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Photocatalysed processes have grown in importance mainly due to their 

widespread applications in energy conversion, pollution abatement and the synthesis of 

new materials. Researchers are using photocatalysts for oxidative degradation of various 

non-biodegradable wastes. Fundamentally, photocatalysis deals with reactions which are 

initiated by electronically excited molecules generated by absorption of suitable radiation 

in the visible or near ultraviolet region. One of the most widely investigated and 

convenient class of photocatalysts is of metal oxide semiconductors. Thus, in practical 

terms chemical reactions occurring in presence of semiconducting materials and light are 

known as photocatalytic reactions. Semiconductors, with suitable band gaps, can act as 

quantum collectors of light energy. Illuminating a semiconductor material with photons of 

desired energy (i.e. h  ≥ the band gap of semiconductor) can cause a number of 

photocatalytic reactions. 

Titanium dioxide (TiO2), commonly known as Titania, is one of the most 

commonly used photocatalysts. Because of its high oxidative power, stability, and non-

toxicity, it promises a broad range of uses as a photocatalysts. Advantage of using TiO2 as 

photo-catalyst are: (a) using TiO2, the process occurs under ambient conditions.(b) using 

TiO2, the oxidation of the substrate to CO2 is complete in most cases and (c) it is 

comparatively inexpensive and remains quite stable in contact with different substrate. 

The major source of environmental pollution is the wastewater effluent of textile 

industries. The textile industries are using the very large amount of chemically stable dyes 

which are causing water pollution. Several investigations reported that about 12% of dyes 

used in textile industries in each year. During the manufacturing and processing 20% dyes 

are lost in environment such as Rose Bengal, Caramine, Rhodamine, Indigo Red, Thymol 

blue, Red 120, Eriochrome Black-T (EBT), Methylene Blue [2, 3]. Textile industries 

effluents contain colored pigments which is causing carcinogenic effect on human being 

and also causing serious impact on aquatic life. 
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The treatment of such pollutants can be achieved by heterogeneous photocatalysis 

due to its efficiency and low cost as well as to the fact that it allows complete degradation 

of pollutants to carbon dioxide and inorganic acids.  

Titanium dioxide TiO2 is a most important nanomaterials which has attracted a 

great attention due to its unique properties. Titanium dioxide TiO2 have excellent merits 

in solar energy transferring and photocatalysis of poison compounds in environment. The 

chemical inertness and the non-toxicity of TiO2 have also made it a superior 

photocatalyst.  Titania has a large band gap (3.20 ev for anatase TiO2) and therefore, only 

a small fraction of solar light can be absorbed. Many attempts have been made to sensitize 

titanium dioxide to the whole visible region, such as doping with transition metals, 

transition metal ions, non-metal atoms and organic materials. Introduction of dopant 

allows Titania to absorb in the visible region but this does not necessarily mean that the 

doped catalyst has a better photocatalytic activity. 
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Titanium dioxide (TiO2), commonly known as Titania, is one of the most 

commonly used photocatalysts. Because of its high oxidative power, stability, and non-

toxicity, it promises a broad range of uses as a photocatalysts.  Advantages of using TiO2 

as photo-catalyst are:  

(a) Using TiO2, the process occurs under ambient conditions. 

(b) Using TiO2, the oxidation of the substrate to CO2 is complete in most cases and  

(c) It is comparatively inexpensive and remains quite stable in contact with different 

substrate.  

TiO2 has also played a leading role in the active research for the utilization of solar 

energy. The TiO2 based, dye sensitized, photo-electrochemical cells are receiving a great 

deal of attention as a possible candidate for converting solar energy into electricity on a 

large scale. Titanium dioxide's photocatalytic characteristics are greatly enhanced due to 

the advent of nanotechnology. At nano-scale, not only the surface area of titanium dioxide 

particle increases dramatically but also it exhibits other effects on optical properties and 

size quantization. An increased rate in photocatalytic reaction is observed as the redox 

potential increases and the size decreases. In some cases energy from any ambient light 

source can be used effectively as the energy source of photo catalysis instead of UV light.  

Photo catalyst of solarcoat not only have all the advantages  of  the traditional 

photocatalyst, but also can disinfect, purify air and eliminate harmful substance in the 

condition of  visible light . Therefore, it has incomparable technology and quality 

advantages of fighting against pollution indoors and outdoors. The strong functions 

of solar coat photocatalysis will completely eliminate odours of newly-decorated houses 

and enable people to get rid of the danger caused by epidemic disease. Solar coat of 

photocatalyst has been widely applied in all kinds of fields and highly affirmed & 

appraised. The theory of photocatalyst: with the irradiation of light, the TiO2 on the 

surface of the ultra strong photocatalyst of solarcoat will take photocatalytic reaction the 

same as photosynthesis which can produce free radical and ozone with strong function of 

oxidization. And it can oxidize and decompose various organic compounds and 

some minerals. 

Abstract 
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A detailed study of the synthesis, characterization and photocatalytic activity of  

titania based nanocomposites have been carried out and presented in the thesis. The 

organization of whole thesis is given below: 

Chapter 1: Introduction and Literature Review 

Chapter 2: Photocatalytic degradation of Eriochrome Black-T by the Ni:TiO2 

Nanocomposites 

Chapter 3:  Photocatalytic Activity of Co:TiO2 Nanocomposites and their Application in 

Photodegradation of Acetic Acid 

Chapter 4: The photocatalytic degradation of Methyl Green in presence of Visible light 

using Ni0.10:La0.05:TiO2 nanocomposites as catalyst. 

Chapter 5: Photocatalytic degradation of Rose Bengal and Thymol Blue dye under 

visible light by TiO2/PAni/GO nanocomposites 

Chapter 6: Photocatalytic degradation of Victoria Blue and Rose Bengal dye in visible 

light by prepared TiO2/PPy/GO nanocomposite. 

Chapter 7: Preparation and Photocatalytic activity of Co:La:TiO2 nanocomposites for the 

degradation of Methyl Blue in Visible light  

Chapter 8: Conclusion and Scope of Further Research Work 

The study will broadly follow the scheme as given above. The summary of 

research work carried out is as follows: 

 

In the first chapter, general introduction about the subject, historical background, 

theories, applications, literature review and objectives of the present study has been 

presented. 

In the second chapter, TiO2 and Ni:TiO2 nanoparticles (NPs) were prepared and 

their photocatalytic activity was measured against Eriochrome Black T (EBT). The Photo-

degradation of Eriochrome Black T was investigated at different condition of 

concentration and pH in presence of TiO2 and Ni:TiO2. The prepared nanoparticles of 

photocatalyst are characterized by XRD, SEM, EDX, UV-Vis and BET. The photocatalyst 

activity was measured by varying pH and concentration of dye solution. Kinetics study of 

photodegradation was found first order kinetics. The photocatalytic activity of Titania has 

been enhanced by the doping of Ni. 
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In the third chapter, TiO2 and Co-TiO2 nanoparticles (NPs) were prepared and 

their photocatalytic activity was measured against Acetic Acid.The prepared material was 

subjected to XRD analysis which gives the rutile and Anatase both phases were present in 

the prepared sample. It is found that, in samples sintered at 400 
0
C both Anatase and rutile 

phases were presented and rutile phase was more dominant, while in samples without 

sintered the exclusive formation of polycrystalline Anatase and rutile phase separately 

was occurred. Applying the Scherrer’s calculations through which particle size was found 

35 and 80 nm in case of Cobalt titania and pure titania respectively. The prepared sample 

of titania and Cobalt titania were subjected to photocatalytic degradation of acetic acid 

was done. The degradation of acetic acid occurs efficiently. The prominent degradation 

was found in case of Acetic acid in the presence of nanocomposites Co-TiO2.  

In the fourth chapter, the photodegradation of Methyl green dye has been done in 

presence of prepared Ni0.10:La0.05:TiO2 nanocomposites. The nanocomposites of 

Ni0.10:La0.05:TiO2 was prepared by the solution impregnation method. The characterization 

of Synthesized TiO2 and Ni0.10:La0.05:TiO2 nanocomposites were done by X-Ray 

Diffractometer, SEM, TEM, UV- Vis, FT-IR, Band gap energy and BET. The 

photocatalytic degradation of Methyl Green has been done in presence of TiO2 and 

Ni0.10:La0.05:TiO2 nanocomposites. The presence of anatase and rutile phase in the 

nanocomposites has been confirmed by XRD analysis. The photocatalysts particle was 

found in nanodiamension in morphology. The surface area was observed 34.72 and 96.58 

m
2
/g for the TiO2 and Ni0.10:La0.05:TiO2 nanocomposites. The band gap energy was 

observed 3.2 and 3.0 eV for the TiO2 and Ni0.10:La0.05:TiO2 nanocomposites. The 

photocatalytic degradation behaviour of photocatalysts was investigated by considering 

different parameters such as effect of concentration, effect of amount of photocatalyst, 

effect of pH, effect of temperature, adsorption and kinetics. The 90-98 % 

photodegradation of Methyl Green has been found at 7 pH, 25 ppm concentration of dye, 

800 mg/L amount of photocatalyst and 50 min illumination of visible light in presence of 

Ni0.10:La0.05:TiO2 while 10-18 % in presence of neat TiO2  . The photodegradation of 

Methyl Green was following the first order kinetics.  

