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ABSTRACT 

Dye pollutants contaminate water bodies when they are improperly disposed into the ecosystem. 

Effects caused by the disposal of these dye pollutants include aesthetic pollution, eutrophication 

and perturbations in aquatic life. This work aims to mitigate these water contamination problems 

by studying possible degradation of these pollutant compounds. Semiconductor photocatalytic 

process using nanocrystalline TiO2 as the semiconductor catalyst was adopted in this work to 

photodegrade Rhodamine B dye and Sudan III dye solutions by exposing it to UV light. In this 

work, we explored the synthesis of porous TiO2 nanostructured powders via chemical means 

such as the Sol gel and Hydrothermal techniques. The as-produced nanoparticles were then 

characterized via X-Ray Diffraction (XRD), Scanning Electron Microscopy (SEM), Brunauer–

Emmett–Teller (BET) surface area analysis, Fourier Transform Infra-Red, and Raman 

Spectroscopy for their microstructure, morphology, optical, porosity and adsorption properties. 

The photocatalytic degradation of Rhodamine B and Sudan III dyes were studied at various 

exposure times to the UV light up to 150 minutes with 30 minutes interval.  The XRD and 

Raman spectra of the samples showed that, the anatase phase of TiO2 was produced when the Sol 

gel method was used in the nanoparticles synthesis. The Hydrothermal method also resulted in 

the synthesis of anatase phase of TiO2 except the sample calcined at 600 °C which showed about 

15% rutile phase. Fourier Transform Infra-Red spectrum on the TiO2 prepared by Sol gel method 

showed bands at 3228cm
-1

 and 1635 cm
-1

, which is attributed to O-H stretching and stretching of 

titanium carboxylate, respectively and these peaks were seen disappearing after calcining at 

different temperatures. Only the strong absorption between 800 and 410 cm
-1

 remained, which 

were attributed to the obtained TiO2 nanoparticles. The highest BET surface area was reported to 

be 207.7 m
2
/g which was assigned to the as-prepared TiO2 nanoparticles synthesized by the 
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Hydrothermal technique. The adsorption and desorption isotherms of this sample exhibited 

typical type IV pattern with hysteresis loop characteristic of mesoporous material according to 

the classification of IUPAC. 94% degradation of Rhodamine B dye was observed after 150 

minutes irradiation of UV light when TiO2 catalyst synthesized by Sol gel technique and calcined 

at 300 °C was used in photodegrading Rhodamine B dye solution and a 100% degradation was 

seen after 150 minutes UV light irradiation in Sudan III dye when Hydrothermal prepared 

catalyst calcined at 300 °C was used. The SEM micrographs obtained also showed that nearly 

spherical TiO2 nanoparticles were produced. The present results obtained showed that a 

mesoporous spherical anatase TiO2 nanoparticles with high photocatalytic activity and high 

surface area were synthesized. They were highly crystalline with grain size ranging from 2 nm to 

30 nm. These synthesized TiO2 nanoparticles can be applied in the degradation of wide range of 

dye pollutants.  
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CHAPTER ONE 

1.0.  Introduction 

Due to rapid industrialization growth in recent decades, a considerable amount of toxic waste is 

being discharged on daily basis. With increasing concern of public health, waste treatment and 

management has become significant in modern times. These ongoing processes compromise the 

quality of water for use in daily activities since the need for clean water by the society is of great 

importance [1, 2, 3]. Dye pollutants from the textile industry, dye industry, food industry, leather 

and paper industries as well as among others. contaminate the environment when they are 

improperly disposed [4–8]. These synthetic polymeric dyes have a wide spectrum of applications 

and hence making their use inevitable. The only way forward is to develop safe disposal 

mechanisms and methodologies so that they can coexist with the ecosystem to provide a green 

environment.  

It has been reported that 1-20% of the total world production of dyes is lost during synthesis and 

dyeing process. Therefore, discharging these dyes into the ecosystem can cause aesthetic 

pollution, eutrophication and perturbations in aquatic life [6, 9–12]. Industries in Ghana 

including textile industry, paper industry, and others make use of these dyes for a wide range of 

designs and applications. It is therefore important to render these dyes non-toxic before it is 

discharged to the environment, to inhibit their harmful effects on the ecosystem. 

Two industries that make the most use of dyes are the textile and paper industries. As such, these 

industries have shown a significant increase in the use of synthetic complex organic dyes as the 

colouring elements. The annual world production of textile industries is approximated to be 

about 30 million tons which requires 700,000 tons of different types of dyes, and this causes 
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considerable environmental pollution problems [13]. Various colour designs in textiles in recent 

times have led to the expansion of worldwide textiles industry and hence, making use of these 

synthetic dyes increase in demand. Therefore, it has become necessary to degrade these dyes 

effectively and at the same time ensuring that no harmful by-products are produced, which may 

pose a threat to the ecosystem. In fact, agencies such as the Ecological and Toxicological 

Association of the Dyestuffs Manufacturing Industry (ETAD) have been established to control 

and devise strategies and methodologies to combat the effects of these dye pollutants. (ETAD) 

was inducted in 1974 with the aim of minimizing environmental damage, protecting users and 

consumers and cooperating with government and public concerns in relation to the toxicological 

impact of these dye products [14]. 

In an attempt to mitigate these problems, physical, chemical and biological wastewater treatment 

methods have been adopted to reduce their impact on the environment. Waste can be degraded 

by the application of heat, light, chemical reagents and by means of ultrasound [15]. However, 

some of these techniques have significant drawbacks since they are nondestructive so they end 

up transforming the organic compounds from one phase to the other [16]. Most dyes are non-

degradable and toxic and they are also characterized by very long half-life periods in the 

environment [15]. It is known that dyes such as Sudan III are mostly non-biodegradable in 

aerobic environments due to the strong electron withdrawing character of the azo group, while in 

anaerobic environments, they can be reduced to more hazardous intermediates such as aromatic 

amines [14].. For instance, a process normally adopted commercially, such as coagulation and 

adsorption, do not result in the complete destruction of the dye effluent  but transfer components 

of the dye from one phase to another, thus causing secondary loading environment [14]. 
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Azo synthetic dyes such us Sudan dyes have been identified as contaminants in different food 

stuffs and their presence is regularly reported [17]. They are also used extensively in cosmetics, 

waxes, solvents and textiles. However, it has been reported that Sudan dyes are metabolized to 

possible carcinogenic colourless amines that can form DNA adducts entailing mutations [17]. 

Hence they have been declared suspected carcinogens and classified group 3 compounds by the 

International Agency for Research on Cancer [17]. 

It was also reported by Ghanaian Daily Graphic on 10
th

 October, 2015 that Sudan IV dye was 

detected in Ghanaian palm oil and this raised an alarm and brought panic among the public. As a 

precaution, the Food and Drugs Authority (FDA)  raised alerts concerning food items very high 

[18]. These and many other issues call for the concern to render such dyes harmless before they 

are released into the environment because, the mismanagement of these dyes can cause global 

problems that might be expensive to control. It has therefore become so important to adopt 

strategies to break down the chemical makeup of these dyes by a photodegradation process 

before they can be discharged into the environment. 

Methodologies normally used in purifying dye contaminated water include; adsorption on 

organic or inorganic materials, photocatalytic degradation, oxidation processes, microbiological, 

or enzymatic decomposition  [3]. Of these, semiconductor photocatalytic degradation with UV-

radiated TiO2 nanoparticles has been identified to be most effective process for the degradation 

of various organic compounds and dyes [4, 9, 19, 20]. This technique has also been demonstrated 

to be very effective in degrading phenol, organic dyes and other emerging contaminants [21].  

This process is carried out using a semiconductor catalyst with a wide band gap such as TiO2. 

Hydroxyl radicals are generated in the process upon radiation and the presence of an oxidation 
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agent, facilitated by electron-hole pairs [16, 21–23]. These hydroxyl radicals are very reactive in 

nature and results in the organic substance being degraded [21].   

Although diverse photocatalysts such as TiO2, ZnO, CdS and In2S3. have been used  recently in 

photocatalytic activities, it has been reported that, TiO2 is the most effective candidate [1].  This 

process has gained a lot of interest for environmental remediation. The destructive power of 

nanocrystalline TiO2 is superb; making series of compounds such as families of dyes, pesticides, 

herbicides, pharmaceuticals, cosmetics, phenolic compounds and  toxins. susceptible to 

degradation by nanocrystalline TiO2 photocatalysis [1]. This is due to the high photocatalytic 

activity, high chemical stability and antibacterial  properties of nanostructured TiO2, which is 

used as the photocatalyst in this reaction [24–27]. Moreover, TiO2 has strong oxidizing power 

and long-term photostability. It is also inexpensive, easily synthesized and nontoxic which makes 

it a suitable catalyst of choice [21, 28]. These unique properties exhibited by TiO2 are largely due 

to its nanostructure, morphology, crystalline phase and dimensionality [29]. 

However, TiO2 used as a catalyst for the degradation of most dyes fall short in certain areas. It 

has a low surface area and also, the quantum yield is relatively low as a result of the rapid 

recombination of the electron-hole pair generated in the photo-degradation process. To combat 

these problems, TiO2 doped with transition metals or metal complex dye sensitized TiO2 have 

been developed recently [15]. 

