3.2 Aging and Drying

The produced gel was allowed to be aged for 24 hours. A separated phase of solvent liquid and
gel was observed. To enhance the separation, gel was poured in a centrifuge tube and centrifuged
at 5000 rpm for 15 minutes at room temperature using UniCen MR-Herolab Centrifuge
(Karkare, 2014). The separated gel was transferred back to same beaker from centrifuge tube
with a spoon. The gel obtained was placed in an air dry oven (controlled environment) at 80°C.
The period of drying was set to be 18 hours for the removal of all solvents (Jasbi and Dorranian,
2016; Pookmanee and Phanichphant, 2009). The dried crystal clustered solids were taken out

from the oven and placed in the desiccator (sealable enclosure) to cool naturally.

3.3.3 Thermal Treatment

The dried clustered solids were grinded manually using a purified mortar and pestle set. The
grinding was carried out for about 3 minutes till fine particles were achieved. The grinding was
performed to obtain very fine particles with large surface area so that the particles were exposed
to a uniform heat. The grinded particles were transferred to a crucible of 30 ml capacity. The
loaded crucible was placed in a muffle furnace where the temperature profile was set-up as

shown in Figure 3.1 (Yang et al., 2010; Pookmanee and Phanichphant, 2009).

The muffle furnace was programmed in such a way so that it follows these definite objectives
shown below:
1. Temperature rising rate of 5°C per minute
ii.  Maximum temperature of 400°C
iii.  Holding-up at maximum temperature for 3 hours

iv.  Forced cooling within 2 hours
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After calcination process, the solid was taken out and placed in a desiccator. The desiccator

containing photocatalysts is stored in an air tight non-light penetrating container.

400
300
200
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o

4.25

6.25
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Figure 3.1 : The graphical representation of calcination period.

3.3.4 Doping of MoO3 and Ag

The mixing of titanium(I'V)isopropoxide in organic solution was mixed in similar way as stated
earlier. Simultaneously, solution of ammonium molybdenum oxide ((NH4)sM070,4-4H,0) was
prepared by using deionized water. About 0.52 g of ammonium molybdenum was added to 2 ml
of deionized water. This was done to maintain 3 weight % of molybdenum oxide (MoOs3) in the
final product (Bai et al., 2015). The solution of ammonium molybdenum oxide was stirred

vigorously for 30 minutes.

In the next step, nitric acid and ammonium molybdenum solution was added to titanium
precursor solution. The addition was done drop wise with 30 seconds interval under vigorous
stirring. The vigorous stirring was continued for 1.5 hours until gel resembling solution was
formed. The other steps of sol-gel technique like aging, separation, drying and calcinations were

performed in manners stated previously.
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For molybdenum oxide and silver doping extra preventative measure was taken. At first, the
solid silver nitrate was added to nitric acid and stirred for 20 minutes. The solution was prepared
in such a way that 8 drops of it will contain 0.032 g of silver nitrate. This was done to maintain 1

weight % of silver (Ag) in the final product (Yang et al., 2010; Girginov et al., 2012).

In the case of molybdenum doping, the ammonium molybdenum solution was prepared first. In
the next step, 2 drops nitric acid was added to titanium precursor solution. This step was
followed by addition of ammonium molybdenum and silver nitrate solution but not
simultaneously. The drop wise addition of each solution was done with 30 seconds interval
between them under vigorous stirring. The vigorous stirring was continued for approximately 1.5
hours until gel was formed. The other steps of sol-gel technique like aging, separation, drying

and calcinations were performed in manners stated previously.

3.4 Characterization of Photocatalysts

The analytical techniques used in this research were X-Ray Diffraction (XRD), UV-VIS-NIR
Spectrophotometer, Scanning Electron Microscope (SEM) and Nitrogen Physisorption

Measurement (BET analysis). The advantages of these techniques have been discussed earlier.

3.4.1 X-Ray Diffraction (XRD)

The XRD is one the most fragile technique to analyze a pure sample. For this particular
technique, approximately 0.1 g of each sample was taken and de-moisturized. The moisture free
sample was placed on a polished zero diffracted plate (SiO; single crystal). The diffracted plate
was placed inside laser shield glass protected PANalytical Empyrean Series 2 X-ray Diffraction

System.

In the following step, everything was set and programmed on computer. The incident X-ray
beam (Cu (Ka) radiation based with A=0.154 nm) was projected. The diffraction X-ray was

collected by a diffractometer. The range of 26 was set within a range of 20° to 70° with the
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rotation speed of 1°/minute. The corresponding results of sample in terms of intensity against 20
were observed from computer. All the other samples were analyzed using the above protocol

without any notable change.

The exact crystal structure is very significant for photocatalyst. XRD is one of the powerful non-
destructive techniques for characterizing molecular structure of a crystal. The characteristic
peaks of anatase at 101 and 200 planes were used for analysis. The mean size (t) of crystal was
calculated using the Scherrer equation as shown in equation 3.1. In equation 3.1, k=09, A, B
and © are dimensionless shape factor, wavelength, Bragg angle and half the maximum
intensity’s broadened line (FWHM) respectively (Rengaraj and Li, 2006).

T = KA
- BcosO

3.1

Furthermore, lattice parameters like a (A), ¢ (A) and dgy. (A) were calculated and elaborated
using tetragonal system equation as shown in equation 3.2 (Rengaraj and Li, 2006; Navas et al.,
2014). The three integers h, k, and € are the Miller indices used as notation to describe

crystallography for planes in crystal lattices.