In the fifth chapter, Nanocomposites of TiO2, TiO2/PAni and TiO2/PAni/GO were 

prepared by in situ oxidation polymerization method. The prepared TiO2, TiO2/PAni and 
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TiO2/PAni/GO Nanocomposites were characterized by the XRD, SEM, TEM, BET, UV-

Vis, FTIR, Band gap energy and Photolumiscence. The XRD confirmed the presence of 

Anatase and rutile phase in the prepared photocatalysts. The average particle size was 

found 68, 15 and 12 nm for TiO2, TiO2/PAni and TiO2/PAni/GO respectively. The SEM 

and TEM images also confirmed the formation of nanocomposites in the range of ~ 100 

nm. The surface area 37.52, 76.68 and 96.24 m
2
/g were observed for TiO2, TiO2/PAni and 

TiO2/PAni/GO Nanocomposites respectively. The Band gap energy of TiO2, TiO2/PAni 

and TiO2/PAni/GO were calculated by talc plot and obtained 3.0, 2.86 and 1.76 eV 

respectively. The Photocatalytic degradation of Rose Bengal dye was done at different 

condition viz concentration of dye, time of illumination, pH and dose of photocatalyst.  

The maximum photodegradation were found at neutral pH, 6.25 ppm concentration of dye 

solution, 800 mg/L amount of photocatalyst and 120 min irradiation of visible light. 

Kinetics of photodegradation was investigated for Rose Bengal dye and found first order 

kinetics. The coating of PAni and GO were enhanced the photocatalytic activity of 

Titania. Hence TiO2/PAni and TiO2/PAni/GO are the efficient photocatalyst for the 

degradation of Rose Bengal B dye than pure TiO2.  

In the sixth chapter, describes a proficient method for synthesis of TiO2/PPy and 

TiO2/PPy/GO nanocomposites. These nanocomposites were prepared by one-step in 

situ deposition oxidative polymerization of pyrrole hydrochloride using Ammonium per 

sulphate (APS) as an oxidant in the presence of ultra fine grade powder of 

TiO2 nanoparticles cooled in an ice bath. The obtained nanocomposites were 

characterized by XRD, TEM, SEM, UV-Vis, FTIR, techniques. The obtained results 

showed that TiO2 nanoparticles have been encapsulated by PPy with a strong effect on the 

morphology of TiO2/PPy and TiO2/PPy/GO nanocomposites. The Photocatalytic 

degradation of Rose Bengal and Victoria blue dye was done at different condition viz 

concentration of dye, time of illumination, pH and dose of photocatalyst.  The maximum 

photodegradation were found at 7 pH, 20 ppm concentration of Victoria blue and 25 ppm 

of Rose Bengal dye solution, 800 mg/L for VB and 1600 mg/L for RB amount of 

photocatalyst and 120 min irradiation of visible light. Kinetics of photodegradation was 

investigated for Victoria blue and Rose Bengal dye and found first order kinetics. The 

coating of PPy and GO were enhanced the photocatalytic activity of Titania. Hence 
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TiO2/PPy and TiO2/PPy/GO are the efficient photocatalyst for the degradation of Rose 

Bengal and Victoria Blue dye than pure TiO2.  

In the seventh chapter, prepared the nanocomposites of Co:La:TiO2 by the wet 

chemical method. Synthesized TiO2 and Co:La:TiO2 were characterized by X-Ray 

Diffractometer, SEM,TEM,  UV- vis, FT-IR, Band gap energy and BET. The TiO2 and 

Co:La:TiO2 were used as photocatalyst for the degradation of Methyl Blue. The XRD 

pattern confirmed the presence of anatase and rutile phase in the catalyst. The particle size 

was estimated by the Scherrer’s and found 68 and 32 nm for TiO2 and Co:La:TiO2 

respectively. The particle morphology of the photocatalysts was found in 

nanodiamension. The surface area of the photocatalysts were found 37.52 and 106.68 

m
2
/g for TiO2 and Co:La.TiO2 respectively . The band gap energy of TiO2 and 

Co:La.TiO2 were 3.2 and 3.0 eV. The FT-IR spectra of Co:La:TiO2 were recorded and 

found Co bonded with Titania. The photodegradation of Methyl Blue has been found 

maximum at 5 pH, 25 ppm concentration of dye, 800 mg/L amount of photocatalyst and 

180 min illumination of visible light. The photodegradation was following the first order 

kinetics.  

In the eighth chapter, conclusion and some important results of all chapters have 

been discussed and also describe the future trends. 
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Titanium dioxide (TiO2), commonly known as Titania, is one of the 

most commonly used photocatalysts. Because of its high oxidative 

power, stability, and non-toxicity, it promises a broad range of uses as 

a photocatalysts. Advantage of using TiO2 as photo-catalyst are: (a) 

using TiO2, the process occurs under ambient conditions.(b) using 

TiO2, the oxidation of the substrate to CO2 is complete in most cases 

and (c) it is comparatively inexpensive and remains quite stable in 

contact with different substrate. TiO2 has also played a leading role in 

the active research for the utilization of solar energy. The TiO2 based, 

dye sensitized, photo-electrochemical cells are receiving a great deal of 

attention as a possible candidate for converting solar energy into 

electricity on a large scale.  
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phenomena of nanomaterials and nanostructures. Nanomaterials, compared to bulk 

materials, have the scales ranging from individual atoms or molecules to submicron 

dimensions at least in one dimension.  

Nanomaterials and nanotechnology have found very important applications in 

physical, chemical and biological systems [6-7]. Lots of inventions and discoveries has 

been done during last few decade for the fabrication of nano-objects. For the 

development of new nanostructured materials, process and phenomena at the 

nanoscale, as well as the development of new experimental and theoretical techniques 

for research providing the lot of opportunities. Nano materials can be made up with 

unique nanostructures and properties [8-9].  

The ability of scientists to manipulate matter virtually atom by atom has been 

supported by the development of new instruments and approaches that allow the 

investigation of material properties Nanotechnology with a resolution close to the 

atomic level. Such new tools have allowed the extensive understanding of the unusual 

physical and chemical properties characterizing matter at the nanometer scale opening 

up the way to the use of nanomaterials in a wide variety of applications involving 

material science, engineering, physics, chemistry and biology [10-11].  

Nanoscale semiconductor materials typically show behaviour which is 

intermediate between that of a macroscopic solid and that of an atomic or molecular 

system. Consider, for instance, the case of an inorganic crystal composed of very few 

atoms. By simple intuitive reasoning, it can be perceived that its properties will not be 

the same as those of a single atom, while also being different from those of a bulk 

solid [12].  

In order to rationalize (and predict) the physical properties of nanoscale 

materials, such as their electrical and thermal conductivities, or their absorption and 

emission spectra, their energy level structure needs first to be determined. Many 

properties specific to nanosized materials are related to the type of motion the charge 

carriers (electrons and holes) are allowed to execute when they are forced to dwell in 

confined structures. The unusual characteristics of these systems can only be explained 

by the laws of quantum mechanics [13], the behaviour of the particles inside them 
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being obtainable by solving the related Schrödinger equation. For low-dimensional 

systems, the calculation of the energy structure is traditionally carried out using two 

main approaches.  An approach, which is more elaborate but also more powerful to 

derive a detailed description of the electronic band Nanotechnology structure in a low-

dimensional solid, represents the general physics of a solid when its dimensions shrink 

one by one down to a few nanometres. The behaviour of carriers in a bulk solid can be 

described satisfactorily by the model of the “free-electron gas” [14]. The electrons are 

considered to be delocalized in the solid and thus not bound to individual atoms. 