In this thesis, the photocatalytic degradation of rhodamine B and Sudan III dyes with TiO2 

nanoparticles as catalyst were studied at various exposure times to the UV light source. The 

photocatalytic activity of the synthesized TiO2 was evaluated by determining the percentage 

degradation of the respective dye solutions over time when TiO2 was used as the catalyst.  
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1.1. Aims and Objectives 

Concerns about harmful effects of some dyes and other related issues have motivated this study 

to be done.. The main objective of this study is to mitigate the devastating effect of industrial 

dyes on the environment by developing effective strategies and techniques to degrade these dyes. 

 The specific objectives are to: 

a. Synthesize TiO2 nanoparticles using the sol-gel and hydrothermal methods. 

b. Characterize the TiO2 catalysts prepared  

c. Incorporate the synthesized TiO2 nanoparticles into the photodegradaion of Rhodamine B 

and Sudan III dyes. 
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CHAPTER TWO 

2.0. Literature Review 

2.1. Properties and Structure of TiO2 

Titanium dioxide was first produced at large scale in 1923 and it was obtained from a variety of 

ores [30]. It is a versatile n-type semiconductor transition-metal oxide and is a very useful 

material which has found its usefulness in various forms of application related to catalysis, 

electronics, photonics, sensing, medicine, and controlled drug release [31]. TiO2 comprises of 

eleven phases of which some only exist in high pressure states, and the others belonging to four 

crystal systems (orthorhombic, monoclinic, tetragonal and cubic). However, the common phases 

of TiO2 are anatase, brookite and rutile belonging to tetragonal, orthorhombic and tetragonal 

crystal systems respectively. Most of these phases occur naturally in mineral ores and are 

therefore extracted from its ores. Known sources of TiO2 include ilmenite (FeTiO3), leucoxene 

ores and rutile beach sand [32], [33].  

The TiO2 particle sizes have a significant contribution in the determination of its characteristics 

as well as its potential application. Working with TiO2 on a smaller particle size scale increases 

its potential applications. In these modern times that nanotechnology is popular, a lot of interest 

in how TiO2 can play a role in this field is being pursued by many scientist and researchers. [32]. 
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(a) Rutile 

 
(b) Anatase phase 

 
(c) Brookite 

 

Figure 2.1 Crystal structure of TiO2: (a) rutile (b) anatase and (c) brookite. [34] 

 

Figure 2.1 shows the crystal structure configurations of rutile, anatase and brookite phase of TiO2 

These three main phases of TiO2 have high refractive indices (anatase = 2.488, rutile = 2.609, 

brookite = 2.583), low absorption and low dispersion in visible and near-infrared spectral 

regions, as well as high chemical and thermal stabilities [31]. Among them, rutile and anatase 

phases are predominant. Rutile and Anatase phases both exhibit tetragonal crystal structures but 
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Brookite has an orthorhombic crystal structure. Rutile however, is a more stable phase at high 

temperature and with an optical energy band gap of 3.0 eV (415 nm), but the anatase phase  is 

mostly formed at relatively lower temperatures and has an optical energy band gap of 3.2 eV 

(380 nm) [30].  

Nanostructured TiO2 has gained much attention recently in the scientific community due to its 

wide applications in photocatalysts, solar cells, gas sensors and optoelectronic devices. Sung et 

al. (2010) emphasized the enormous use of TiO2 in several applications including photovoltaic 

applications, water splitting process and hydrogen storage, and many others  [33]. These vast 

applications of TiO2 emerges due to some interesting properties exhibited, such as crystalline 

structure, particle size, specific surface area, porosity and thermal stability [21, 33].  

Photocatalysis using semiconductor as a catalyst has attracted a great deal of research attention 

due to its application to solve numerous environmental problems. Among the various 

semiconductors employed, TiO2 is good photocatalyst that has been identified for the 

degradation of environmental contaminants due to its high photocatalytic avtivity, non- toxicity, 

relatively low cost, and tremendous chemical stability. The excellent photocatalytic property of 

TiO2 is attributed to its wide band gap and the long lifetime of photogenerated holes and 

electrons. TiO2 photocatalyst when used in photodegradation process generates electron/hole 

pairs to initiate a series of chemical reactions that eventually detoxify the pollutants [33]. One of 

the problems normally encountered in photocatalysis process is the recombination of the 

photogenerated holes and electrons. This problem is relatively reduced to the minimum in the 

case of TiO2 and thus, making TiO2 a suitable catalyst among other semiconductors.  
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It has also been found through investigations that, the anatase phase of TiO2 generally possess a 

better photocatalytic strength than the rutile phase [33]. 

  

2.2. Synthesis of TiO2 nanoparticles 

Various properties of TiO2 nanoparticles including physical, chemical, and photochemical 

greatly depend on the preparation method. In view of the vast applications of TiO2, several 

techniques have been developed over the last decade and can be classified as liquid process sol 

gel , solvothermal ,hydrothermal , solid state processing routes (mechanochemical alloying/ 

milling) , thermal hydrolysis, laser evaporation, and ultrasonic synthesis [33].  

2.2.1. Sol gel 

Sol-gel is the most commonly used method for the synthesis of TiO2 particles. This technique 

has been widely adopted for preparing nanostructured TiO2 particles due to some advantages 

such as high purity, good uniformity of the microstructure, low temperature synthesis and easily 

controlled reaction conditions [33]. 

This method of processing nanostructures begins with nanosize unit and it also undergoes 

reactions on the nanometer scale hence the material with nanometer features results. The 

interests about Sol gel processing by scientist are due to the purity of the starting materials as 

well as generally lower processing temperatures. Also, by adopting this method, the powder size, 

morphology and surface chemistry are controlled simultaneously [35]. The processing reactions 

that take place during Sol gel synthesis of TiO2 nanoparticles are as follows: 

i. Hydrolysis to make the reaction active 
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ii. Condensation polymerization along with further hydrolysis 

These reactions result in the increase of molecular weight of the oxide polymer  Eventually, the 

solutions react to a point where the molecular structure can no longer be reversed and it is at this 

point that the Sol-gel transition occurs [35]. 

To synthesize TiO2 nanoparticles with significant properties, several parameters need to be 

controlled in the sol-gel process. For instance, it is known that the concentration of titanium 

alkoxide precursor affects the crystallization and related characteristics of the prepared TiO2 

nanoparticles. The size, stability, and morphology of the sol produced from alkoxide are also 

strongly affected by the hydrolysis and pH. Furthermore, the pH of the prepared solution has a 

great influence on the final size of TiO2 nanoparticles. Therefore, a carefully controlled pH and 

reaction morphology are necessary to optimize the preparation conditions of TiO2 [33]. These 

parameters are of great interest since they can be controlled and manipulated to produce the 

desired nanoparticles. 

Nanoparticles synthesis by Sol gel involves initially a homogeneous solution (sol) of the selected 

alkoxides which are organometallic precursors. Catalysts may also be used to control the pH and 

the starting reactions. 

The Sol gel method was adopted to synthesize TiO2 nanoparticles by reacting Titanium tetra-

isopropoxide (TTIP, Ti(OCH(CH3)2)4) and isopropyl alcohol (IPA, C3H8O) in the ratio of 1:10 

respectively. A second solution was prepared by mixing H2O and IPA in a molar ratio of 10: 1. 

This solution was then titrated into the first solution and stirred for 2 h until a uniform colloidal 

TiO2 sol was produced. HCl and NH4OH were used to adjust the pH of the resultant solution to 

the desired value. [33]. 
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Meng et. al. (2012) also prepared carbon 60 coupled with CdS-TiO2 system by a sol gel 

technique and the prepared catalyst was employed in the degradation of Rhodamine B dye. 

When carbon 60 was added to CdS/TiO2 system, the catalytic activity was enhanced and this 

resulted in a degradation of a higher percentage of the dye within a relatively shorter time. The 

catalytic activity was also enhanced when the content of CdS in C60 and TiO2 was increased. 

These observations were associated to the fact that, due to the improved reaction state by CdS, 

more charges were produced and the rate at which the electron–hole pair recombines were also 

reduced [15]. 

 

2.2.2. Hydrothermal 

Hydrothermal method of nanoparticle synthesis is one of the most widely used methods for the 

preparation of highly crystalline nanostructured TiO2. Due to the application of elevated 

temperatures and pressures in an aqueous solution, the conversion of amorphous TiO2 into 

crystalline TiO2 is facilitated and hence the crystallinity of the nanoparticles is increased. 

Hydrothermal treatment can also be used to alter the morphology, microstructure and phase 

composition of materials by varying the reaction parameters [28]. The advantages of this method 

are:  

i. Crystallization temperature for phase is below 200 °C.  

ii. By changing the process conditions (such as temperature, time, pH, reactant 

concentration, additives, etc.), various crystalline products with different composition, 

structure and morphology can be obtained.  

iii. Low energy consumption and environmentally friendly process.  

iv. Control of reaction conditions is easy and straightforward.  
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These make hydrothermal synthesis a good method for the preparation of semiconductor 

photocatalysts such as TiO2 [28]. 

In the synthesis of TiO2 by Pavasupree et al. [36], the hydrothermal technique was adopted by 

mixing Titanium (IV) butoxide with the same mole of acetyacetone to slowdown the hydrolysis 

and the condensation reactions. 40 ml was then added to the solution, and the solution was stirred 

at room temperature for about 5 min. After stirring, 30 ml ammonia aqueous solution (28 %) was 

added and the solution was put into a Teflon-lined stainless steel autoclave and heated at 130 °C 

for 12 hours. After the autoclave was allowed to cool to room temperature, the resulting samples 

were washed with aqueous HCl solution, 2-propanol and distilled water for several times, and 

then dried at 100 °C for 12 h. The obtained samples were calcined for 4 h at 300-700°C in air 

condition [36]. 