1 h2+k? 12
= + —

d? a? c?

3.2

3.4.2 UV-VIS-NIR Spectrophotometer

The sample preparation methods for UV-VIS-NIR Spectrophotometer are similar to XRD
sample preparation. About 0.1 g of the sample is placed in holder and pressed using a punch
presser. The holder is placed in the LAMBDA 1050 UV/Vis/NIR Spectrophotometer
(PerkinElmer). The reflectance and corresponding absorbance percentage for wavelength range
of 300 nm to 700 nm was collected. All the other samples were analyzed using analogous way

without any notable change.
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The graphical pattern of the absorbance against wavelength plot was used to estimate absorbance
edge shift. As calculation of band gap energy of composite materials is very significant. The
band gap energies of all samples were determined by using formulism of Kubelka-Munk.
Kubelka Munk function for diffuse reflectance (R)) and Tauc plot ([f{R)Av]" or o.” versus Av) are
stated in equation 3.3 and 3.4.

(1-R)?

f(R) = 2R

3.3

[f(R)hv]? = a? = K(hv — E) 3.4

The value of n was considered 2 as a representation of direct transition (Ebraheem and El-Saied,
2013; Karkare, 2014). For the equation 3.4, K is a featuring constant, 4v is the photon energy

and E,is band gap energy, respectively.

3.4.3 Scanning Electron Microscope (SEM)

For SEM analysis, the non-destructive samples were dried and de-moisturized. A minute amount
of de-moisturized samples were taken onto both-side conductive carbon based tape. The sample
containing carbon tape was placed in sample holder attached with JOEL JSM-7600F Field
Emission Scanning Electron Microscope. In this particular analytical technique, images of
different positions were taken at micro and nano level. The working voltage was 5.0 kV and
working distance was about 8 mm. For each and every sample, corresponding images were

generated in the same pattern for consistency.

3.4.4 Nitrogen Physisorption Measurement (BET analysis)

The adsorption-desorption methods are moisture sensitive. All the samples were dried at 150°C
for 30 minutes. The moisture free samples were analyzed sequentially by nitrogen adsorption and
desorption methods. Different compositions of nitrogen (30%, 50%, 70% and 95 %) were used.

The respect indicating parameters of thermal conductivity were calculated using

47



PulseChemiSorb 2705 (Micromeritics). The values obtained were placed in computer set-up
programmed with BET surface area analysis and desired results were obtained. The BET model
of multilayer adsorption used is represented by equation 3.5. In this equation, p and p, are
equilibrium and saturation pressure of adsorbates at temperature of adsorption, v is adsorbed gas

quantity (volume units), v, 1s monolayer adsorbed gas quantity and c is BET constant.

1 _c—1 D i
’U[(%)—l] N VUmC (po) + VmC 3.5

3.5 Experimental Set-up

The experimental photocatalytic reactor system was designed with respect to certain criteria
stated below:
1. Solar radiation penetration
ii.  Pure surface
iii.  No loss of liquid due to evaporation
iv.  Suitable sampling and parameter reading credentials
v.  The shiny reflective surfaced bottom
vi.  Tilted bottom edged photocatalytic reactor

vii.  Catalyst in suspension form

The schematic diagram of the photocatalytic reactor is shown in Figure 3.2. All the experiments
were carried out in same set-up under solar radiation at ambient surroundings. The corresponding

readings were taken by removing detachable polished cork or cap when required.
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Figure 3.2 : The schematic diagram of photocatalytic reactor system.
3.6 Photocatalytic Degradation

The photocatalytic degradation of methyl orange (MO) dye has been divided into three major
parts stated below:

1. Preparation of desired concentrated MO solution

ii.  Preparation of calibration curve

iii.  Photocatalytic reactions and sample analyzing

3.6.1 Preparation of Methyl Orange Solution

At first, approximately 0.29 g of the MO solid was added to 250 ml of deionized water. The
solution was stirred for exactly 30 minutes. The homogenous solution of (1 mg/ml of MO) was
used for the following experiments. Before using the dye solution for experiments, it was stirred

for 10 minutes.

49



3.6.2 Calibration Curve

For calibration curve, 5 ml, 4 ml, 3 ml, 2 ml, and 1 ml of 1 mg/ml of MO solution was added to
250 ml deionized water. The MO solution was prepared with concentrations of 20 ppm, 16 ppm,
12 ppm, 8 ppm and 4 ppm, respectively. 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 nano meter. The recorded absorbance peak values against

MO concentrations were plotted in calibration curve.

3.6.3 Photocatalytic Reactions and Sample Analyzing

The photocatalytic reactions were carried out in an open area (roof top) under sunlight. The
experimental set up was assembled based on design shown in Figure 3.2. Initially, MO solution
of 15 ppm was prepared of photocatalytic reaction. The preparation was done by adding 1.5 ml
of MO solution (1 mg/ml) in 100 ml of deionized water. Simultaneously, a reference solution for
UV-Vis light spectrophotometer was also prepared in a test tube. The reference solution

contained 0.01 g of photocatalyst and 0.01 ml of H,O, in 10 ml of deionized water.