Another assumption is made, that the interactions between the electrons and the crystal 

potential can be neglected at a first approximation. Whenever the size of the solid 

becomes comparable to the De Broglie wavelength associated with the particles that 

interact with it, a free carrier confined in this structure will behave as a particle in a 

potential box. The solutions of the Schrödinger equation are standing waves confined 

in the potential well, and the energies associated with two distinct wave functions are, 

in general, different and discontinuous. The particle energies cannot take on any 

arbitrary value and the system exhibits a discrete energy level spectrum [15-16]. 

Regarding the forms of materials, nanomaterials are classified as zero-, one-, and two-

dimensional nanostructures. Zero-dimensional nanostructures, also named as 

nanoparticles, include single crystal, polycrystalline and amorphous particles with all 

possible morphologies, such as spheres, cubes and platelets [17].  

In general, the characteristic dimension of the particles is one hundred 

nanometres or less. They can be named as zero-dimensional nanostructures. If the 

nanoparticles are single crystallite, they are often referred to as nanocrystals. When the 

characteristic dimension Nanotechnology 12 of the nanoparticles is small enough and 

quantum effects are observed, quantum dots are the common term used to describe 

such nanoparticles. One-dimensional (1D) nanostructures include whiskers, fibres or 

fibrils, nanowires, and nanorods. In many cases, nanotubules and nanocables are also 

considered one-dimensional structures. Although whiskers and nanorods are in general 

considered to have smaller length to thickness ratio (aspect ratio) than fibres and 

nanowires, the definition is a little arbitrary. Therefore, for clarity, nanostructures with 
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large aspect ratio are addressed as “nanofibres”, albeit they have been termed whisker, 

rod, fibre, or wire elsewhere. Thin films are two-dimensional nanostructures, which 

have been a subject of intensive study for almost a century, and for which many 

methods have been developed and improved [18-19].  

1.2. Novel photocatalyst 

Photocatalysts play an important role for the photodegradation of harmful 

organic compounds in the atmospheric air, such as formaldehyde, chlorinated 

hydrocarbons, dioxins, dyes, acids, pesticides and the like, or harmful organic 

materials present in daily life water, various types of household effluents and industrial 

effluents to clean the environment. Titanium dioxide is widely used as this 

photocatalyst in respect of the most stable one with almost no toxicity against living 

organisms. When this titanium dioxide is exposed to near UV radiation around 380 

nm, an electron in the filled band is excited to the conduction band to cause charge 

separation. The resultant charge site serves as a source to generate a hydroxyl radical 

or a superoxide anion which decomposes environmental pollutants, such as organic 

halides and nitrogen oxides, by its strong oxidizing action [20].  

However, titanium dioxide is photocatalytically active only in a wavelength 

range around 380 nm, and not photocatalytically active in other wavelength ranges, 

and therefore naturally subject to a limited range of applications. For that purpose, 

photocatalysts have been proposed, such as a composite of titanium dioxide and an 

inorganic porous material, e.g., activated carbon, high-silica zeolite, silica gel, 

sepiolite, bentonite, magnesium sulfate and others; a visible light-sensitive 

photocatalyst comprising a titanium dioxide film having a very thin layer of N-doped 

TiO2 formed on the surface layer; a photocatalytic composition comprising a visible 

light-sensitive photocatalyst and a photocatalyst having a specific surface area larger 

than the said visible light-sensitive photocatalyst and the like [21]. Furthermore, 

alternative photocatalysts free of titanium dioxide have been proposed, such as a 

composite photocatalyst for hydrogen generation comprising cadmium sulfide and a 

sulfide of a different metal. A semiconductor photocatalyst having semiconductor 
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particles encapsulated with a polymer a photocatalyst comprising layered composite 

metal oxide including interlayer cadmium sulfide and the like. However, none of the 

photocatalysts can provide so high a conversion rate as to be feasible [22].  

 

Fig.1.2. Uses of Titania 

1.3. Discovery of photocatalysis 

Akira Fujishima (1972) discovered the photocatalytic properties of titanium 

dioxide the process on the surface of the titanium dioxide were called the Honda-

Fujishima effect [23]. 

Titanium dioxide has potential for use in energy production: as a photocatalyst:  

It can carry out hydrolysis; i.e., break water into hydrogen and oxygen. Where 

the hydrogen collected and can be used as a fuel. The efficiency of this process can be 

greatly improved by doping carbon in oxide.  

Research shows that using these nanoparticles form pixels of a screen, where 

they generate electricity when transparent under the influence of light. If subjected to 



Chapter 1                                                    Introduction and Literature review…….                                                                                        

 

 Page 6 

 

electricity, on the other hand, the nanoparticles blacken, forming the basic 

characteristics of a LCD screen. According to creator Zoran Radivojevic, Nokia has 

already built a functional 200-by-200-pixel monochromatic screen which is 

energetically self-sufficient.  

In 1995 Fujishima and his group at the Research Institute of Toto Ltd. 

discovered the super hydrophilicity phenomenon for titanium dioxide coated glass 

exposed to sun light. This resulted in the development of self-cleaning glass and anti-

fogging coatings. TiO2 incorporated into outdoor building materials, such as paving 

stones in noxer blocks or paints can substantially reduce concentrations of airborne 

pollutants such as volatile organic compounds and nitrogen oxides [23]. 

In photocatalysis process, light is absorbed by an adsorbed substrate. Today, 

semiconductors are usually selected as photocatalysts, because semiconductors have a 

narrow gap between the valence and conduction bands.  In order to proved 

photocatalysis, the semiconductors need to absorbed energy equal to or more than its 

energy gap.  This movement of electrons forms e-/h+ or negatively charged 

electron/positively charged hole pairs. The hole can oxidize donor molecules. In 

photogenerated catalysis, the photocatalytic activity (PCA) depends on the ability of 

the catalyst to create electron–hole pairs, which generate free radicals able to undergo 

secondary reactions [24].  

 

 

 

 

 

1.4. Photocatalytic Reactions 

Photocatalysed processes have grown in importance mainly due to their 

widespread applications in energy conversion, pollution abatement and the synthesis 

Photocatalysts Advantages of using TiO2 as photo-catalyst are:  

(a) High oxidizing power, stability, and non-toxicity.  

(b) Using TiO2, the process occurs under ambient conditions. 

(c) Using TiO2, the oxidation of the substrate to CO2 is complete in most cases  

(d) It is comparatively inexpensive and remains quite stable in contact with 

different substrate. 
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of new materials [25]. Researchers are using photocatalysts for oxidative degradation 

of various non-biodegradable wastes. Fundamentally, photocatalysis deals with 

reactions which are initiated by electronically excited molecules generated by 

absorption of suitable radiation in the visible or near ultraviolet region. One of the 

most widely investigated and convenient class of photocatalysts is of metal oxide 

semiconductors [26]. Thus, in practical terms, chemical reactions occurring in 

presence of semiconducting materials and light are known as photocatalytic reactions. 

Semiconductors, with suitable band gaps, can act as quantum collectors of light 

energy. Illuminating a semiconductor material with photons of desired energy (i.e. hν 

≥ the band gap of semiconductor) can cause a number of photocatalytic reactions.  

   

 

 

 

 

 

Most materials can be categorized as conductors, insulators, and semiconductors.  

 

 

 

 

 

 

The energy gap (band gap) between valence band (highest occupied molecular 

orbital, HOMO) and conduction band (lowest unoccupied molecular orbital, LUMO) 

in a semiconductor is such that these materials behave as a conductor under certain 

conditions i.e., on exposure to light or at high temperature [27-28]. 

1.5. Mechanism of Photocatalysis 

When photocatalyst titanium dioxide (TiO2) absorbs Ultraviolet (UV)* 

radiation from sunlight or illuminated light source, it will produce pairs of electrons 

Photocatalytic reactions are broadly classified as:  

(a) Homogenous photocatalysis:-  

in which phtocatalyst (semiconductor) and substrate exist in the same phase and  

(b) Heterogenous photocatalysis:-  

where photocatalyst and the substrate exist in different phases. 

Semiconductors are mainly of two types:  

(i) n-type semiconductor:- The n-type semiconductors are those, which shows 

conductivity due to the flow of majority electrons,  

(ii) p-type semiconductors :- p-type semiconductors shows conductivity due to 

the presence of positively charged majority holes.  
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and holes. The electron of the valence band of titanium dioxide becomes excited when 

illuminated by light. The excess energy of this excited electron promoted the electron 

to the conduction band of titanium dioxide, therefore, creating the negative-electron 

(e-) and positive-hole (h+) pair [29]. This stage is referred as the semiconductor's 

'photo-excitation' state. The energy difference between the valence band and the 

conduction band is known as the 'Band Gap. TiO2 is known to be a semiconductor 

having a large band gap of 3.2 eV, which corresponds to wavelengths shorter than 387 

nm [30].  