 

2.3. Sudan dyes 

Sudan dyes are synthetic fat-soluble azo-compounds, with a building block of chromophoric azo groups (-

N=N-) in their molecule [17]. These kind of azo dyes are toxic and have been classified to be 

carcinogenic. This poses a major risk to the surrounding ecosystem and human health as a result 

of waste waters originating from their production and application in industries [14]. 

ETAD carried out a survey which showed that, of a total of approximately 4000 dyes that had 

been tested, more than 90% showed lethal dose (LD50) values above 2 × 10
3
 mg/kg. The most 

toxic among these dyes were the group of basic and direct diazo dyes. It appears that exposure to 

azo dyes by inhalation and contact with the skin by azo dyes is of concern, due to the potential 

generation of carcinogenic aromatic amines. Certain azo dyes and their biotransformation 
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products have been proven to be toxic to aquatic life as well as humans. Azo dyes are very stable 

compounds, and are difficult to destroy or to be decomposed by common treatment in a 

biological treating station [14]. 

Sudan dyes are used mostly as colorants in food, cosmetics, waxes, solvents, textiles etc. Sudan I 

dye has been identified to be carcinogenic in the rat and also found to cause tumours in the liver 

of mice. Sudan II dye has also been found to cause an increase in the incidence of bladder 

carcinomas, and Sudan IV increase the risk of formation of local carcomas. As a result, Sudan 

dyes such as Sudan I, II, and III, Sudan Red 7B, and Sudan Black B reaction products have been 

declared suspected carcinogens and classified as group 3 compounds by the International Agency 

for Research on Cancer [17]. The chemical structure of Sudan I, II, III and IV dyes are shown in 

Figure 2.2. 

 

  

 
 

Figure 2.2: Chemical structures of Sudan I, II, III and IV dyes [37] 
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2.4. Rhodamine B dye 

Rhodamine dyes possesses red to violet colour and are normally used as the active medium of 

tunable laser radiation in the visible region of the light spectrum. The molecular formula of 

Rhodamine B is C28H31ClN2O3 and has molecular weight of 479.02 g/mol. It is mostly used as a 

tracer dye in water in determining the rate and direction of flow and transport. They are used 

extensively in biotechnology applications such as fluorescence microscopy, flow cytometry and 

fluorescence correlation spectroscopy [38]. The structure of Rhodamine B dye is presented in 

Figure 2.3. 

 

Figure 2.3: Structure of Rhodmine B dye 
 

 

2.5. Photocatalysis 

Semiconductor Photocatalysis involves the use of solid semiconductor such as SnO2 or TiO2, 

oxygen as the electron scavenger and ultraviolet light. The basic principle of the 

photodegradation of organic dye compounds in water by TiO2 can be depicted as follows [39]:  
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i. Once excited by light with energy larger than the band gap energy of TiO2 (3.2 eV), 

electron-hole pairs generate and migrate to the surface to react with adsorbed organic dye 

reactants. 

ii. The holes and electrons, together with other oxidizing species such as hydroxyl radicals 

resulting from the photochemical reactions, oxidize the organic pollutants to carbon 

dioxide, water and some simple mineral acids.  

Photocatalytic oxidation reactions are initiated when a photon of higher energy level or equal to 

the band gap energy is absorbed by a TiO2 catalyst which promotes an electron (e‾) from the 

valence band to the conduction band which simultaneously generates a positive hole (h
+
) in the 

valence band [40]. 

Increasing the lifetime of the photo-produced pairs by hole and electron transfer between the two 

coupled semiconductors, has been seen in many cases as the key factor responsible for the 

improvement of the photoactivity of the reacting species. Photoactivity also strongly depends on 

other factors such as the bulk and surface physicochemical properties of the photocatalysts. 

These properties include type of phases, surface hydroxylation, porosity, surface area, adsorption 

capacity, distribution of the supported photoactive component, and surface acid-base properties 

[33]. 

Studies showed that, the degradation of dyes depends significantly on parameters such as catalyst 

loading, dye concentration, pH, and light intensity [13]. 

It has also been reported that, there is a general decrease in the rate of photodegradation of the 

dye with increasing dye concentration [39]. This was because, if the initial concentration of the 

dye is high, large amount of adsorbed dye would inhibit the reaction between the dye molecules 
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and the hydroxyl radicals. Furthermore, due to large amount of dye molecules within the 

solution, they contributes to the scattering of the light and decrease the photons reaching the 

TiO2 surface, thus decreasing the photodegradation rate [39]. 

It is important to study the dependence of the photocatalytic reaction rate on the substrate 

concentration. It was reported in [13] that, there is general degradation rate increases with the 

increase in dye concentration to a certain level and then by further increase in dye concentration, 

a decrease in the degradation rate of the dye resulted.  

Also, findings from [41] demonstrated that the rate of photocatalytic degradation of dye was 

increased on increasing the concentration of azure A up to 3.0 × 10
-5

 M. This observation may be 

due to the fact that as the concentration of dye was increased, more dye molecules were available 

for excitation and energy transfer and as a result, an increase in the rate of degradation of dye 

was observed. A decrease in rate was observed on increasing the concentration of dye above 3.0 

× 10
-5

 M. This may be that, the dye now will start acting as an internal filter and it will not 

permit the desired light intensity to reach the surface of the semiconductor present at the bottom 

of the reaction vessel. 

The amount of catalyst to be loaded in the dye solution is one of the main parameter for the 

degradation studies. The degradation efficiency normally increases with an increase in the 

catalyst loading up to certain limit. The photocatalytic destruction of many organic pollutants has 

also been reported to exhibit the same dependency on catalyst loading. The reason for this 

observation can be explained on the basis that optimum catalyst loading is found to be dependent 

on initial solute concentration. This is because, with an increase in catalyst loading, the total 

active surface area increases, hence there is availability of more active sites on catalyst surface. 
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The availability of active sites increases with the suspension of catalyst loading, but the light 

penetration is limited, and hence, the photo-activated volume of the suspension shrinks causing a 

decrease in percentage degradation. Another reason that might contribute to the decrease in 

percentage degradation may be that, at higher catalyst loading there may be deactivation of 

activated molecules by collision with ground state molecules [13].  

In the study reported by Nan et. al (2014), there was an increase in photoactivity when the TiO2–

zeolite nanocomposites loading was increased and this was attributed to the higher number of 

active sites and more reactive radicals available for surface reaction [42]. However, the reduction 

in photoactivity of TiO2–zeolite nanocomposites observed at higher catalysts loadings was 

attributed to the increasing cloudiness in the reaction solution that prevented the penetration from 

UV illumination [42]. 

Increasing the light intensity also increases the rate of photocatalytic degradation. This is 

because, as the intensity of light increases, the number of photons striking per unit area of the 

photocatalyst per unit time also increases [13],[41]. 

Photocatalytic degradation of dye increases with increase in pH up to a pH value of 7.5 and then 

decreases again with increase in pH above 7.5. This behaviour may be due to the increased 

availability of OH
–
 at higher pH values. By combining with holes, OH

–
 ions will generate more 

hydroxyl radicals (•OH), which are considered be one of the major species responsible for the 

photocatalytic degradation [13]. But above a pH value of 7.5, the increased number of OH
–
 ions 

may compete with the electron rich dye. Therefore, the OH
–
 ions will render the surface of the 

semiconductor negatively charged and as a result of repulsive force between the negatively 

charged species (OH
–
) ions and the electron rich dye; the approach of dye molecules to the 
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semiconductor surface will be retarded. This will result in a decrease in the rate of photocatalytic 

degradation of dye [13],[41] . 
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CHAPTER THREE 

3.0.  Experimental Methods 

3.1. Chemicals 

All the reagents used in this work were of analytical grade and were used without any further 

purification. The reagents used in this work were Rhodamine B dye, Sudan III dye, Titanium 

tetrachloride (TiCl4), Titanium isopropoxide (TTIP), isopropyl alcohol (IPA) and ethanol. 

 

3.2. TiO2 nanoparticles Synthesis 

Sol gel and Hydrothermal methods were adopted to synthesize TiO2 nanoparticles by using 

different metal alkoxide precursors. 

 

3.2.1. Sol gel technique 

In a typical synthesis of the nanoparticles (Figures 3.1 and 3.2), the precursor solution consisting 

of (TiCl4) and absolute ethanol in the ratio of 1: 10 respectively, were subjected to vigorous 

stirring at 1200 rpm for 4 hours at room temperature to enhance the homogeneity and stability of 

the slurry.  

The sol formed was aged at room temperature for 18 hours, ultrasonicated for 30 minutes and 

dried at 120°C for 7 hours. The as-prepared powder was then calcined at elevated temperatures 

of 200°C, 300°C, 400°C, 500°C, and 600°C for 2 hours to obtain the TiO2 nanoparticles for 

analysis. 
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Figure 3.1: Preparation of TiO2 nanoparticles via Sol gel method 

 

 

 

 

Precursor Solution 

(TiCl4) + Ethanol 
Stirring Ageing 

Ultra-sonicate Drying Calcination 

TiO2 nanoparticles 
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Figure 3.2: TiO2 nanoparticles synthesis (a) Stirring process (b) Ageing process (c) As-prepared 

sample obtained after drying (d) Final calcined TiO2 nanoparticles 

 

3.2.2. Hydrothermal technique 

In the synthesis of TiO2 nanoparticles by the hydrothermal technique as demonstrated in Figure 

3.3, 10 ml of TTIP was added to 100 ml of isopropyl alcohol and was subjected to a room 

a b 

d c 
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temperature stirring at 1200rpm. 10ml of distilled water was added slowly at a rate of 2 ml/min 

and the solution was subsequently stirred at 1200 rpm for 10 min.  