Exactly, at 10:00 am, the first 1 ml sample of MO solution was collected. Simultaneously, 0.1 g
photocatalyst was added in 15 ppm MO solution along with 0.1 ml of H,O,. The magnetic stirrer
(China 78-Magnetic Stirrer) was started at moderate rotation speed. The reference solution tube

was placed alongside photocatalytic reactor.

The photocatalytic reaction was allowed to run for 5 hours. The sample of 1 ml was collected
after each 1 hour interval. Stirring was stopped for 5 minutes before taking each sample. This
encouraged sedimentation of solid photocatalysts at bottom of the reactor. The sedimentation

technique helped on negligible photocatalysts withdrawal while sampling.
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3.6.3.1 UV-Vis light Spectrometer Analysis

The collected samples were analyzed using SHIMADZU UV-2600 UV-VIS Spectrophotometer.
The reference solutions were used as baseline (process of normalization). During sample
analyzing using spectrophotometer, curves of absorbance against wavelength were generated.
The peak values of each curve were used to obtain concentrations from the prepared calibration

curve/standard curve.

3.6.3.2 Experiments with Modified Photocatalysts

Simultaneously, the other experiments with modified photocatalysts were carried out. Purpose
was to neglect any deviation on the rate of degradation by light intensity parameter. The

procedures of these experiments were similar to TiO; based photocatalyst experiment.

3.6.4 Basic Mathematical Equations

The basic mathematical equation used for photo-degradation calculation is stated by equation
3.6. For equation 3.6, C, and C are initial and instantaneous concentrations of MO in ppm,

respectively.

Parentage removal (%) = (C"C_C

)x100 3.6

o

For photocatalytic degradation, kinetics was studied by using pseudo-first-order model. The
classic modified pseudo-first-order model for dye degradation is stated earlier in equation 2.7.
The equation 2.7 was rearranged into an integrated form as shown in equation 3.7. The integrated
formed equation was plotted and rate constant was calculated. The rate constant obtained was

used for evaluation and explanation of photocatalyst’s degradation performance.

In (—) = kt 3.7
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3.7 Chapter Summary

The nano-composite photocatalysts of TiO,, M0oO3-TiO, and Ag-MoOs-TiO, were prepared by
sol—gel plus thermal treatment method. The synthesis stages which were used are mixing, aging,
separation, drying, grinding and calcination. The characteristic assessments of photocatalysts

were done by using XRD, Spectrophotometer, SEM and Nitrogen Physisorption Measurement.

The experimental photocatalytic reactor system was designed with respect to solar radiation. The
photocatalytic reactions were carried for 5 hours under solar radiation. The experiments involved
100 ml of 15 ppm concentrated MO solution as model textile wastewater. The chemical additives
for photocatalytic experiments were 0.1 g of photocatalysts and 0.1 ml of H,O,. The sampling
rate of 1 hour was maintained for precise experimental estimation. Before collecting each
sample, the sedimentation technique was used to separate solid and liquid phase. The technique

helped in negligible withdrawal of photocatalysts.

The collected samples were analyzed by Spectrophotometer. The corresponding absorbance
against wavelength curve with a peak value was generated. The peak values of each curve were
applied to obtain MO concentrations from calibration curve. The MO concentrations were used
in pseudo-first-order model based mathematical equation to study photocatalytic degradation

kinetics.
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CHAPTER 4

RESULTS AND DISCUSSION

In this chapter, the experimental results are presented and discussed with respect to literature.
The key parts of this chapter involve preparation technique of nano-composites, photocatalyst’s
characterization and photo-degradation process. The closing sub-section contains mechanism of

enhanced photocatalytic activity of the modified TiO, photocatalysts.

4.1 TiOz Preparation

The sol-gel method of TiO; preparation has been discussed in Chapter 3. This section will cover
the major observations during sol-gel method of TiO, preparation. The initial addition of HNO;
plus deionized water to titanium based solution produced a pale yellow solution. The
continuation of drop wise addition resulted in milky pale yellow colored viscous solution, which
turned to cloudy white gel resembling solution after extended stirring (approximately 2 hours).
The sequential color and viscosity changes are shown in Figure 4.1. The reasons for these

changes explained with respect to chemical reactions happened during sol-gel method.

Figure 4.1 : Sequential color changes from reaction during sol-gel process.

The ultimate milky color shows formation of Ti(OH)4 and TiO,, which are white in color. The

Ti(OH)4 and TiO, might have resulted from hydrolysis and condensation process. The equations
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representing chemical reactions are stated by equation 4.1, 4.2, and 4.3 (Brinker and Scherer,
2014). For hydrolysis process symbol R represents alkyl group. In condensation process X

represents either H or alkyl group.

Hydrolysis reaction

-Ti-OR + H,O — -Ti -OH + ROH 4.1

Condensation reaction
-Ti -OH + XO-Ti — - Ti -O-Ti - + XOH 4.2
-Ti-OH + -Ti-OH — -Ti-O-Ti- + H,O 4.3

The in-between color turnover to pale yellow might be due to yellowish titanium based
intermediates. The intermediates are mainly produced from incomplete hydrolysis and rapid
condensation processes. According to many literatures, pH was found vital in controlling the rate
of hydrolysis and condensation (Ibrahim and Sreekantan, 2010; Behnajady and Eskandarloo,
2013). The incomplete hydrolysis and faster condensation reactions might be primarily due to
gradual addition of HNO3; which might cause slow alteration of pH in the solution. This slow pH
adjustment might result in uncontrolled pattern of chemical reactions along with undesired

intermediates.