In order to narrow this band gap to achieve a visible light activity, either the 

LUMO (lowest unoccupied molecular orbital) level of the conduction band can be 

lowered or alternatively the HOMO (highest occupied molecular orbital) level of the 

valence band can be raised [31]. Both methods are useful only for verification of band 

gap narrowing effects. TiO
2 

is a semiconductor which turns to a high-energy state by 

receiving light energy and releases electrons from its illuminated surface.  

 

Fig.1.3. structure of photocatalyst with HOMO and LUMO 

If the energy received at this stage is high enough, electrons that were initially 

located in the so-called ‘valence band’ all jump up to the ‘conduction band’[32]. Thus, 
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the energy that makes electrons jump up is provided by light, and this light energy is 

believed to be the energy of the light’s wavelengths. Therefore, calculating from the 

height that the electrons have to jump up, this light should have the same wavelength 

as ultraviolet light.  

                                 E = hv ............................................................,,,..(1) 

Where E : energy         h : Plank’s constant          v: frequency  

                                 ν = c / λ   …………………………………………...(2)        

where  c: light speed           λ : wavelength, Therefore, 

                                         E = hc /λ…………………………………………..(3) 

Here, E is titanium dioxide 3.2 eV (3.2 eV = 3.2 × 1.6 × 10
-19

J), and if you substitute 

the determinate values c:= 3.0 × 10
8
m/s,   h:= 6.63 × 10

-34
Js,  

It is obvious that the necessary wavelength is approx. 380 nm, which indicates 

that the light needed to activate photocatalyst is ultraviolet light.  Band gap narrowing 

by raising the HOMO level is carried out by anion doping into TiO2 lattice, resulting 

in hybridization of Ti 3d with N 2p orbital. The results of theoretical calculations 

prove the usefulness of anion doping such as N and S to raise the HOMO level or to 

form a new sub band right over the HOMO level of TiO2 [33-34]. 

The positive-hole of titanium dioxide breaks apart the water molecule to form 

hydrogen gas and hydroxyl radical. The negative-electron reacts with oxygen molecule 

to form super oxide anion. This cycle continues when light is available. There are 

three steps of photocatalysis: 

1) Light absorption following excitation of electrons from the valence band of TiO2 to 

the conduction band to form electron/hole pairs. 

2) Migration of electron/hole pairs thus formed to the TiO2 surface. 
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3) Initiation of redox reactions to form active species such as hydroxyl radicals and 

superoxide ions, in some cases, intermediate products has been identified and reaction 

mechanisms have been proposed. 

 

Fig.1.4. Mechanism of photocatalysis 

The generation of photocatalytically induced hole electron pairs has been 

reported as the primary step of the above-mentioned mechanisms [35]. When light 

irradiates the surface of TiO2, the absorption of a photon with the energy higher than 

the band gap energy leads to the formation of conduction band excess electron and 

valence band hole. The electron can form with oxygen a superoxide radical O− [36]. 

1.6. Different theories of photocatalysis 

Exist on the transformation of the positive hole from which the most important 

ones are the ●OH free radical theory and direct oxidation theory.  

1.6.1 -
●OH free radical theory  

According to the ●OH free radical theory, the hole is transformed into a 

hydroxyl radical through the reaction with water on the TiO2 surface. This highly 

active oxidant takes part in the oxidation of a series of organic compounds. Several 

authors tried to prove this theory by detecting intermediate species and products of 
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oxidation. Mills and Jishun (1998) [37] reported the hydroxylated product at photo 

mineralization of 4-chlorophenol in an oxygen-saturated solution where 4-

chlorocatechol was expected to be formed by oxidation with ●OH free radical.  

1.6.2 The direct oxidation theory  

This theory suggests the oxidation of substrates directly by positive holes. 

Several indirect proofs were given for this theory. Richard et al (1997) [38] found that 

the production of hydroquinone by the photocatalytic transformation of 4-

hydroxybenzyl alcohol was little affected in the presence of ●OH free radical 

quencher. In two other studies, extra absorption bands observed by time-resolved 

diffuse reflectance spectroscopy were assigned to the cationic radicals of 

photocatalytically oxidized compounds. All the above-mentioned studies were 

performed in aqueous solutions using microscale techniques but little attention has 

been paid to gaseous substrates. This publication, therefore, focuses on the 

photocatalytic oxidation of gaseous ethanol using a macroscale method that should 

provide the discrimination of mechanisms based on the two theories. A special 

reaction cell with small clearance was designed to diminish the dispersion influence 

and assure the experimental accuracy. Moreover, the formation and degradation of an 

intermediate, acetaldehyde, was also studied, which should help in the elucidation of 

the mechanism of ethanol photocatalytic oxidation [39]. 

1.7. Titanium dioxide 

  Titanium dioxide TiO2 is a most important nanomaterial which has attracted a 

great attention due to its unique properties. Titanium dioxide TiO2 have excellent 

merits in solar energy transferring and photocatalysis of poison compounds in 

environment. Further, the strong oxidizing power of the photogenerated holes, the 

chemical inertness, and the non-toxicity of TiO2 has also made it a superior 

photocatalyst. The properties of Titania showing in table 1. Because of its lack of 

oxygen, Titanium dioxide is usually an n type semiconductor. 
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Table.1.1. Properties of Titania 

Property Matric 

Density  4.23g/cm3 

Melting point  1855o C 

Boiling point 2500-3000˚C 

Molecular weight  79.8658 g/mol 

Solubility hot sulfuric acid 

Binding energy 459.3 eV 

Band Gap Energy 3.2 

1.8. Different Phase Structures of TiO2 

TiO2 is found in 3 major crystalline forms namely anatase, rutile and brookite. 

Some other TiO2 forms exists like the collumbite, hollandite, ramsdellite but these 

mentioned forms do not occur in nature but rather synthesized by high pressure 

treatment of anatase and rutile. Brookite is not practically advantageous for it is only 

stable at low temperatures. Rutile is the primary source of TiO2 and the most stable 

form of it. Rutile TiO2 and anatase TiO2 have different characteristics and uses and is 

usually the two forms of TiO2 compared [40].  

Titanium dioxide that is used as the photocatalyst is mainly anatase-type crystal 

structure. There are 3 kinds crystal structure of titanium dioxide.  Generally, the 

physical/chemical properties of a material may be quite different for their various 

phase structures. The phase structure of TiO2 is one of the important factors 

determining its photocatalytic performance. TiO2 has generally three polymorphs in 

nature, including anatase, rutile and brookite phase of TiO2 (b). All three types of TiO2 

consist of TiO6 octahedra, but differ in the distortion of the octahedron units and share 

edges and corners in different manners (Figure 1). For anatase, octahedral arranging in 

zigzag chains along (221) share four edges; in rutile, octahedra share only two edges 

and connect in linear chains parallel to (001),  while in brookite both corners and 

edges are connected. These differences in lattice structures cause different mass 

densities and electronic band structures in different phase forms of TiO2 [42]. 
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 Fig.1.5. Structure of different crystal structure of titanium dioxide. [https://pavemaintenance. 

wikispaces.com/TiO2+Photocatalys+-+Shannon [41]]  

Thermodynamically, rutile is the most stable phase, while anatase and brookite 

are the metastable ones. Rutile can be normally obtained after annealing the other 

three polymorphs at elevated temperatures. The phase transformation of TiO2 anatase 

nanoparticles actually starts from the interfaces between the agglomerated anatase 

particles, leading to a bulk phase transformation. Therefore, this process is usually 

accompanied by the growth of the particle size. Furthermore, the defect sites on the 

surface of anatase particles are proposed to play an important role in the phase 

transformation process. If the defect sites are blocked by some additives, the phase 

transformation can be efficiently retarded [42]. In addition, the mechanism of anatase 

to rutile phase transformation largely depends on the particle size of the initial anatase. 

The different mechanisms of rutile nucleation were proposed as follows. The phase 

transformation from brookite to rutile undergoes brookite → anatase → rutile 

transition, and a quasi-H2Ti3O7 structure can be observed in the phase transformation 

from brookite to anatase by UV Raman spectroscopy [43]. The three polymorphs of 

TiO2 have been applied in various fields on the basis of their different 

physical/chemical properties. The most extensively conducted research on TiO2 still 

lies in using it as solar energy conversion materials, which is mainly investigated on 

anatase and rutile.  