 

 

Figure 3.3: Preparation of TiO2 nanoparticles via Hydrothermal method 

 

The solution was then aged at room temperature for 24 hours. After ultrasonicating the sol for 

10min it was transferred to Teflon steel autoclave at 15psi, 120°C for 8 hours. After cooling to 

room temperature, the as prepared TiO2 nanoparticles was calcined at 200 °C, 300 °C, 400 °C, 

500 °C and 600 °C for 2 hours to obtain the TiO2 nanoparticles. 

 

Precursor Solution 

(TTIP+IPA +H20)  

 

Stirring Ageing 

Ultra-sonicate Autoclave drying Calcination 

TiO2 nanoparticles 
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3.3. Characterization of TiO2 nanoparticles 

The as-produced nanoparticles are then characterized by X-Ray Diffraction (XRD), Scanning 

Electron Microscopy (SEM), Fourier Transform Infra-Red (FTIR), Brunauer–Emmett–Teller 

(BET) surface area analysis for their crystal structure, optical, microstructure, porosity and 

surface properties. 

3.3.1. X-Ray Diffraction 

To determine the phases present and the microstructure of the TiO2 nanoparticles, X-ray powder 

diffraction (XRD) patterns were collected on an Empyrean diffractometer (Panalytical BV, 

Netherlands) with theta/theta geometry, operating Cu Kα radiation tube (λ = 1.5418 Å) at 40 kV 

and 45 mA as seen in Figure 3.4. The XRD patterns of all the randomly oriented powder 

specimens were recorded in the 20°- 70° 2θ range with a step size of 0.017°. 
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Figure 3.4: X- Ray Diffractometer 

 

The diffraction patterns were matched against the ICSD's PDF database and qualitative phase 

analysis conducted using the X’Pert Highscore plus search match software (Panalytical, 

Netherlands). The instrumental resolution function was characterized with the NIST SRM 640d 

(Si) standard [43] and all peak profiles were simultaneously fitted with symmetrical pseudo-

Voigt functions whose width and shape were constrained according to the Caglioti et al. (1958) 

formulae [44]. Microstructural analysis was performed using the Whole Powder Pattern 

Modelling (WPPM) method [45], with the aid of the PM2K software [46]. 
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3.3.2. Scanning Electron Microscopy (SEM) 

A high resolution Zeiss Ultra plus 55 field emission scanning electron microscope (FESEM) as 

shown in Figure 3.5 operated at 2.0 KV was used in the surface morphological investigations of 

the as-produced particles. Prior to the SEM analysis, the samples were metallized with carbon 

coating to render it conductive and were inserted into the sample place holder. They were then 

bombarded with a primary electron beam accelerated to 10 keV and the secondary electrons 

obtained were used to visualise the microstructure of the samples. The captured images were 

stored on the computer.  
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Figure 3.5: Field emission scanning electron microscope (FESEM) 

 

3.3.3. Raman Spectroscopy 

Raman spectroscopy data were collected on a Jobin Yvon Horiba TX 6400 micro-Raman 

spectrometer equipped with a triple monochromator system and LabSpec (Ver. 5.78.24) 

analytical software as shown in Figure 3.6. All the samples were analyzed with a 514 nm Argon 

excitation laser through an X 50 objective with acquisition time of 120 seconds and a resolution 

of 2 cm
-1

. 
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Figure 3.6: Raman Spectroscopy 

 

3.3.4.  Brunauer Emmett Teller (BET) Characterization 

Specific surface area (SSA) and porosity of the powders synthesized were measured by nitrogen 

chemisorption using and Accelerated Surface Area and Porosimetry System, model ASAP 2010 

(Micromeritics Instrument Corporation) seen in Figure 3.7. The ASAP 2010 (Accelerated 

Surface Area and Porosimetry System) provides versatility in gas selection and high vacuum for 
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high-resolution low surface area measurements. It uses the principle of physical adsorption to 

obtain adsorption and desorption isotherms and information about the surface area and porosity 

of a solid material. It performs surface area analyses plus pore size and pore volume 

distributions, using nitrogen as the standard gas. The observations are interpreted following the 

model of Brunauer, Emmett and Teller (BET Method), or Langmuir, to calculate the surface 

areas, the average and total pore volume, the BJH pore size distribution and performs micro-pore 

analysis. Before the analysis all the samples (about 0.2 g) were outgassed at 300 °C in vacuum 

for 24 h. The data of the adsorption and desorption isotherms were used to evaluate the porosity 

of the samples. 

  

Figure 3.7: BET (ASAP system) 

 

3.3.5. FTIR  

Transmission FTIR spectra were recorded on a Vertex 70v (Bruker) spectrometer shown in 

Figure 3.8 in the 4000-400 cm
-1

 range with 4 cm
-1

 resolution. Sample compartment was 
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evacuated during acquisition and the contact between the sample and the diamond ATR crystal is 

2 mm diameter. Spectra were recorded and analysed with the Opus software. 

 

Figure 3.8: FTIR Spectrometer 

 

3.4. Photocatalytic Experiment 

The photocatalytic experiment was carried out according to the schematic diagram demonstrated 

in Figure 3.9.  
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Figure 3.9:Photocatalytic Experimental Process 

 

3.4.1. Rhodamine B dye Degradation 

The Rhodamine B dye degradation experiment was carried out as follows:  

i. 0.01 g of the Rhodamine B dye was mixed with 200ml of distilled water to obtain the dye 

solution.  

ii. 0.1 g of TiO2 was also mixed with 50ml of distilled water in a different beaker to obtain 

the TiO2 suspension.  

iii. 30 ml of the dye solution was then added to the prepared TiO2 suspension. 

iv. Prior to UV irradiation, the suspension was stirred in the dark room at 1000 rpm for 30 

minutes for optimum adsorption.  

TiO2 Suspension Dye solution 

TiO2 Dye Mixture UV light 

Centrifuge TiO2 Residue 

Filtrate 

UV-VIS Spectrometer 
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v. After the 30minutes stirring in the dark room, it was then exposed to a UV light source. A 

benchtop UV transluminator with power rating of 330W was used as the UV light source 

in this work.  

vi. Whiles this suspension was exposed to the UV light, 5 ml was withdrawn with syringe 

every 30 minutes.  

vii. The aliquot was centrifuged at 5000 rpm for 10 minutes. This is necessary to ensure that 

any excess TiO2 particles are separated from the dye solution.  

viii. The supernatant was transferred into a cuvette and analyzed by a PelkinElmer Lambda 

850 UV-Vis spectrometer to determine the absorbance over a wavelength range of 200 

nm – 800 nm.  

The various exposure times observed in this work were 0, 30, 60, 90, 120 and 150 minutes.  

The concentration of the Rhodamine B dye solution was decreased and the photocatalytic 

procedure repeated as described above. In this case,  

i. A mixture was obtained by mixing 0.01 g of the Rhodamine B dye with 400 ml of 

distilled water to obtain the dye solution.  

ii. 0.1 g of TiO2 was also mixed with 50 ml of distilled water in a different beaker to obtain 

the TiO2 suspension.  

iii. This was followed by the addition of 10 ml of the Rhodamine B dye solution to the 50 ml 

TiO2 suspension.  

iv. Prior to UV irradiation, the suspension was stirred in the dark room at 1000 rpm for 30 

minutes.  
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v. After the 30 minutes stirring in the dark room, it was then exposed to a UV light 

operating at 330 W power.  

vi. The described steps (steps vi, vii and viii) were repeated at this dye concentration to 

obtained the UV spectrum of the solution at different exposure times. 

The parameters involved in the photocatalytic degradation of Rhodamine B dye solution are 

summarized in Table 3.1. 

 

Table 3.1: Rhodamine B dye degradation parameters 

Concentration of 

Rhodamine B dye 

solution (mol/dm
3
) 

 

pH 

Volume of 

Rhodamine B 

dye solution (ml) 

Mass of TiO2 

catalyst (g) 

Method of 

catalyst 

preparation 

53.8 10  3.49 80 0.1 Sol gel 

68.5 10  4.02 60 0.1 Sol gel 

53.8 10  3.49 80 0.1 Hydrothermal 

68.5 10  4.02 60 0.1 Hydrothermal 

 

3.4.2. Sudan III Dye Degradation 

In Sudan III dye degradation experiment, 

i. Sudan III dye solution was prepared by dissolving 0.8g of Sudan III dye in 400 ml 

isopropanol solution.  

ii. Since sudan III is not completely soluble in isopropanol, the mixture was filtered and the 

filtrate was used as the dye solution for the photodegradation experiment. 
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iii. 50 ml of the prepared Sudan III dye solution was taken and mixed with 0.1 g of TiO2 

catalyst to obtain Sudan III – TiO2 supension.  

iv. Prior to UV irradiation, the suspension was stirred in the dark room at 1000 rpm for 30 

minutes.  

v. It was then exposed to a UV light with power rating of 330 W. 

vi. Whiles this suspension was exposed to UV light, 5ml was withdrawn with syringe every 

30 minutes 

vii.  The aliquot was centrifuged at 5000 rpm for 10 minutes.  

viii. The supernatant was transferred into a cuvette and analyzed by a PelkinElmer Lambda 

850 UV-vis spectrometer to determine the absorption over a wavelength range of 200nm 

– 800nm.  