The sufficient water availability might be another factor for quick condensation reaction. The
water addition to precursor solution is expected to produce mono-dispersed colloids from
condensation reaction. The colloids required to form inorganic polymer by means of oxygen
bridging (Brinker and Scherer, 2014). So, drop wise addition of water forced a very quick
condensation within a particular area. The quick condensation might have resulted in partial
bridging with the surrounding species. The partial bridging produced intermediates which can go

through other forms of reaction (Brinker and Scherer, 2014; May-Lozano et al., 2014).
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The sufficient addition of water and acid turned the solution to milky-white. This shows
complete hydrolysis and eventual conversion of the undesired intermediates (Vijayakumar et al.,
2006). The adequate water and acid addition also helped multilevel cross-linked network
creation. The rate of cross-linked networking showed moderate gelation time. This particular fact

is supported by physically observed rise in viscosity of the solution to elastic gel.

The elastic gel formed was left for aging which is an essential part of sol-gel technique. It was
observed that there were two separate phases of liquid and gel. The gel might be representation
of perfect bridging formed within the desired constituents. The liquid might be solvents that were
left alone during the networking or bridging process (Brinker and Scherer, 2014; Iguchi et al.,
2009; Karkare, 2014). The separation process was further enhanced by centrifuge technique. The

white solid gel was obtained after centrifuge as expected from the literatures.

After drying the gel, a pale yellow and brownish yellow colored cluster was observed as shown
in Figure 4.2. It shows that most of the respective solvents within spongy gel structure were
evaporated. The respective colors of the clusters are representation of trapped non-volatile
solutes and alcohols. Literatures showed that during drying there is a potential shrinkage or
blockage within polymeric network. This effect of blockage and trapping is due to the counter
effect of diffusion with respect to the volatility (Brinker and Scherer, 2014; Pookmanee and

Phanichphant, 2009).

The pale yellow color of the cluster might be due to trapped non-volatile solutes like nitric acid.
For the case of brownish cluster, the color might be from the entrapped alcohols. The alcohol
might be iso-propanol which is a possible bi-product as well as solvent for this particular case.
The surface shrinkage or collapse might have been encountered by a slower rate of drying

(Brinker and Scherer, 2014).
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Figure 4.2 : The pale yellow and brownish yellow colored clusters.

The drying process was followed by thermal treatment or calcination process. The thermally
treated product had white, pale yellow and minute amount of ash colored crystals as shown in
Figure 4.3. The calcination was done to stabilize chemical and physical properties of the crystal
cluster. During calcination process, the thermal decomposition of unwanted salts is expected to

occur. The thermal decomposition might have resulted in desired TiO, which is white in color.

According to the literature, TiO, can also be pale yellow color depending on operating conditions
of sol-gel method (Liu, 2005). Other authors stated that pale yellow color might be an indication
of lattice imperfection. As crystal color is strongly dependent on lattice imperfections such as
oxygen vacancies (Sekiya et al., 2000). The oxygen vacancy might have developed during the

heat treatment or calcination at 400°C.

In addition, some faded ash color crystals that were observed have been discussed in literature as
Ti,03. Ti,O3 might have resulted during nucleation and crystallization phase based on well-
situated reducing atmosphere (Humphery, 1951; Chen and Mao, 2014). Both the surface oxygen
vacancies and Ti’" state deviations are found beneficial for photoactivity (Mehta et al., 2016).
The improvement is expected due to the arrangement of localized or delocalized surplus

electrons (Sekiya et al., 2000; Mehta et al., 2016).
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Figure 4.3 : The white, pale yellow and ash colored crystals.

4.2 Doping of MoO3 and Ag

For the case of doping, the major changes were addition of ammonium molybdate and silver into
titanium based precursor. The solution of ammonium molybdate was expected to follow the
chemical reactions trend as stated by equation 4.4, 4.5, and 4.6 (Chiang and Yeh, 2013). As
shown in reaction 4.4, ammonium molybdate tetra-hydrate solution is supposed to be converted
to hydrated form hepta-molybdate. However, because of presence of acidic medium hepta-
molybdate was converted to hydrated molybdenum trioxide as shown in reaction 4.5. All these

reactions were being carried out in presence of TiO,.

(NH4)¢M07024-4H,0 —Mo070,4 ° + 6NH," + 4H,0 4.4

Mo705, %+ H" — 7Mo00;-H,0 45

In the period of calcinations, hydrated form of hepta-molybdate was converted to desired form of
molybdenum trioxide (reaction 4.6). Literature reported that molybdenum trioxide reached

chemical and mechanical stability with TiO, during calcinations (Bai et al., 2015).

MOO3‘H20 — 1’1—M003 4.6
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According to numerous literatures, interference of titanium during these reactions is highly
possible. The intervention might have resulted in the formation of Mo—O-Ti bond. The proposed
arrangement of Mo and Ti found liable for the chemical stability, physical stability and narrow

band gap (Li et al., 2014).

The addition of silver was as a surface modification prospect with respect to noble metal. Once,
AgNOs solution was added after MoO; addition, no physical change was observed. This was
expected from previous studies of Ag doped TiO, synthesis techniques (Wang et al., 2012; Li et
al., 2014; Chaker et al., 2016).