1.9. Photocatalytic activity of Titania Forms 

The photocatalytic activities of these different forms of TiO2 are quite 

different. Taking anatase and rutile of the most frequently studied photocatalysts of 

TiO2 as examples, the differences in lattice structures of anatase and rutile TiO2 cause 
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different densities and electronic band structures, leading to different band gaps (for 

bulk materials: anatase 3.20 eV corresponding to 384 nm and rutile 3.02 eV 

corresponding to 410 nm). This makes anatase have a slightly higher redox driving 

force than rutile, although the range of the light absorption by the former is slightly 

less than that by the latter. Anatase also has much higher surface area than rutile, 

leading to enhanced adsorption capability and even generation of much more active 

sites (such as oxygen vacancies). Furthermore, although rutile has better charge carrier 

mobility due to its higher crystallinity than anatase, the latter can generate more 

efficient charge separation due to the existence of more oxygen vacancies. Because of 

these advantages of anatase, it usually shows much higher photocatalytic activity than 

rutile [44].  

1.10. Limitations of TiO2 as Photocatalyst 

TiO2 because of its many desirable properties, such as high activity, chemical 

stability, robustness against photo-corrosion, low toxicity, no secondary pollution, low 

cost and water insolubility under most conditions; has proved to be the most suitable 

candidate for photocatalysis than various other semiconductor materials, such as ZnO, 

ZnS, Fe2O3, CdS and ZnS [45]. However, there are some limitations in using TiO2 as 

photocatalyst for practical applications, which includes [46].  

  

 

 

 

 

 

 

 

1.10.1. Direct Electron–Hole Recombination 

In heterogeneous photocatalysis, no in-situ direct observation of recombination 

has been reported because recombination generally proceeds with liberation of heat, 

and detection of heat is not easy. Although one of our photoacoustic spectroscopic 

Limitations of TiO2 using as photocatalyst  

(i) Large band gap of TiO2,  

(ii) Low quantum yield of TiO2,  

(iii) Low photon utilization efficiency,  

(iv) Narrow spectrum of light, UV is the most responsive range  

(v) Separation of TiO2 from the treated water is very difficult and energy consumptive 

(vi) Direct Electron–Hole Recombination 
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studies on photocatalysis showed liberation of heat during photocatalytic reaction on 

titanium(IV) oxide (Titania) particles [47], the detected heat was attributable to heat of 

exothermic chemical reaction, not heat liberated by e–h+ recombination. Of course, 

photoemission by recombination may occur for photocatalysts of direct-transition 

semiconductors, though such photoemission is not always observed, and, even if it is 

observed, recombination with undetectable non-radiative deactivation may occur in 

parallel. An alternative way for detecting e− h+ recombination is pump–probe 

spectroscopy using ultrafast laser pulses. 

Since addition of sacrificial electron acceptors or donors, which may trap e− 

and h+ respectively, did not show appreciable influence on the decay, they concluded 

that the decay reflects e−–h+ recombination and proposed second-order kinetics for 

the recombination. This seems reasonable considering the high density of photons in a 

femtosecond pump pulse to produce multiple pairs of e− and h+, not a single e−–h+ 

pair, to undergo recombination with second-order kinetics. The second-order 

recombination-rate constants with physical and structural properties of various Titania 

photocatalysts [48]. However, there is no assurance that similar recombination also 

occurs in practical photocatalytic reaction systems, where the light intensity is 

markedly lower than that of femtosecond laser pulses to result in creation of only one 

or a few e−–h+ pairs in one photocatalyst particle. It has been suggested that the rate 

obeys first-order kinetics, not a second-order one, for such mutual recombination 

induced by low-intensity laser pulses. The low-intensity laser measurements may 

reproduce the practical photocatalytic reaction system under irradiation with 

continuous light sources such as light from a mercury or xenon arc lamp. However, the 

low-intensity laser measurements were performed in transmission mode using 

transparent thin films of a photocatalyst, not diffuse-reflection mode using powder or a 

suspension of a photocatalyst, i.e., only nanometer-sized particles could be used as a 

sample, and decay kinetics of the recombination in sub micrometer-sized particles 

could not be examined. Thus, the dilemma in excitation-light intensity in direct 

measurement of recombination kinetics remains [49]. 
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1.10.2. Donor Levels in an n-Type Semiconductor 

It had been believed that lattice defects in crystalline photocatalyst particles are 

responsible for e−–h+ recombination when the author started working in this field in 

the 1980’s; the defects work as a recombination center, though no direct observation 

of the recombination had been performed, as described in the preceding section. This 

might be because it is convenient to attribute lower and higher activities of 

photocatalysts to enhanced and inhibited e−–h+ recombination, respectively, and to 

attribute the recombination to ambiguous but plausible recombination centers. 

However, one of the most significant problems might be the misconception that the 

recombination center must be “crystal lattice defects”. Most photocatalysts, e.g., 

Titania (VI) oxide, is categorized as n-type semiconductor [50]. 

It is known that metal oxides tend to release oxygen, leaving electrons in the 

lattice, and this may be an origin of the n-type semiconductor property of metal 

oxides. Actually, Titania in the form of powder or a single crystal turns black or blue-

black when heated under reduced atmosphere due to the release of oxygen (O2) and 

resulting formation of reduced titanium species, i.e., trivalent titanium cation (Ti3+) 

[51]. In an electrochemical sense, this phenomenon corresponds to the formation of 

electron-filled donor levels located below the CB to give an n-type semiconducting 

property; Fermi level is located between the CB bottom and those donor levels. When 

such an n-type semiconductor is immersed, or in contact in an electrolyte solution, 

electrons in the donor levels go out to the electrolyte since the donor level in an n-type 

semiconductor may be more cathodic than the electrode potential of electrolyte 

solutions. This flow of electrons in the donor level to an electrolyte results in the 

formation of a so-called Schottky-type barrier [52] at the interface to prohibit electron 

flow from an electrolyte to an electrode, i.e., potential slope due to an electron-

deficient so-called depletion layer is built in a semiconductor. 

1.11. Methods of Improvement of photocatalytic activity 

The visible light photoactivity of metal-doped TiO2 can be explained by a new 

energy level produced in the band gap of TiO2 by the dispersion of metal nanoparticles 

in the TiO2 matrix. The electron can be excited from the defect state to the TiO2 
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conduction band by photon with energy equals hv [53]. Additional benefit of transition 

metal doping is the improved trapping of electrons to inhibit electron-hole 

recombination during irradiation. Decrease of charge carriers recombination results in 

enhanced photoactivity.  

 

 

 

 

 

 

1.11.1. Band gap narrowing:  

Asashi, et al. [54] investigated that N 2p state hybrids with O 2p states in 

anatase TiO2 doped with nitrogen because their energies are very close, and thus the 

band gap of N-TiO2 is narrowed and able to absorb visible light. 

1.11.2. Impurity energy level:  

Irie, et al. [55] reported that TiO2 oxygen sites substituted by nitrogen atom 

form isolated impurity energy levels above the valence band. Irradiation with UV light 

excites electrons in both the VB and the impurity energy levels, but illumination with 

visible light only excites electrons in the impurity energy level. 

1.11.3. Oxygen vacancies:  

Ihara, et al. [56] reported that oxygen-deficient sites formed in the grain 

boundaries are important to emerge vis-activity and nitrogen doped in part of oxygen-

deficient sites are important as a blocker for reoxidation.  

1.11.4. Charge separation 

Efficient charge separation is the most important factor that determines the 

photocatalytic activities. Various strategies could be applied for improving charge 

separation efficiency. For example, preparation of semiconductor photocatalysts at 

high temperatures may lead to high crystallinity that diminishes the formation of 

charge recombination defect sites. Construction of various kinds of nanostructures 

There are three modification mechanism of TiO2. 

(1) Band gap narrowing;  

(2) Impurity energy levels; and  

(3) Oxygen vacancies. 
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such as nanowires (belts) [57] and nanosheets [58] may also facilitate charge 

transportation and promote charge separation efficiency. As compared to zero 

dimensional nanoparticles, one-dimensional nanostructures exhibit better 

photocatalytic activity because they have better charge mobility and can reduce the 

charge recombination. Furthermore, creation of “junctions” with built-in electric fields 

or chemical potential differences is also an effective strategy for improving charge 

separation efficiency. The surface catalytic reaction is a successive step of charge 

separation. In principle, a photocatalytic reaction consists of two half reactions, 

reduction reaction, and oxidation reaction. The electrons in CB may initiate the 

reduction reaction, and the reduction capability is determined by the position of CB; 

the holes in the VB involve the oxidation reaction, and the oxidation capability is 

determined by the position of VB. For the water splitting reaction, the position of CB 

of a semiconductor photocatalyst should be more negative than the redox potential of 

H+/H2 (0 V vs NHE, pH = 7), while the energy level of VB should be more positive 

than the redox potential of O2/H2O (1.23 V vs NHE, pH = 7). Sometimes, some 

particular surface sites of a semiconductor can act as the active centers themselves, 

especially for oxidation reaction on the surface of metal oxide semiconductors. 