The various exposure times observed in this work were 0, 30, 60, 90, 120 and 150 minutes.  

In another batch, 20ml of the prepared Sudan III dye solution was taken and mixed with 0.1ml of 

TiO2 catalyst, and 30 ml isopropanol to obtain Sudan III – TiO2 suspension. Procedures (iv - viii) 

were repeated to obtain the UV spectrum at different exposure times. 

The concentration of the prepared Sudan III dye solution was further reduced and the experiment 

repeated. In this case, 5ml of the prepared Sudan III dye solution was taken and mixed with 0.1 g 

of TiO2 catalyst, and 50 ml isopropanol to obtain Sudan III – TiO2 suspension. Procedures (iv - 

viii) were repeated to obtain the UV spectrum at different exposure times. 

The parameters involved in the photocatalytic degradation of Sudan III dye solution are 

summarized in Table 3.2. 
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Table 3.2: Sudan III dye degradation parameters 

Concentration 

of Sudan III 

dye solution 

(mol/dm
3
) 

 

pH 

Volume of 

Sudan III 

dye solution 

(ml) 

Volume of 

Isopropanol 

(ml) 

Mass of TiO2 

catalyst (g) 

Method of 

catalyst 

preparation 

35.7 10  8.25 50 0 0.1 Sol gel 

32.3 10  4.5 20 30 0.1 Sol gel 

45.2 10  4.0 5 50 0.1 Sol gel 

35.7 10  8.25 50 0 0.1 Hydrothermal 

32.3 10  4.5 20 30 0.1 Hydrothermal 

45.2 10  4.0 5 50 0.1 Hydrothermal 
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Figure 3.10:Photocatalytic Experiment: (a)Dye and TiO2 suspension before exposing to UV light 

(b) Exposing to UV Light (c) degraded dye over time from 0 minute to 150 minute (d) UV-vis 

Spectrometer 

  

 

  

d 
c 

b a 
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CHAPTER FOUR 

4.0. Results and Discussions 

4.1. TiO2 nanoparticles Preparation 

In synthesis of TiO2 nanoparticles by Hydrothermal techniques, alkoxides were hydrolysed in the 

presence of water and subsequently polymerized to obtain a three-dimensional oxide network. A 

colourless solution was obtained when the Titanium tetraisopropoxide (TTIP, Ti(OCH(CH3)2)4)  

solution was reacted with isopropanol (IPA) but a white precipitate was formed when water was 

added dropwise. The reactions are presented as follows in Equations 4.1 - 4.3, starting from the 

reactions between the Titanium alkoxide (TTIP and IPA) and water. 

3 2 4 2 4 3 2( ( ) ) 4 ( ) 4( )Ti OCH CH H O Ti OH CH CHOH        (4.1) 

4 2 2 2( ) . (2 )Ti OH TiO xH O x H O           (4.2) 

2 2 2

heatTiO xH O TiO          (4.3) 

 

Equations 4.1. and 4.2 shows the hydrolysis and condensation reactions respectively [33]. 

Calcining the samples at various temperatures gave the resultant TiO2 nanoparticles as illustrated 

by Equation 4.3. 

In the Sol gel processing of TiO2 nanoparticles, the reaction kinetics are described in Equations 

4.4 and 4.5. The hydrolysis reaction was initiated when the Titanium tetrachloride precursor was 

reacted with absolute ethanol to form the sol. In this process hydrochloric acid gas was seen 

expelled from the reaction mixture (Figure 3.2 (a)) and a yellow suspension was seen after 2 
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hours. After the Titanium organic compound obtained was heat treated, white powdered TiO2 

nanoparticles were obtained as the hydrocarbon components were expelled through the heat 

treatment process. 

4 2 5 2 5 44 ( ) 4TiCl C H OH Ti C H O HCl          (4.4) 

2 5 4 2( ) heatTi C H O TiO hydrocarbons         (4.5) 

 

4.2.  XRD Analysis 

XRD pattern of the samples at various calcination temperatures are presented. Whole Powder 

Profile Modelling using PM2K software was used to analyze the TiO2 nanoparticles prepared. 

The grain sizes of the prepared TiO2 nanoparticles at various treatments were obtained by XRD 

as the particle size is related to the broadening of the diffraction peak [30]. This technique was 

also used in the determination of the crystalline phases of the nanoparticles at various 

temperature treatments.  

The XRD patterns (Figure 4.1(c)) of the TiO2 nanoparticles synthesized by sol gel showed that 

Anatase phase of TiO2 nanoparticles were produced. The as-prepared nanoparticles had broader 

peaks but when it was calcined at 200°C, 300°C, 400°C, 500°C and 600°C, the peaks became 

narrower with increasing calcination temperature. However, the as-prepared nanoparticles 

without any temperature treatment were amorphous, hence distinct crystalline peaks were not 

seen in the XRD pattern obtained (Figure 4.1(a)). The as-prepared TiO2 nanoparticles also 

showed broader peaks as a result of smaller grain sizes. 
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Figure 4.1: XRD Pattern (a) Sol gel as-prepared nanoparticles (b) Hydrothermal as-prepared 

nanoparticles (c) Stacked plot of TiO2 nanoparticles prepared by sol gel method (d) Stacked plot 

of TiO2 nanoparticles prepared by Hydrothermal method 

 

It was seen that the major peaks were sharper as the calcination temperature was increased and 

this shows that the crystallinity of the TiO2 was higher with increasing temperature [30]. 

The peaks in [101] direction of the prepared nanoparticles as highlighted in Figure 4.1(a) showed 

no distinct crystalline peak, in the as-prepared nanoparticles. But at 200°C (Figure 4.1(c) and 

Figure 4.1(d)) a broad distinct peak was seen and this peak became narrower and sharper as the 

(a) (b) 

(c) (d) 
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temperature treatment was increased further up to 600°C. This observation could be attributed to 

the crystalline behavior of the nanoparticles introduced into the structure of the nanoparticles by 

temperature. This effect also affects the particle sizes as crystallinity and crystallite size of the 

nanoparticles increased as a function of temperature [30]  

The strong and intense diffraction peaks identified at 25.3° and 48.1° in the direction of [101] 

and [200] confirms that an Anatase TiO2 structure is formed. The intense and sharp XRD peaks 

of the nanoparticles also showed that the formed TiO2 nanoparticles are crystalline and broad 

diffraction peaks indicates small crystallite size [31]. Also, there was no peak identified in the 

[110] direction when the nanoparticles were synthesized by Sol gel method and this confirmed 

that the TiO2 nanoparticles synthesized by this method with the stated temperature treatments 

produced a pure Anatase phase of TiO2 nanoparticles. 

Figure 4.1(b). shows broad distinct peaks in the as-prepared TiO2 nanoparticles. These peaks 

were seen becoming narrower and sharper when the calcination temperature was increased as 

seen in Figure 4.1 (d). Analyzed results of TiO2 nanoparticles synthesized by the Hydrothermal 

technique showed that Anatase phase was obtained in the as-prepared powder as well as the 

samples calcined at 200°C, 300°C, 400°C and 500°C However, when the calcination temperature 

was increased to 600°C, rutile phase, confirmed by the diffraction peak in [110] direction, which 

is a more stable phase at high temperatures was seen (Figure 4.2). This was seen as the peaks 

labelled R, whereas the Anatase phase direction is labelled as A. This observation was in 

agreement with Ba-abbad et. al (2012) [40]. It was expected that, the rutile phase peaks would 

increase in intensity with increasing annealing temperature since temperature increases the 

stability of the rutile phases of TiO2.  
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These rutile phase peaks were not seen when the as-prepared TiO2 nanoparticles were calcined at 

200°C, 300°C, 400°C, and 500°C. This was because, those temperatures were not high enough to 

initiate the rutile phase formation. 
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Figure 4.2: XRD diffraction pattern Hydrothermal prepared TiO2 calcined at 600°C showing 

Rutile and Anatase phases 

 

The amount of anatase and rutile phases of TiO2 nanoparticles prepared by hydrothermal route 

and calcined at 600 °C was calculated using Equation 4.6: 
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100

1 (1.265 / )
A

R A

X
I I




         (4.6) 

 

Where XA is the weight fraction of anatase phase, IA and IR are intensities of anatase (101) and 

rutile (110) diffraction, respectively [40]. 

Table 4.1 summarizes the prepared TiO2 nanoparticles parameters and the resulting average 

grain sizes and phases. 

 

Table .4.1: Summary of prepared TiO2 nanoparticles properties 

Sample ID Annealing 

Temperature 

Grain size 

(nm) 

Anatase 

phase (%) 

Rutile phase 

(%) 

HT_As As-prepared 4.95 100 0 

HT_200 200°C 5.87 100 0 

HT_300 300°C 7.14 100 0 

HT_400 400°C 11.49 100 0 

HT_500 500°C 14.98 100 0 

HT_600 600°C 30.58 85 15 

SG_As As-prepared 2 100 0 

SG_200 200°C 5.40 100 0 

SG_300 300°C 7.25 100 0 

SG_400 400°C 9.87 100 0 
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SG_500 500°C 14.84 100 0 

SG_600 600°C 22.58 100 0 

 

From Table 4.1, all the samples prepared by both Sol gel and Hydrothermal techniques were 

pure anatase (ie. 100 % anatase phase) except the sample synthesized by Hydrothermal method 

and heat treated at 600 °C which had 85 % of anatase phase present and 15 % of rutile phase 

present according to Equation 4.6. It was expected that, by further elevating the calcination 

temperatures, the rutile phase would have increased since this phase is more stable at higher 

temperatures. 