At molecular level, Ag is expected to be present in Ag forms. Ag' was anticipated to be
adsorbed on the surface of existing MoOs-TiO; support. During the period of thermal treatment,

absorbed Ag" ions were expected to be reduced to desired metallic Ag.

4.3 Characterization of Photocatalysts

The analytical techniques used in this particular research were X-Ray Diffraction (XRD), UV-
VIS-NIR Spectrophotometer, Scanning Electron Microscope (SEM) and Nitrogen Physisorption
Measurement (BET analysis). The analytical results obtained were discussed in this particular

section with respect to performed test in the laboratories.

4.3.1 X-Ray Diffraction (XRD)

The proper crystal structure is very significant for photocatalyst. XRD is one of the powerful

non-destructive techniques for characterizing molecular structure of a crystal.

4.3.1.1 XRD Analysis

All the synthesized samples of TiO,, M0O3-TiO, and Ag-MoOs-TiO; were analyzed by XRD.
The corresponding graphs of phase conditions are shown in Figures 4.4. For pure TiO,, XRD

graph showed existence of main peak at 20 of 25.26 for respective planes of 101.The overall
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graphical trend observed is an attributing indication of anatase TiO, (Bai et al., 2015; Li et al.,
2008). Fortunately, the anatase phase is desired for dye degradation and tetragonal crystals
modified structure (Girginov et al., 2012). Additionally, the XRD pattern for doped TiO; graphs
showed approximately similar trend in comparison to the pure TiO,. This indicates that addition
of MoO3 and Ag-MoOs to TiO, did not change the arrangement of crystal lattice (Bai et al.,
2015; Girginov et al., 2012). The lack of any distinguishing peak in the graphs demonstrated

uniform distribution of dopants and their presence at minute level (Bai et al., 2015).

The key difference was observed in intensity level of the major anatase (101) plane peaks. The
intensity level is found to be calcination temperature distribution dependent. According to
literature, dopants act as impurities in crystal structure. The presence of dopants hinders the rate
or positional temperature distribution during calcination periods (Yang et al., 2010). The
decreasing trend of intensity level was observed on both the doped TiO,’s XRD graphs as shown
in the figure 4.4. This demonstrates that doping might have caused non-uniform temperature
distribution in comparison to pure TiO,. Moreover, from the graph it can be seen that the width
of the intensity peaks were increased for doped TiO,. This characteristic of the intensity peak
shows that the particles are mostly amorphous. The possible reason for amorphous nature might
be the presence of surface defects. In literature, the surface defects are represented by dopants
and surface oxygen vacancy (Yang et al., 2010; Xin et al., 2005). For this particular case, the
existence of MoO; and Ag along with oxygen vacancy might have hindered the phase

transformation. This might have resulted in amorphous phase rather than crystalline structure.

60



(o}
= NG S
<& /PN. ....... I PRI S SR L mim i mmmmmm >
—_ < > © W
| 8 -8 < 3 =
A/
............... l..l.l.l.l.l.l.l - |.|.|.|.|.|‘|‘|A|.|.|.|.|.|.|v
Lo o
— © ©
—
3 9 w
— <
NS v/ R A I .
m [ip}
......... e s wm o ammmsmmmmsamamemme mfem ofmamm- |.|.I.I.I.|.|.|.I.I.|v
]
5 -3 R
<<
/ ....... o ---- - - L 1y SN N I >
() ()
s H =
Lo © 1 N @
< ..& m" < ..m...
K- <
(= (= W
«~ 3 o
- ;
S S 5 i
< A . 4.2 L - L >
L 3 N
(a0} o
) 3 o
o™ o
i
= 3
<
~ T S S I S .VA\%
e
S S -
‘n'e) Ayisuaju
(‘ne) Ausuaiu (‘ne) Auisuazu (‘n°e) Ausuaqu

25 30 35 40 45 50 55 60 65 70
2 Theta (deg)

20

Figure 4.4: XRD graphs (a) TiO,, (b) M0Os-TiO, and (c) Ag-MoO;-TiO».
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The peak intensities of the XRD graphs were used to find the theoretical physicochemical
properties of samples which are represented in Table 4.1. The crystal sizes were found to be
11.38 nm, 4.97 nm and 4.21 nm for TiO,, M0O3-TiO; and Ag-MoOs- TiO,, respectively. The
crystal size is expected to be reduced mainly because of the lattice distortion. The lattice
distortion might have been there due to interface tension along with the stress field. These

induced forces are common phenomena within grain boundaries in an overloaded volume (Seok

etal., 2017).

In addition, lattice parameters such as a, ¢ and dy were determined for all the samples. And the
results showed minor changes of crystal parameters as shown in Table 4.1. This minor change is
not supposed to affect the photocatalysts’ corresponding photoactivity (Rengaraj and Li, 2006).
However, minute parameter fluctuations in axis were might be due to anisotropic size-dependent
variation which is a common phenomenon for synthesized composites as reported in the related

literature (Kuznetsov et al., 2009).