However, in most cases, efficient photocatalytic reactions proceed only after loading 

noble metal and oxide cocatalysts on semiconductors [59-60]. 

1.12. Band Gap energy of Titania  

Aqueous suspensions of the samples were used for the UV absorption studies. 

The blue shift that is observed in the absorption spectra with the decrease in particle 

size has been reported earlier [61]. The bandgap of the materials calculated from the 

extrapolation of the absorption edge onto the energy axis is 3.2 eV and this is well 

reported. Firstly, to establish the type of band-to-band transition in these synthesized 

particles, the absorption data were fitted to equations for both indirect and direct 

bandgap transitions. Fig. 7 shows the (αEphot)
2 versus Ephot for a direct transition, 

where α is the absorption coefficient and Ephot is the photon energy, Ephot = (1239/λ) 

eV, where λ is the wavelength in nanometers.  
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The value of Ephot extrapolated to α = 0 gives an absorption energy, which 

corresponds to a bandgap Eg. For direct bandgap semiconductors, electronic transition 

from the valence band to the conduction band is electrical dipole allowed and the 

electronic absorption, as well as emission, is usually strong [62]. For indirect bandgap 

semiconductors, the valence band to the conduction band electronic transition is 

electrical dipole forbidden and the transition is phonon assisted, i.e., both energy and 

momentum of the electron–hole pair are changed in the transition.  
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Fig.1.6. Direct Band Gap determination 

 

Fig.1.7. Band Gap Energy of Titania 

Both their absorption and emission are weaker compared to those of direct 

bandgap semiconductors since they involve a change in momentum. Hence a direct 
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bandgap transition would result in a more efficient absorption of solar energy and 

therefore much better photovoltaic devices. Hence, any indication in this direction 

would direct towards a more favourable material for the applications envisaged. 

Similar observations were made on Si nanocrystals where the quantum confinement 

causes a kinetic enhancement of the luminescence quantum yield, as well as an 

increase of the bandgap. Among the possible semiconductors, TiO2, or Titanium 

Dioxide, (Eg = 3.2 eV) is most extensively used because it has many advantages.  It is 

inert and resistant to corrosion, and it requires little post-processing, making it 

inexpensive.  Finally, it can react under mild-operating conditions. 

1.13. Bandgap Reduction Engineering.  

1.13.1. Doping with Cations. 

  In the band structure of TiO2, O 2p orbitals contribute to the filled VB, while 

Ti 3d, 4s, 4p orbitals contribute to the unoccupied CB. The lower position of CB is 

dominated by Ti 3d orbitals [63]. Upon doping with other cations in replacement of Ti, 

an impurity level could be introduced in the forbidden band. This intermediate energy 

level can act as either an electron acceptor or a donor, which allows TiO2 to absorb 

visible light. Until now, many investigations have been made in the preparation of 

visible light-responsive TiO2 by cation doping [64]. The photocatalytic H2O splitting 

reaction on Cr3+-doped TiO2 nanoparticles in the visible light region (400−550 nm). 

The visible light absorption was attributed to the photoexcited transition of Cr3+ 3d 

electrons into the CB of TiO2. Prepared Fe3+-doped Titania by hydrothermal treatment 

can be split the water into a 2:1 stoichiometric ratio of H2 and O2 under visible light 

irradiation.  

Niishiro et al. [65] reported that TiO2 doped with Ni2+ can produce H2 from 

aqueous methanol solution under visible light irradiation (λ > 420 nm).  

When codoped with Nb5+, the absorption intensity of TiO2 can be obviously 

increased in the visible region. It is proposed that codoping of two cations with 

different charges can increase the stability of the photocatalyst due to the charge 

balancing effect [66]. Sun et al.[67] reported that the Fe and Ni codoped TiO2 

nanoparticles prepared through alcohol-thermal method can give a H2 evolution rate of 
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361.64 µmol h−1 gcat −1 in ethanol aqueous solution under visible light (λ > 400 nm). 

The high H2 evolution activity was ascribed to the efficient separation of photoinduced 

electrons and holes by the codoping method, as evidenced by the photoluminescence 

spectroscopy. Wu et al.[68] reported that a Co2+-doped TiO2 had a long-term stability 

for H2 production, and the presence of CoOx species on the surface of TiO2 was 

crucial for the stability. The enhancement of H2 production activity on Bi doped TiO2 

was ascribed to its lower overpotential as compared to the undoped TiO2 [69]. 

1.13.2. Doping with Anions.  

Anion doping is another approach to extend the light absorption of TiO2 into 

the visible region. Unlike cation doping, anion doping could hardly affect the CB band 

of TiO2, which is made up of Ti 3d, 4s, and 4p orbitals. It usually reconstructs the VB 

and shifts it upward to narrow the bandgap of TiO2. Asahi and co-workers [70] 

preferred anion doping rather than cation doping by considering that cation doping 

would lead to instability of the material and require an expensive ion implantation 

facility. Furthermore, cation doping usually leads to quite localized d states deep in the 

bandgap of TiO2 acting as the recombination centers of charge carriers. It can be seen 

that N is the most suitable doping element as its p orbitals contribute to VB by mixing 

with O 2p orbitals, which can narrow the bandgap of TiO2 by shifting the VB upward. 

However, there is also an argument that extension of the light absorption into the 

visible region by N doping is not due to bandgap narrowing. Instead, N doping may 

introduce local states and oxygen vacancies inside the band gap of TiO2, which is the 

cause of the visible light absorption [71].  

1.14. Photocatalytic Reactions on TiO2 

Semiconductor is a kind of material with electrical conductivity between 

conductor (such as metals) and insulator (such as ceramic). The conductivity of a 

semiconductor usually increases with the increase of the temperature, which is 

opposite to that of a metal [72]. The unique electronic property of a semiconductor is 

characterized by its valence band (VB) and conduction band (CB). The VB of a 

semiconductor is formed by the interaction of the highest occupied molecular orbital 
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(HOMO), while the CB is formed by the interaction of the lowest unoccupied 

molecular orbital (LUMO). There is no electron state between the top of the VB and 

the bottom of CB. The energy range between CB and VB is called forbidden bandgap 

(also called energy gap or bandgap), which is usually denoted as Eg. The band 

structure, including the bandgap and the positions of VB and CB, is one of the 

important properties for a semiconductor photocatalyst because it determines the light 

absorption property as well as the redox capability of a semiconductor. As shown in 

Figure 1.8, the photocatalytic reaction initiates from the generation of electron−hole 

pairs upon light irradiation. When a semiconductor photocatalyst absorbs photons with 

energy equal to or greater than its Eg, the electrons in VB will be excited to CB, 

leaving the holes in VB [73].  

 

Fig.1.8. Formation of e- h+ pair on the surface of semiconductor 

This electron−hole pair generation process in TiO2 can be expressed as follows: 

                               TiO2 + hν → h
+
 + e

−
   ……………………………………(4) 

These photogenerated electron−hole pairs may further be involved in the following 

four possible processes:  

(i) Successfully migrate to the surface of semiconductor;  

(ii) Captured by the defect sites in bulk and/or  

(iii) Captured on the surface region of semiconductor; and  

(iii) Recombine and release the energy in the form of heat or photon. 
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The last two processes are generally viewed as deactivation processes because 

the photogenerated electrons and holes do not contribute to the photocatalytic reaction. 

Only the photogenerated charges that reached to the surface of semiconductor could be 

available for photocatalytic reactions [74]. The defect sites in the bulk and on the 

surface of semiconductor may serve as the recombination centers for the 

photogenerated electrons and holes, which will decrease the efficiency of the 

photocatalytic reaction [75].  

Titanium dioxide's photocatalytic characteristics are greatly enhanced due to 

the advent of nanotechnology. At nano-scale, not only the surface area of titanium 

dioxide particle increases dramatically but also it exhibits other effects on optical 

properties and size quantization. An increased rate in photocatalytic reaction is 

observed as the redox potential increases and the size decreases. In some cases, energy 

from any ambient light source can be used effectively as the energy source of photo 

catalysis instead of UV light [76].  