XRD patterns obtained fitted well when modelled by Whole Powder Pattern Modelling (WPPM) 

method with the aid of the PM2K software. The modelled XRD patterns of the synthesized 

samples by Hydrothermal and Sol gel methods are shown in Figures 4.3 and Figure 4.4, 

respectively 
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Figure 4.3: Modelled XRD of TiO2 nanoparticles synthesized by Hydrothermal method (a) as-

prepared (b) calcined at 200 °C (c) calcined at 300 °C (d) calcined at 400°C (e) calcined at 500 

°C (f) calcined at 600°C 

(a) (b) 

(c) (d) 

(e) (f) 
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Figure 4.4: Modelled XRD of TiO2 nanoparticles synthesized by Sol gel method (a) as-prepared 

(b) calcined at 200 °C (c) calcined at 300 °C (d) calcined at 400 °C (e) calcined at 500 °C (f) 

calcined at 600°C 

 

(a) (b) 

(c) (d) 

(e) 
(f) 
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4.3. Particle Size analysis 

The XRD data obtained on the synthesized TiO2 nanoparticles were modelled and the particle 

sizes of the prepared TiO2 nanoparticles were investigated. The grain size as a function of 

annealing temperature for the Sol gel and Hydrothermal prepared TiO2 nanoparticles are shown 

in Figure 4.5 and Figure 4.6 respectively.  

By using Whole Powder Pattern Modelling (WPPM) method with the aid of the PM2K software 

to estimate the average grain sizes at the respective calcination temperatures, the as-prepared 

TiO2 nanoparticles synthesized by the sol gel method obtained an average grain size of 2nm 

(Figure 4.5). This grain size increased to approximately 5nm when it was annealed at 200°C. 

There was a gradual increase in grain size when the annealing temperature was increased up to 

400°C. However, there was a dramatic increase in grain size when the annealing temperature was 

elevated further as it can be seen in the sample annealed at 600°C. This may be due to the 

enhanced grain growth resulting from this temperature treatment. 
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Figure 4.5: Average grain size as a function of temperature of TiO2 catalyst prepared by Sol gel 

route 
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In the case of the TiO2 nanoparticles synthesized by the Hydrothermal method, the as-prepared 

nanoparticles grain was approximately 5nm. The grain size increased gradually when it was 

annealed at 200 °C, 300 °C, 400 °C and 500 °C as seen in Figure 4.6. At 600 °C annealing 

temperature, the grain size increased to 31nm. Comparing the average grain size of the samples 

annealed at 500 °C which is about 15nm, and 600 °C which is about 31 nm there was about 100 

% increase in grain size between these annealing temperatures. This observation could be 

attributed to grain growth as a result of increase in annealing temperature as well as the phase 

transformation from the anatase phase to the rutile phase at 600 °C. 
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Figure 4.6:Average grain size as a function of temperature of TiO2 catalyst prepared by 

Hydrothermal route 
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4.3.1. Particle Size Distribution 

The Figure 4.7 shows the lognormal size distribution of TiO2 nanoparticles prepared via the 

hydrothermal technique. 

5 10 15 20 25 30 35 40 45 50 55 60 65

0.00

0.05

0.10

0.15

0.20

0.25

 

 

F
re

q
u

e
n

c
y

 (
a

.u
)

Domain Size (nm)

 HT_As

 HT_200

 HT_300

 HT_400

 HT_500

 HT_600

 

Figure 4.7: Lognormal size distribution of Hydrothermal synthesized TiO2 nanoparticles 

 

It shows clearly a narrow frequency peak around 5nm domain size for the as-prepared TiO2 

nanoparticles. The domain size increased and broadened slightly as the calcination temperature 

was raised up to 400 °C with the domain size distribution revealed to be between 1 – 15nm. 

However, the domain size increased and broadened drastically over a wide particle size 
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distribution when the calcination temperatures were increased to 500°C and 600°C respectively. 

It was therefore proven that the there was a wide particle size distribution as the temperature was 

increased as well as a general increase in particle size with temperature 
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Figure 4.8: Lognormal size distribution of Sol gel synthesized TiO2 nanoparticles 

 

The Lognormal size distribution of the nanoparticles synthesized by Sol gel as shown in Figure 

4.8 also demonstrates a general widening of particle size distribution with increasing 

temperature. The peak of each distribution normal gives the average grain size of the synthesized 

TiO2 nanoparticles. It was also clearly demonstrated that the average grain size was increased as 
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the calcination temperature was increased. The as prepared TiO2 nanoparticles which exhibited a 

highly amorphous nature (confirmed by XRD Figure 4.1(a)) showed an average grain size of 

2nm.  The grain size increased gradually as well as broadening of the particle size distribution 

with increasing calcination temperature  

 

4.3.2. Shift in Lattice Parameters (a, b and c) size as a Function of 

Grain Size Growth 

The lattice parameters (a, b and c) of TiO2 crystal structure prepared by Hydrothermal method 

changed in size at different temperature treatment as seen in Figures 4.9. 

There was a general decrease in lattice parameter, a, as the particle size increased and this 

observation was in agreement with Gamarnik et. al (1992). However, there was a general 

increase in lattice parameters, b and c size as the particle size of the TiO2 nanoparticles 

increased. The change and crystal lattice parameters could be attributed to surplus or deficit in 

the internal stress and intracrystalline pressure (IP) which occurs when the particles get smaller. 

This phenomenon introduces deformations into the crystal structure resulting in the changes in 

lattice parameters as the particle size changes[47]. 
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Figure 4.9: Size change in lattice parameters at different calcination temperatures of TiO2 

catalyst prepared by hydrothermal route (a) Lattice parameter, a (b) Lattice parameter, b (c) 

Lattice parameter, c 

(a) 

(b) (c) 
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Figure 4.10: Size change in lattice parameters at different calcination temperature of TiO2 

catalyst prepared by Sol gel route (a) Lattice parameter, a (b) Lattice parameter, b (c) Lattice 

parameter, c 

 

TiO2 nanoparticles synthesized by Sol gel method showed a decrease in lattice parameter, a, as 

the grain size increased as a result of increase in calcination temperature and grain size as seen in 

Figure 4.10. Lattice parameter, b and c, showed a decrease in size when calcined up to 300° but 
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increased in size gradually when the calcination temperatures were increased to 400°C, 500°C 

and 600°C. 

4.4. Fourier Transform Infra-Red Analysis 

Fourier Transform Infra – Red spectroscopy was conducted on the synthesized nanoparticles to 

estimate the absorption of the incident light rays with respect to the wavelength of the incident 

beam. High energy spectrum was bombarded onto the sample to cause bending and stretching 

within the material.  

Fourier Transform Infra-Red spectrum on the TiO2 prepared by Sol gel method (Figure 4.11) 

showed a broad band around 3228cm
-1

 which is attributed to O-H stretching mode of the surface 

and adsorbed water molecules. The other peaks at 1635 cm
-1

 were indicated to the stretching of 

titanium carboxilate, which were formed from TICl4 and ethanol precursors. The band between 

800 and 414cm
-1

 was as a result of Ti-O bond stretching mode of the anatase polymorph of the 

TiO2 [48]. 

 After calcining the TiO2 nanoparticles at different temperature, almost all the peaks of the 

hydroxyl and the carboxilate disappeared. Only the strong absorption between 800 and 410 cm
-1

  

remained, which were attributed to obtained TiO2 nanoparticles [40] . 
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Figure 4.11: FTIR spectra of TiO2 nanoparticles prepared by Sol gel method 

 

4.5. Raman Spectroscopy 

Better insight into the synthesized nanostructured TiO2 was gained by Raman spectroscopy.  The 

TiO2 nanoparticles synthesized by the Sol gel method showed intense raman peaks at 395 cm-
1
, 

515 cm-
1
 and 638 cm-

1
. The observed Raman spectra  indicates that the TiO2 nanoparticles 

prepared and calcined at 200 °C, 300 °C, 400 °C, 500 °C and 600 °C were of anatase phase in 

accordance with XRD results in Figure 4.12 [49]. 
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Figure 4.12: Raman Spectra of TiO2 nanoparticles synthesized by sol gel method 

 

The Raman spectra shown in Figure 4.13 revealed Raman peaks around 141 cm
-1

,380 cm
-1

, 510 

cm
-1

, 640 cm
-1

 and 1261cm
-1

 when the samples were prepared by the Hydrothermal technique. 