Table 4.1 : Summary of theoretical physicochemical properties of samples

Lattice parameter (A)
Crystalline Size dhkiya
Samples a
P (nm) (A)
a C

TiO, 11.38 3.52 3.79 9.56
Mo0Os3-TiO, 4.97 3.52 3.82 9.17
Ag-MoO;-TiO; 4.21 3.51 3.80 9.06
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4.3.2 Scanning Electron Microscope (SEM)

SEM is a widespread analytical instrument existing in analytical techniques. It is intended to
characterize physically appeared properties like size morphology and shape. SEM images were
obtained at micro and nano scale level for respective composites and shown in Figure 4.5. It
(Figure 4.5) shows that operating conditions used for TiO, nano particles synthesis didn’t affect
morphology. The surface appears to have homogeneous spherical particles distribution with film-
crystal like structure. The estimated average particle size was found to be of 24 nm from SEM
images. A similar morphology was obtained by other researchers with a slightly smaller particles
size (Karkare, 2014). The increase in average particle size was might be due to gradual addition
of HNO;. The gradual addition might not have brought down pH to a desired level. According to
literatures, pH level affects particle size quite strongly. It might have been the significant factor
in this particular case (Karkare, 2014; May-Lozano et al., 2014). In addition, excess water

addition also might be a cause of increased crystal size of particle (May-Lozano et al., 2014).

For doping, there were slight changes in morphology and average estimated particle size. The
average particle sizes were 22 nm and 20 nm for MoOs3-Ti0; and Ag-MoOs-TiO,, respectively.

The particle size decrease is due to reasons already discussed in crystal size decreasing section.

The surface of TiO; crystals showed increase in roughness after addition MoO3; and Ag. On a
broadening view, the surface showed more bubbly like pattern. This dense bubble pattern on
support crystal is frequently observed in literature of doping synthesis (Song et al., 2001).
Altogether, the addition of MoO3s and Ag has shown increase in roughness and decrease in size.

The characters which were desired to enhance photoactivity of the photocatalysts.
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Figure 4.5 : SEM images (a) Micro level TiO,, (b) Nano level TiO,, (c) Micro level MoOs-TiO,,
(d) Nano level M0oOs-TiO,, (e) Micro level Ag-MoO;-TiO, and (f) Nano level Ag-MoOs-TiO,.




4.3.3 UV-VIS-NIR Spectrophotometer

The reflectance and absorbance spectra of all samples were recorded within 300 nm to 700 nm
wavelength range as shown in Figure 4.6. There is an indication that dopant helped absorption
edge to shift towards a longer wavelength. This type of absorption edge shift is more widely
known as red shift. The red shift might be due to combinational effect of MoO3’s narrow and

TiO,’s wide band gap (Li et al., 2014).

The visible light absorbance of TiO, and Ag-MoOs-TiO, were slightly higher than MoO3-TiO,.
It is not a huge influential factor in contrast to narrow band gap gained. Because the desired e
and h" generation is significantly influenced by narrow band gap energy the Ag-MoQO;-TiO; has
shown slightly higher absorbance than MoOs-TiO,. According to literature, this is because of Ag
which has surface plasmon resonance property. This property might have caused extra

absorption band within 450 nm to 750 nm range (Rengaraj and Li, 2006; 53, Xu et al., 2017).
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Figure. 4.6 : UV/Vis response of synthesized photocatalysts (a) reflectance graphs; (b)

absorbance graphs.

The band gap energy of composite materials is very significant for semiconductor nano-material
especially when the nano-composites are desired to use for photocatalytic applications. Thus the

band gap energies of all the samples were determined by using Kubelka-Munk formulism
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(Section 3.4.2) and the calculated values are shown in Table 4.2. The resulted Tauc plots of the

respective samples are shown in Figure 4.7.

Table 4.2 : The band gap energy (eV) of the nano-composites

Samples E, (eV) (Plot Based)
TiO, 3.16
Mo0Os5-TiO, 2.86
Ag-Mo0Os-TiO, 2.84

The band gap energy (E,) of TiO, was found to be around 3.16 eV. In literature, the band gap

energy (E,) of anatase phased TiO; 1s stated to be 3.2 eV. The difference of E, might be due to

minute rutile phase which has E, around 3 eV (Yang et al., 2010). The other corresponding

values of E, showed that MoOs (E, = 2.9) addition has narrowed E, to 2.86 ¢V. Similar results

were observed by the other researchers (Yang et al., 2010; Li et al., 2014; Liu et al., 2016). For

Ag-Mo0Os-TiO,, E,; value was just narrowed to 2.84 eV as expected. The main reason is that

noble metals mostly influence absorbance range by means of surface modification (Rengaraj and

Li, 2006; Chaker et al., 2016).
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Figure 4.7: Tauc plots for (a) TiO,, (b) M0oO3-TiO; and (¢) Ag-MoOs-TiO,.
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4.3.4 Nitrogen Physisorption Measurement (BET analysis)

The analysis of specific surface area and pore volume were carried out by N, adsorbate based
adsorption-desorption instrument. The experimental values obtained using Brunauer—Emmett—

Teller (BET) theory based equations are summarized in Table 4.3.

The results from specific surface area measurements show a remarkable increase of specific
surface area because of doping of MoO; with TiO,, The specific surface area of MoO; doped
Ti0; nano-composites were increased by 5 times in comparison to TiO,. The increase of specific
surface area is consistent with the observed results as obtained from SEM image (Figure 4.5)
analysis. The SEM images showed an increase in roughness of MoO; doped TiO, nano-
composites by means of bubbly surface. Similar results were observed by other researchers (Bai

etal., 2015).