Photo catalyst of solarcoat not only have all the advantages of the traditional 

photocatalyst but also can disinfect, purify air and eliminate harmful substance in the 

condition of visible light .therefore, it has incomparable technology and quality 

advantages of fighting against pollution indoors and outdoors. The strong functions 

of solar coat photocatalysis will completely eliminate odours of newly-decorated 

houses and enable people to get rid of the danger caused by epidemic disease. Solar 

coat of photocatalyst has been widely applied in all kinds of fields and highly affirmed 

& appraised. The theory of photocatalyst: with the irradiation of light, the TiO2 on the 

surface of the ultra strong photocatalyst of solarcoat will take photocatalytic reaction 

the same as photosynthesis which can produce free radical and ozone with 

strong function of oxidization. And it can oxidize and decompose various organic 

compounds and some minerals [77]. 

Titanium dioxide, particularly in the anatase form, is a photocatalyst under 

ultraviolet light. Recently it has been found that titanium dioxide when spiked with 

nitrogen ions or doped with metal oxide like tungsten trioxide, is also a photocatalyst 

under visible and UV light. The strong oxidative potential of the positive holes 
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oxidizes water to create hydroxyl radicals. It can also oxidize oxygen or organic 

materials directly. Titanium dioxide is thus added to paints, cements, windows, tiles, 

or other products for sterilizing, deodorizing and anti-fouling properties and is also 

used as a hydrolysis catalyst. It is also used in the Graetzel cell, a type of chemical 

solar cell [78]. 

1.15. Energy structure of titanium oxide and photoeffect 

In a compound semiconductor consisting of different atoms, the valence band, 

and conduction band formation processes are complicated, but the principles involved 

are the same. For example, it is known that the valence band of titanium oxide is 

comprised of the 2p orbital of oxygen (O), while the conduction band is made up of 

the 3d orbital of titanium (Ti) [79]. In a semiconductor with a large band gap, electrons 

in the valence band cannot jump up to the conduction band. However, if energy is 

applied externally, electrons in the valence band can rise (this is referred to as 

"excitation") to the conduction band. Consequently, as many electron holes (holes left 

behind by the electrons moving up to the conduction band) as the number of excited 

electrons are created in the valence band [80]. This is equivalent to the movement of 

electrons from the bonding orbital to the antibonding orbital. In other words, the 

photoexcited state of a semiconductor is generally unstable and can easily break down. 

Titanium oxide, on the other hand, remains stable even when it is photoexcited. This is 

one of the reasons that titanium oxide makes an excellent photocatalyst.  

 

 

 

 

 

 

In photocatalytic reactions, the band gap energy principally determines which 

light wavelength is most effective, and the position of the highest point in the valence 

band is the main determinant of oxidative decomposing power of photocatalyst [81]. 

 

The following three factors pertaining to the band structure of semiconductors 

have the greatest effect on photocatalytic reactions: 

(1) Band gap energy 

(2) Position of the lowest point in the conduction band 

(3) Position of the highest point in the valence band 
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Fig.1.9. Structure of n type semiconductor 

1.16. Photocatalyst Nanotechnology  

This report defines a nanocatalyst as a substance or material with catalytic 

properties that has at least one nanoscale dimension, either externally or in terms of its 

internal structures. The report covers substances with catalytic properties that may not 

have nanoscale dimensions, but which have been nano engineered in order to enhance 

their catalytic activity [82].  

Photocatalysis refers to the chemical reaction that occurs when light strikes a 

chemical compound that is light sensitive, such as titanium oxide. When light strikes 

titanium dioxide, a chemical reaction will be started in the immediate region and cause 

the breakdown of organic toxins, odours, and more. Over the past several years, a 

variety of methods have been developed to synthesize TiO2 materials in a form of 

nanostructures such as nanoparticles, nanowhiskers, nanowires, and nanobelts. TiO2 

nanotubes have been fabricated by pressure impregnating of a nanoporous template 

with titanium isopropoxide and then oxidative decomposing the reagent at 500 °C. 

Although, the specific area of these nanostructures was usually high enough to meet 

the requirements of most applications. The chemical approaches require high 

annealing temperatures and have further problems arising of residual impurities 

incorporation from organic precursors and blends. On the other hand fabrication of 
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nanostructures by physical approaches involves specific patterning of the deposited 

material, which are time consuming processes [83]. 

A photocatalyst is a substance that increases the rate of a chemical reaction by 

reducing the required activation energy, but which is left unchanged by the reaction. In 

addition to speeding up certain chemical reactions, catalysts also can be used to alter 

the temperature at which various reactions take place and thus make them feasible. 

Nanocatalyst represent the convergence of catalysts, a mature technology, with a new 

one, nanotechnology [84]. Catalysts systematically have been used at least since the 

beginning of the industrial age, and today their use is widespread in industries such as 

petrochemicals and pharmaceuticals. In a sense, all catalysis is nanoscale, since it 

involves chemical reactions at the nanoscale. The several report provides an 

understanding of developments in nanocatalyst technology and applications that will 

influence the future size and structure of the material for these unique substances. 

Oxidation of organic contaminants using magnetic particles that are coated with 

titanium dioxide nanoparticles and agitated using a magnetic field while being exposed 

to UV light [85]. 

1.17. Thin-film Photocatalyst   

Titanium dioxide (TiO
2
) is a harmless substance widely applied in various 

fields such as cosmetics, toothpaste, extenders for medicines, and coating. For these 

uses, TiO
2 

is usually supplied in the form of powder. But in order to use TiO
2 

as an 

effective photo-catalyst for the 5 functions, powder is not an appropriate form, for it 

may be blown off by wind or washed out by water, and when used to purify water, it 

has to be separated from the water. Thus, a method to fix the powder has long been 

considered [86].  

 It is easy to fix powdery TiO2with a binder, but if an organic binder is used, the 

photo-catalytic reaction will destroy the binder itself. Inorganic binder is not 

influenced by photo-catalytic reaction, but only the powder exposed on the surface can 

work effectively despite the total amount of powder contained in the binder.  
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titanium dioxide coating has an overall negative score of -0.70 indicating that the 

addition of this surface layer will have an overall positive effect on the environment 

[88].  

1.18. TiO2 Nanocomposites 

Noble metals such as Ag, Au, Pt, Pb and Pd etc are deposited on a TiO2 surface 

to enhance photocatalytic activity. These noble metals act as an electron trap 

promoting interfacial charge transfer processes in the composites. Utilization of solar 

energy needs the material’s band gap matching with the highest intensity of solar 

radiation which is around 500–700 nm which is equivalent to band gap in the region of 

1–2 eV. In addition, for the photocatalyst application the semiconductor should be 

chemically and photochemical stable in acidic and alkaline media. Unfortunately all 

semiconductors of band gap in the region of 1–2 eV are unstable chemically and 

photochemically in acidic or alkaline media; whereas large semiconductors like TiO2, 

ZnO etc, are stable in alkaline or acidic media but due to their large band gap (~3 eV) 

covers only about 4% of solar radiation. Thus, though these materials are good but 

their solar conversion efficiency is very low. Therefore, there is a need to develop 

some technique to make low band gap material stable in acidic or alkaline media. 

Considering this requirement, Sharon and his group developed a mathematical model 

which can be used to predict the mixture of two large band gap materials such that 

their effective band gap is small [89-90].  