Temperature treatment played an important role as in it can be seen that, the Raman peaks 

generally became more distinct and intense with increasing temperature. However, there was not 

much significant difference in the Raman peaks as it increased gradually when the samples were 

calcined up to 500 °C. But when the sample was calcined at 600 °C, the Raman peaks intensified 
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significantly especially at 141 cm
-1

. This observation may be due to phase transformation from 

anatase to rutile at this temperature treatment in accordance to the XRD result.  
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Figure 4.13: Raman Spectra of TiO2 nanoparticles synthesized by Hydrothermal method 

 

4.6. Surface Area and Porosity Analysis 

The states of the surfaces played an important role in nanoparticles. There is a general increase in 

surface to volume ratio when the particle sizes get smaller. Specific Surface Area is a material 

property and a derived scientific value that can be used to determine the type and properties of a 

material. Generally, the specific surface area and surface to volume ratio increases as the size of 
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material decreases. The large surface area of TiO2 nanoparticles facilitates the reaction between 

TiO2 based devices and the interacting media. These reactions occur mainly on the surfaces or at 

the interfaces and hence are strongly dependent on the surface area of the material [31]. 

4.6.1. Adsorption and Desorption Isotherms 

The adsorption isotherms of nitrogen on TiO2 nanoparticles at an increasing relative pressure 

were analyzed to determine the BET surface area, pore size and pore volume. The adsorption and 

desorption isotherms were seen not to follow the same path for a specified region of relative 

pressures. This phenomenon is known as a hysteresis loop and is commonly exhibited in 

mesoporous adsorbents.  

From Figure 4,14, the Isotherm Linear plot of the as-prepared TiO2 nanoparticles  synthesized by 

Sol gel method as well as samples calcined at 200 °C, 300 °C and 400 °C revealed a stepwise 

adsorption and desorption branch at wide range of pressure (P/Po) and were classified as Type 

IV isotherm in accordance with the IUPAC isotherm classifications [42, 50].. This showed that 

mesoporous TiO2 nanoparticles were produced at these temperature treatments. At 500 °C and 

600 °C calcination temperatures, a stepwise adsorption and desorption branch was not observed 

and were classified as Type III isotherms according to IUPAC isotherm classifications. . 
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Figure 4.14: Isotherm linear plot of TiO2 nanoparticles synthesized by Sol gel method 
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The linear isotherm plots of TiO2 nanoparticles prepared by hydrothermal method are presented 

in Figure 4.15. As prepared TiO2 nanoparticles as well as sample calcined at 200 °C, 300 °C, 400 

°C, and 500 °C isotherms exhibit typical type IV pattern with hysteresis loop, characteristic of 

mesoporous material, according to the classification of IUPAC. There was also a sharp increase 

in adsorption volume of N2 that was observed and located in the P/Po range of 0.6-0.8. This sharp 

increase can be imputable to the capillary condensation, which indicates a good homogeneity of 

the sample and fairly small pore size since the P/Po position of the inflection point is related to 

the pore dimension [36]. Sample calcined at 600 °C exhibited a Type III isotherm and in this 

case a hysteresis loop with a stepwise adsorption and desorption branch was not observed [50]. 
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Figure 4.15: Isotherm linear plot of TiO2 nanoparticles synthesized by Hydrothermal method 
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4.6.2. Effect of Surface Area and porosity with Temperature 

For samples synthesized by the Sol gel technique, there was an initial increase in BET surface 

area (Figure 4.16) when the as-prepared TiO2 nanoparticles were calcined at 200°C but was 

subsequently reduced when the calcination temperature was increased further. At 200°C 

calcination temperature, the reported BET surface area was 181.6 m
2
/g. Also, there was a general 

decrease in BET surface area when the calcination temperature was increased.  
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Figure 4.16: BET Surface area of  TiO2 nanoparticles synthesized by Sol gel method 
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Figure 4.17: BET Surface area of TiO2 nanoparticles synthesized by Hydrothermal method 

 

There was a general decrease in BET surface area in the samples synthesized by Hydrothermal 

method (Figure 4.17) when the calcination temperature was increased since the grains grow in 

size with temperature, hence resulting in a material with reduced surface area. The highest BET 

surface area was reported to be 207.7 m
2
/g which was assigned to the as-prepared nanoparticles 

synthesized by Hydrothermal method. The least BET surface area was at 600°C to be 16m
2
/g. 
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Figure 4.18: Pore size of Hydrothermal prepared TiO2 nanoparticles as a function of calcination 

temperature 

 

As seen in Figure 4.18 and Figure 4.19, there was a general increase in pore size in both Sol gel 

and Hydrothermal prepared TiO2 nanoparticles when the calcination temperatures were 

increased. The reason for this observation could be that, since the grain size increases with 

temperature, the voids created in between the particles were also enhanced and this could have 

accounted for the increase in pore size when the calcination temperatures were increased. 
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Figure 4.19: Pore size of Sol gel prepared TiO2 nanoparticles as a function of calcination 

temperature. 
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Figure 4.20: Pore volume of Hydrothermal prepared TiO2 nanoparticles as a function of 

calcination temperature 
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Figure 4.21: Pore volume of Sol gel prepared TiO2 nanoparticles as a function of calcination 

temperature 

 

As shown in Figure 4.20 and Figure 4.21, there was a general decrease in pore volume as the 

calcination temperature increased. This was because, as the grains increase in size and the 

surface area decreases, the number of pores within the material also diminishes since some of the 

particles fuse into each other as a result of agglomeration. Samples prepared by Sol gel method  

showed a slight deviation from this pattern 

Table 4.2 summarizes BET parameters of the synthesized TiO2 nanoparticles. 
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Table 4.2: Summary of surface area parameters of the prepared TiO2 nanoparticles 

Sample Name Sample Mass (g) BET Surface 

Area (m
2
/g) 

Pore size 

(nm) 

Pore volume 

(cm³/g) 

HT_As-

prepared 

0.143 207.701 6.806 0.353 

HT_200 0.189 178.588 7.864 0.351 

HT_300 0.273 144.366 9.025 0.326 

HT_400 0.184 125.238 9.255 0.290 

HT_500 0.212 54.973 10.947 0.150 

HT_600 0.247 16.086 14.297 0.057 

SG_As-

prepared 

0.161 103.120 2.249 0.058 

SG_200 0.208 181.551 5.975 0.271 

SG_300 0.251 109.354 7.040 0.192 

SG_400 0.219 66.880 11.205 0.187 

SG_500 0.242 50.920 17.399 0.221 

SG_600 0.250 26.619 21.043 0.140 

 

4.7. Microstructural Analysis 

SEM micrographs shown in Figure 4.22 and Figure 4.23 demonstrated that, nearly spherical 

nanoparticles were produced. Also, the agglomeration was enhanced when the calcination 

temperature of the samples was increased. 
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(a) 

 
(b) 

Figure 4.22:SEM images of TiO2 nanoparticles prepared by hydrothermal method (a) as-

prepared (b)calcined at 300°C 

  
Figure 4.23: SEM images of TiO2 nanoparticles prepared by Sol gel method (a) calcined at 

300°C (b)calcined at 600°C 

 

Energy dispersive X-ray spectrometry (EDX) (Figure 4.24 and Figure 4.25) analysis of prepared 

TiO2 nanoparticle showed peaks for Ti and O elements. No trace of any other impurities or 

elements was seen within the detection limit of the EDX. This confirms that TiO2 nanoparticles 

with high purity were prepared. 
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Figure 4.24: EDX of TiO2 nanoparticles prepared via hydrothermal method 

 

University of Ghana http://ugspace.ug.edu.gh



69 
 

 

  

 

Figure 4.25: EDX of TiO2 nanoparticles prepared via Sol gel method 
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4.8. Photodegradation 

The photocatlytic degradation of Rhodamine B dye and Sudan III under ultraviolet light 

irradiation assisted by TiO2 nanoparticles as catalyst is demonstrated in the flow chat (Figure 

4.26) and summarized as follows [39]: 

i. TiO2 adsorbed ultraviolet photons and the electrons in the valence band and were excited 

to the conduction band to create a highly reactive electron and hole pairs (Equation 4.7) 

which migrates to the TiO2 surface to initiate the photocatalytic reaction  

ii. The photo-generated holes were trapped by hydroxyl groups attached on the surface to 

form hydroxyl radicals (Equation 4.8).  

iii. The electrons were trapped by oxygen to form oxygen species (Equation 4.9).  

iv. The holes, together with hydroxyl radicals and oxygen species, oxidize the Rhodamine B 

and Sudan III dyes to carbon dioxide, water and some simple mineral acids. 

2 2 ( )TiO hv TiO e h     …………………………...........……………………. 4.7 

h OH OH   ………….……………………………………………………….4.8

2 2e O O   …………………………………………………………………….. 4.9 

Hydroxyl ions played an important role in the photocatalytic degradation of the dye by adsorbing 

a photo-generated hole to form the highly oxidative •OH. The superoxide radicals formed also 

contributed positively to the photocatalytic degradation of the dye [39].  
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Figure 4.26: Photodegradation Process[51] 

 

4.8.1. Rhodamine B dye 

At a characteristic wavelength of 554nm, the absorbance peak was recorded at various exposure 

times for Rhodamine B dye solutions. A control experiment with rhodamine B dye solution 

without TiO2 catalyst showed no or negligible degradation when illuminated by ultraviolet light 

over 150 minutes exposure. Also Rhodamine B dye solution with TiO2 catalyst without 

Ultraviolet light illumination also showed no or negligible degradation over 150 minutes period. 

This showed that both the TiO2 catalyst and ultraviolet are required to initiate the photocatalytic 

reaction to cause the degradation of the dye solution. 