The specific surface area is a fundamental property of porous catalyst like TiO,. Therefore,
increase in specific surface area of a catalyst enhances the photocatalytic degradation because of
more available active sites (Yang et al., 2010). On the other hand, addition of Ag had little
impact on specific surface area. Ag-MoQOs-TiO; nano composite in comparison to MoOs3-TiO,
nano-composite has shown very minute increase. It indicates that Ag must have only had a very

little surface modification during crystal formation (Bai et al., 2015; Chaker et al., 2016).

Table 4.3 : BET surface area analysis results

Samples Surface Area (m”/ g) Pore Volume (cm’/ g)
TiO, 32.22+1.10 0.0564
MoOs3-TiO, 161.83 £28.01 0.26
Ag-Mo0Os-TiO, 172.71 £27.96 0.3268
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For the case of pore volume, there was a significant increase due to MoOs and Ag dopants. This
increase in pore volume was desired for photocatalytic reaction as suggested by the previous
works related to photocatalysts especially TiO, (Nolan et al., 2009; Kim et al., 2008). However,
it was also stated that pore size should be larger than the micro pores (2 nm), which is large
enough for the adsorbates to penetrate through and carry out desired degradation reaction (He et

al., 2015).

According to many literatures, TiO, photocatalyst’s adsorption—desorption isotherms belong to
type IV which is a representation of average pore sizes within mesopore regions. So, the increase
in pore volume can be considered as an increase in mesopore volume. This increase of pore
volume of photocatalysts enhances the photocatalytic activity of the catalyst as reported in the

literature (Nolan et al., 2009; Yang et al., 2010; Bai et al., 2015).

4.4 Degradation of Methyl Orange

The photocatalytic reaction evaluations of prepared nano-photocatalysts were carried out by MO
degradation. The photocatalytic reaction was done in a reactor under sunlight as stated in
methodology section. The results were obtained on basis of MO peak absorbance by using UV-
Visible spectrometer. The corresponding concentration was measured with respect to calibration

curve as shown in Figure 4.8.

Calibration Curve
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Figure 4.8: Calibration curve of methyl orange as developed for the current study.
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The calculated concentrations of remaining MO (ppm) after treatment for respective
photocatalysts were plotted as shown in Figure 4.9. It can be seen that photocatalytic degradation
of MO for TiO,, M00Os-TiO, and Ag-MOs-TiO, were found to be 79%, 91% and 97%,
respectively. So, there is evidence of enhancements in photocatalytic activities under solar
irradiation. For Ag-MO;-Ti0,, more than 95% of MO was degraded within 240 minutes. The

same level of MO degradation for MoOs-Ti0; was achieved after 300 minutes.
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Figure 4.9: Remaining MO concentration curve for individual photocatalysts.
The decisive clarification was done by studying the photocatalytic reaction kinetics. The pseudo
first-order kinetics was found adequate as stated in Chapter 2. So, the classic pseudo-first-order
model as in equation (3.7) was used to calculate the rate constant. The obtained rate constant

value was used for evaluation and explanation of photocatalytic reaction.

The corresponding graphs for different photocatalysts’ reaction kinetics were plotted as shown in
Figure 4.10. The respective photocatalytic reaction rate constants were calculated from the slope
of linear trend-line plot. The respective rate constants for TiO,, MoOs-Ti0; and Ag-MOs-TiO,
found to be 0.0048 min™', 0.0069 min™' and 0.0114 min™'. The correlation coefficients (R*) were
0.95, 0.90 and 0.92 for TiO,, M00Os-Ti0; and Ag-MOs-TiO,, respectively. It demonstrates that
the straight lines almost fit the experimental values. The slight deviations might be due to

operating conditions like light intensity, oxygen concentration or interfering intermediates.

69



4,00

* TiDy
W00 T, y =0.0114x
3.00 Ag-Mo0;-TiDy R2 = 0.9242
%)
Sy
g 2.00 y = 0.0069x
= R?=0.8962
1.00 y = 0.0048x
R? = 0.9505
0.00
0 100 200 300

Time [min)
Figure 4.10: Photocatalytic degradation kinetics of MO for individual photocatalysts.
The outcomes indicate that Ag-MoOs-TiO, nano-composites have the best photocatalytic
activities. Alongside Ag-MoOs-TiO,, the MOs3-TiO; and TiO, have shown good degradation
property as well. For the case of TiO,, it might have been due to high UV index in solar
radiation. The high value of UV index is expected under tropical conditions of Indian sub-

continent as stated in Chapter 1.

The MoOs3 addition might have shown enhancement due to narrow band gap energy and larger
surface area. The narrow band gap is expected to cause charge carrier generation by a minute
amount of energy. In addition, larger surface area means more active absorbent for desired
surface reactions (Spanhel et al., 1987; Bai et al., 2015). Additionally, the deposition of Ag on
MoOs3-Ti0O; had the most significant improvements on photocatalytic activity. This improvement
was most likely due to the Ag’s properties. The properties help in charge carrier transportation,

trapping and visible light absorbance (Yang et al., 2010).
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4.5 Photocatalytic Reaction Mechanisms

The representation of improved photocatalytic mechanism for Ag-MoOs-TiO; is shown in Figure
4.11. The Ag and MoOs3 doping in TiO; has successfully improved solar energy utilization. The
major reason is TiO,’s higher conduction and valance band with respect to MoOs. It might have
produced an induced artificial band gap within the composite. The artificial band gap helped
photo generated charge carriers to be transferred from TiO, to MoO;. For the case of photo
generated holes, transmission was expected to be in opposite direction. This artificial induced
band gap expected to cause charge carrier generation by minute amount of energy. Reasonably,

this might have caused better and efficient charge generation desired for enhanced photoactivity.
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Figure 4.11: The schematic illustration of charge carrier dynamics in Ag-MoO;-TiO,.

The Ag nano particles attached also certainly acted as a charge carrier sink. It enhanced the
trapping mechanism consequently helped to delay the recombination. The e-/h+ pairs produced
might have reacted with water molecules and oxygen present with sufficient time. The desired

reactive °OH and O, radicals might have been generated more effectively and efficiently.
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The hydroxyl radical formed might have reacted with MO expectedly. The reaction mechanism
is predicted to followed one-electron oxidation at the nitrogen center. It is expected to form
relevantly stable intermediates like phenol, aniline and benzene sulfonic acid (Konstantinou and
Albanis, 2004; Yu et al., 2012; Padmaja and Madison, 1999). The intermediates are anticipated
to go through complete mineralization. The mineralized products might have been sulfate, nitrate

most importantly carbon dioxide and water (Hir et al., 2017).
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4.6 Chapter Summary

In this particular chapter, the observed results of photocatalyst’s preparation route were
discussed. The key parts involved color variations along with physical and chemical changes.
The respective factors affecting these changes were also thoroughly discussed. All the
photocatalysts’ characterization results were well presented. The discussion of the
characterization results were done with respect to photocatalyst’s photoactivity. This chapter
also illustrated MO degradation results to evaluate the performance of synthesized
photocatalysts. The final segment had detail mechanism of enhanced photocatalytic activity of

modified TiO; photocatalysts.
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CHAPTER 5

CONCLUSION AND FUTURE WORK

5.1 Conclusion of the Thesis

In this study, a noble nano-composite of Ag-MoOs-TiO; along with MoOs-Ti0O; and TiO, were

synthesized for the treatment of textile azo dye. The technique used for the synthesis of nano-

composites was conventional sol-gel method together with thermal treatment. The physical

changes during nano-composites synthesis were observed. The characterizations of the nano-

composites were performed using XRD, SEM, UV-VIS-NIR and BET analysis. Moreover, the

treatment of textile azo dye was performed using the prepared TiO, nano-composites. The

following conclusions can be drawn from the particular study:

(1)

(i)

(iii)

(iv)

The XRD results showed that the TiO, nano-composites were preferentially anatase.
It was also found that dopants significantly hindered the phase transformation from
amorphous to crystalline. The average particle size of photocatalysts decreased from
11.38 nm (TiOy,) to 4.21 nm (Ag-MoOs- TiO;) due to the presence of dopants.

The SEM analysis showed that surface roughness of the photocatalysts was increased
due to the addition of MoO; and Ag dopants. In addition the average estimated
particle sizes were also decreased as we observed from the SEM images.
UV-VIS-NIR results suggested that doping of MoO; and Ag-MoOj; assisted to shift
absorption edge towards longer wavelength. The estimated band gap energies (E,)
were calculated to be 3.16 eV, 2.86 eV and 2.84 eV for TiO,, M0o0O;-TiO, and Ag-
MoO:;- TiO,, respectively.

BET surface analysis suggested that the specific surface areas of MoO3; and MoOs-Ag
doped TiO, were around 5 times larger than pure TiO,. The pore volume of TiO, was

increased from the doping of MoOs and Ag.

75



)

Photocatalytic experiments on the treatment of methyl orange revealed that solar
radiation in presence of TiO,, M00O;-TiO; and Ag-MOs-TiO, were very effective in
the dye degradation. The dye degradation results were 79%, 91% and 97%, for TiO,,
Mo0Os-TiO, and Ag-MOs-TiO,, respectively. The degradation rate constants were
calculated by using pseudo first-order steady state reaction kinetics and the results
were 0.0048 min™', 0.0069 min™ and 0.0114 min” for TiO,, MoO;3-TiO, and Ag-
MO;-TiO,, respectively.

Overall, the nano-composites were promising based on the observed characteristics. It

showed significant performances on the azo dye degradation under solar radiation.

Therefore, it can be concluded that an efficient nano-composite of TiO, was synthesized

from the study.

5.2 Future Work

The possible future works which can be suggested from the current study are listed below:

11.

iii.

The performance study of synthesized photocatalysts can be carried out on the treatment
of actual textile wastewater. This will give a comprehensive knowledge about the
possible industrial application of modified synthesized photocatalysts.

Photocatalytic degradation experiments are extensively sensitive to the experimental
parameters like changing of pH and dye concentrations. Thus, optimization of all those
experimental parameters is necessary to obtain enhanced performance of the synthesized
photocatalysts.

The recyclability and enhancement of productive life cycle of photocatalyst are the major
limitations of the current process. Thus, the strategies like immobilization and magnetic

separation of photocatalyst can be employed in future to overcome these limitations.
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Appendix: Absorbance Spectra of Dye Degradation
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Figure A-1: Absorbance Spectra of Dye Degradation for TiO,
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Figure A-2: Absorbance Spectra of Dye Degradation for MoO3-TiO,
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