At initial Sudan III dye concentration of 
53.8 10 ,the absorption spectrum was studied and 

reported as seen in Figures 4.27, 4.28 and 4.29. 
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Figure 4.27: Absorption Spectrum of Rhodamine B dye solution without TiO2 catalyst 
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Figure 4.28: Absorption Spectrum of rhodamine B dye solution degraded by TiO2 catalyst 

prepared via sol gel route 
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Figure 4.29: Absorption Spectrum of rhodamine B dye solution degraded by TiO2 catalyst 

prepared via hydrothermal route 

 

At initial Rhodamine B dye concentration of 
68.5 10 ,the absorption spectrum was studied and 

reported as seen in Figures 4.30, 4.31 and 4.32. 
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Figure 4.30: Absorption Spectrum of Rhodamine B dye without catalyst 
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Figure 4.31: Absorption Spectrum of Rhodamine B dye degraded by sol gel prepared catalyst 
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Figure 4.32 : Absorption Spectrum of Rhodamine B dye degraded by Hydrothermal prepared 

catalyst 

 

Exposing rhodamine B dye to the UV light showed no decrease in absorbance over time. The 

dye was not degraded because there was no TiO2 catalyst present to initiate degradation reaction.  

 

4.8.2. Sudan III Dye 

At a characteristic wavelength of 507nm, the absorbance of Sudan III dye was monitored and 

evaluated as it was degraded by the prepared TiO2 catalyst. Sudan III dye exposed to UV light 
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without any TiO2 catalyst showed no or negligible degradation over 150 minutes period. Also, 

the Sudan III dye with catalyst but not exposed to UV light showed no or negligible degradation.  

At initial Sudan III dye concentration of 
45.2 10 M ,the absorption spectrum was studied and 

reported as seen in Figures 4.33, 4.34 and 4.35 
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Figure 4.33: Absorption Spectrum of Sudan III dye without catalyst 
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Figure 4.34: Absorption Spectrum of Sudan III dye degraded by Hydrothermal prepared TiO2 

catalyst 
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Figure 4.35: Absorption Spectrum of Sudan III dye degraded by Sol gel prepared TiO2 catalyst 
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At initial Sudan III dye concentration of 
32.3 10 M , the absorption spectrum was also studied 

and reported as seen in Figures 4.36 and 4.37.  
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Figure 4.36: Absorption Spectrum of Sudan III dye without catalyst 
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Figure 4.37: Absorption Spectrum of Sudan III dye degraded by sol gel prepared catalyst 

 

From Figure 4.37, There was a gradual degradation of the of the Sudan III dye at this 

concentration. However there was still a significant amount of Sudan III dye molecules 

remaining owing to the high initial dye concentration. 

At initial Sudan III dye concentration of 
35.7 10 M , the absorption spectrum was also studied 

and reported as seen in Figures 4.38 and 4.39. 
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Figure 4.38: Absorption Spectrum of Sudan III dye without catalyst 
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Figure 4.39 : Absorption Spectrum of Sudan III degraded by Sol gel prepared catalyst 

From Figure 4.39, there was a negligible degradation of the Sudan III dye solution when the dye 

solution concentration was increased to 0.0057 M whiles keeping the catalyst loading constant. 

This is because, the active surface on the catalyst available for reaction is very crucial for the 

degradation to take place, but as the dye concentration was increased and the catalyst amount 

was kept constant, a fewer active sites for their reaction resulted. As the dye molecules were 

increased, the solution became more intensely coloured and the path length of photons entering 

the solution decreased thereby only fewer photons reached the catalyst surface. As a result, the 
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production of degradation species and  radicals were limited and therefore, the path length was 

further reduced and the photodegradation was found to be negligible [13].  

 

4.8.3. Effect of irradiation Time on Photodegradation of the Dyes 

There was a general percentage degradation increase with increasing irradiation time for both 

Rhodamine B and Sudan III dyes assisted by TiO2 nanoparticles (Figures 4.40 and 4.42). This is 

because, formation of •OH and •O2
-
 radicals increased with increasing irradiation time [13]. 

Since the photocatalytic degradation of the dye occurs on the surface of catalyst where •OH and 

•O2
-
 radicals are available for photocatalytic degradation, the OH• radicals were strong enough to 

break the different bonds in the dye molecules adsorbed on the surface of catalyst, which led to 

the formation of carbon dioxide, water and inorganic ions.  

The percentage of dye degraded was calculated as follows: 

(%) 100
initial final

initial

Degradation
C C

C


  …………………………………………………. (4.10) 

Where Cintial  is the initial concentration of the dye solution and Cfinal is the concentration at time 

intervals of the irradiation time. 

TiO2 nanoparticles synthesized by Sol gel method showed a higher degradation rate in 

Rhodamine B dye solution than that of the TiO2 nanoparticles synthesized by Hydrothermal 

method. There was about 50% degradation caused by Sol gel prepared catalyst compared to the 

44% degradation caused by Hydrothermal prepared catalyst. After 30 minutes of UV light 

irradiation, the degradation occurred at a reducing pace After 150 minutes, the Rhodamine B dye 

solution at 8.5×10
-6

M was 94% degraded by Sol gel prepared catalyst and 89% degraded by 

Hydrothermal prepared catalyst. 
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Figure 4.40: Percentage Degradation of Rhodamine B dye at different exposure times 
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Figure 4.41: Concentration of Rhodamine B dye solution at different exposure times 

 

From Figure 4.41, the initial concentration of Rhodamine B dye solution (8.5×10
-6

 M) was seen 

to be reducing with time upon UV light irradiation and after 150 minutes exposure, the 

concentration reduced to 5.3×10
-7

M when Sol gel prepared catalyst was used and for Rhodamine 

B dye degradation assisted by Hydrothermal prepared catalyst, the concentration after 150 

minutes was 9.4×10
-7

M. 
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Therefore, TiO2 catalyst prepared by Sol gel showed a higher photocatalytic activity in 

Rhodamine B dye than Hydrothermal prepared catalyst. 
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Figure 4.42: Percentage degradation of Sudan III dye at different exposure times 

 

At 5.2×10
-4

 M concentration of Sudan III dye solution, a high percentage degradation (68%) 

was seen in the first 30 minutes when the photodegradation was assisted by the Hydrothermal 

prepared catalyst whiles the photodegradation assisted by Sol gel prepared catalyst reported only 
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29 %. There was 83 % degradation after 150 minutes when TiO2 catalyst prepared by Sol gel 

method was used and 100 % degradation was observed after 150 minutes when the 

Hydrothermal prepared TiO2 nanoparticles was used as the catalyst. 
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Figure 4.43: Concentration of Sudan III dye solution at different exposure times 

 

As seen in Figure 4.43, the initial concentration of Sudan III dye solution (5.2×10
-4

 M) was also 

seen reducing with time upon UV light irradiation and after 150 minutes exposure, the 

concentration reduced to 9×10
-5 

M when Sol gel prepared catalyst was used and for Sudan III 
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dye degradation assisted by Hydrothermal prepared catalyst, the concentration was 0 M, 

indicating a 100 % degradation after this time. As a result, TiO2 nanoparticles catalyst 

synthesized by Hydrothermal method showed higher photocatalytic activity in Sudan III dye that 

Sol gel prepared catalyst. 
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CHAPTER FIVE 

5.0. Conclusions and Recommendations 

In this present work, TiO2 nanoparticles were synthesized by sol gel and hydrothermal routes and 

characterized by XRD, BET, FTIR, Raman Spectroscopy and SEM techniques. Analysis from 

the XRD and Raman confirmed that the synthesized particles were pure tetragonal anatase phase 

TiO2 except the sample prepared by Hydrothermal method and calcined at 600°C which showed 

15% rutile phase and 85% anatase phase. 

A BET surface area reported to be 207.7 m
2
/g, was observed in the as-prepared TiO2 

nanoparticles synthesized by the Hydrothermal technique. The samples also revealed stepwise 

adsorption and desorption branch isotherms of a typical type IV pattern with hysteresis loop, 

characteristic of mesoporous material according to the classification of IUPAC. 

The synthesized catalysts were employed in the photocatalytic degradation of Rhodamine B and 

Sudan III dyes. The photocatalytic degradation of Rhodamine B and Sudan III dyes were studied 

at various exposure times to the UV light. The photocatalytic activity of the synthesized TiO2 

was evaluated by determining the decrease in concentration of the respective dye solutions over 

time when TiO2 was used as the catalyst. It was demonstrated that Rhodamine B and Sudan III 

dyes were degraded within a short time. Sol gel prepared catalyst showed a higher photocatalytic 

activity in Rhodamine B dye solution and Hydrothermal prepared catalyst showed a higher 

photocatalytic activity in Sudan III dye solution. 

A high photacatalytic activity of 94% degradation of Rhodamine B dye was observed after 150 

minutes irradiation of UV light when TiO2 catalyst synthesized by Sol gel technique was 
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employed and a 100% degradation was seen after 150 minutes UV light irradiation in Sudan III 

dye when Hydrothermal prepared catalyst was used. 

The SEM micrographs’ EDX results obtained also showed that nearly spherical TiO2 

nanoparticles with high purity were produced. They were highly crystalline with grain size 

ranging from 2 nm to 30 nm. These synthesized TiO2 nanoparticles can be applied in the 

degradation of wide range of dye pollutants.  

Using TiO2 films for photocatalysis is recommended since it would be ideally compared to TiO2 

powders in terms of applicability. This is because, recovering the TiO2 particle suspension from 

the reaction mixture could be a nuisance. Also, doping the TiO2 nanoparticles with other 

transition metals would be helpful to increase the degradation power of the catalyst. 
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