1.19. Synthesis methods of TiO2 Nanoparticles 

Since the physicochemical properties such as size, shape, morphology and 

composition of the Titanium oxide is very important for the photocatalytic 

performance, it is important to control them; thus there is a need for employing the 

synthetic procedure, which can contribute towards the development of desired 

properties of the photocatalyst. Moreover, the Titanium oxides should be ecologically 

affable and prepared by economically viable inexpensive method. Various routes have 

been tried for this purpose; some of them which are suitable for synthesis of Titanium 

dioxide and its composites are discussed below. 
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1.19.1. Sol-Gel Method 

The sol-gel method was developed in the 1960s, for preparing materials with a 

variety of shapes, porous structures, thin fibers, dense powders and thin films. Sol-gel 

process involves the transition of a system from a liquid solution (Sol) to a solid gel 

phase (Gel). A sol consists of a liquid with colloidal particles which are not dissolved, 

but do not agglomerate or sediment. A sol is a stable dispersion of colloidal particles 

or polymers in a solvent. Whereas, gel consists of a three dimensional continuous 

network, which encloses a liquid phase, in a colloidal gel, the network is built from 

agglomeration of colloidal particles. In a polymer gel the particles have a polymeric 

substructure made by aggregates of sub-colloidal particles. Generally, the sol particles 

may interact by Van der Waals forces or hydrogen bonds. A gel may also be formed 

from linking polymer chains. In most gel systems used for materials synthesis, the 

interactions are of a covalent nature and the gel process is irreversible. The gelation 

process may be reversible if other interactions are involved. In a nut shell sol-gel 

process can be described as “Formation of an oxide network through polycondensation 

reactions of a molecular precursor in a liquid”. In a typical sol-gel process, TiO2 

nanoparticles are formed by hydrolysis and polycondensation (de-hydration and de-

alcoholation) reactions of Titanium alkoxide, to form oxopolymers, which are then 

transformed into an oxide network. The structure and properties of metal oxides is 

strongly dependent on the rate of hydrolysis and poly-condensation. The factors 

responsible for the formation of metal oxides are: reactivity of metal alkoxide, water to 

alkoxide ratio, pH ofreaction medium, and nature of solvent and additives and reaction 

temperature. Ibrahim and Sreekantan [91] in the XRD analysis of TiO2 found that pH 

affects size and degree of crystallinity. Moreover, they also observed that high acidity 

favours formation of rutile phase, while low acidity favours anatase phase formation. 

1.19.2. Sol Method 

The sol method refers to the non-hydrolytic sol-gel processes and usually 

involves the reaction of Titanium chloride with a variety of different oxygen donor 

molecules like a metal alkoxide or organic ether [92]. 
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1.19.3. Hydrothermal Method 

Hydrothermal processing can be defined as any heterogeneous reaction in the 

presence of aqueous solvents or mineralizers under high pressure and temperature 

conditions to dissolve and recrystallize (recover) materials that are relatively insoluble 

under ordinary conditions [93]. The process involves use of a solvent under high 

temperature (typically between 100 ºC and 1000 ºC) and also high pressure (typically 

between 1 atm and 10,000 atm) that facilitates the interaction of precursors during 

synthesis. If water is used as a solvent, the method is called as hydrothermal synthesis.  

1.19.4. Micelle and Inverse Micelle Method 

Micelles are composed of surfactants. Surfactants normally contain a 

hydrophilic head and a hydrophobic chain, and these amphiphilic molecules can self-

assemble into a rich variety of organized structures in solution, such as normal and 

reverse micelles. Aggregates of surfactant molecules dispersed in a liquid colloid are 

called micelles, when the surfactant concentration exceeds the critical micelle 

concentration. Reverse micelles are globular aggregates formed by the self assembly 

of surfactants in apolar solvents, whereas normal micelles are globular aggregates 

formed by the self-assembly of surfactants in water [94]. 

1.19.5. Solvothermal Method 

The solvothermal method is similar to the hydrothermal method. The only 

difference is the solvent used. In solvothermal method solvent used is non-aqueous. 

Since a variety of organic solvents with high boiling points can be chosen, the 

temperature can be elevated much higher than that in the hydrothermal method. This 

method has better control than hydrothermal method for the size and shape 

distributions and the crystallinity of the TiO2 nanoparticles. This method had been 

found to be a versatile method for the synthesis of a variety of nanoparticles with 

narrow size distribution and dispersity [95-96]. The solvothermal synthesis method is 

used for preparing nano size metals, semiconductors, ceramics, and polymers using 

solvent under moderate to high pressure. If water is used as the solvent, the method is 

called “hydrothermal synthesis”. The synthesis under hydrothermal conditions is 
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usually performed below the supercritical temperature of water (374 ºC). Among all 

the methods discussed above, the sol-gel method is the simplest, economic and 

effective method and can produce high purity products [97]. 

1.20. Synthesis of Titania based nanocomposites 

The various Titania based nanocomposites have been prepared by the doping 

of cation, anion, nobel metal, mettaloid, non-metals. The different nanocomposites of 

Titania have been prepared by the addition of different metal which is showing below 

in detail. 

1.20.1. Addition of Nobel metals 

 Addition of noble metals is another approach for the modifying photocatalysts. 

Noble metals including Pt, Ag, Au, Pd, Ni, Rh, and Cu have been reported to be very 

effective at enhancing photocatalysis by TiO2 [98-99]. Because the Fermi levels of 

these noble metals are lower than that of TiO2, photoexcited electrons can be 

transferred from the conduction band of TiO2 to metal particles deposited on the 

surface of TiO2, while photogenerated holes in the valence band remain on TiO2. This 

greatly reduces the possibility of electron-hole recombination, resulting in efficient 

separation and higher photocatalytic activity. Numerous studies have found that the 

properties of these kinds of composites depend strongly on the size of the metal 

particle, dispersion, and composition. When the size of the metal particles is less than 

2.0 nm, the composites display exceptional catalytic behaviour [100]. It has been 

suggested that too high a concentration of metal particles reduces photon absorption 

by TiO2 and allows the metal particles to become electron-hole recombination centres, 

resulting in lower efficiency [101]. 

1.20.2. Doping with metalloids 

Xu et al. [102] prepared TiO2 photocatalyst that was active under visible light 

by doping with boron using sodium boro hydride at 55°C under hydrothermal 

conditions. Compared with pure TiO2, the doped sample exhibited stronger absorption 

in the visible region and also showed a larger surface area. The photocatalytic activity 

was evaluated by measuring the degradation of Reactive Brilliant Red and4-
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chlorophenol under irradiation with visible light. The photocatalytic activities of the 

samples showed the following order: B-doped TiO2 (hydrothermal method) > B-

dopedTiO2 (sol-gel method) > pure TiO2> Degussa P25. The same group also 

prepared B-doped TiO2 hollow spheres [103] using hydrothermally prepared carbon 

spheres as a template. The photocatalytic activity of these TiO2 spheres was 

determined by degrading Reactive Brilliant Red under visible light irradiation. It was 

revealed that the photocatalytic activity of the hollow TiO2 spheres was almost 22 

times greater than that of Degussa P25. 

1.20.3. Doping with anions 

Many studies have been devoted to the development of TiO2 that is responsive 

to visible light by doping it with various anions [104] as a substitute for oxygen in 

theTiO2 lattice. For these anion-doped TiO2 photocatalysts, the mixing of the p states 

of the doped anion (N, S or C) with the O 2p states shifts the valence band edge 

upwards, narrowing the band gap energy of TiO2. Unlike metal cations, anions are less 

likely to form recombination centers and therefore, are more effective at enhancing the 

photocatalytic activity of TiO2 [105]. 

Asahi et al. [106] calculated the electronic band structures of TiO2 containing 

different substitutional dopants including C, N, F, P and S. Substitutional doping with 

N narrowed the band gap most significantly because its p state mixed with the O 2p 

states. In addition, molecular dopants like NO and N2 gave rise to bonding states 

below the O 2p valence band and anti bonding states deep in the band gap (Ni and 

Ni+s) that were well screened and hardly interacted with the band states of TiO2. 

Diwald et al. [107] incorporated nitrogen monoanions into single crystals of TiO2 by 

sputtering with N2+/Ar+ mixtures and subsequent annealing to 627°C under ultrahigh 

vacuum conditions. This modified catalyst exhibited an unexpected blue shift in the O2 

photo desorption compared with that of undoped crystals of TiO2.  Ao et al.[108] 

prepared N-doped TiO2 hollow spheres by a one-photo hydro thermal method using 

urea as precursor of nitrogen. The photocatalytic activity of the spheres was 

determined by degrading Reactive Brilliant Red dye X-3B under irradiation with 
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visible light and showed higher photocatalytic activity than undoped TiO2 hollow 

spheres and commercial Degussa P25. 

  Dong et al. [109] synthesized N-doped TiO2 nanotube array by annealing 

anodized TiO2 nano tubes with ammonia at 500°C. The array exhibited enhanced 

photocatalytic efficiency for the photocatalytic degradation of methyl orange under 

visible light irradiation compared with undoped nano tubes because nitrogen doping 

narrowed the band gap of the nano tubes. Yu et al. [110] found that F-doped TiO2 

exhibited higher photocatalytic activity for the oxidation of acetone into CO2 than 

undoped TiO2. Sakthivel and Kisch [111] showed that C-doped TiO2 was five times 

more active than N-doped TiO2 toward the degradation of 4-chlorophenol by artificial 

light (λ ≥455 nm). Park et al. [112] reported that TiO2–xCx nano tube arrays exhibit 

much higher photocurrent densities and more efficient water splitting under irradiation 

with visible light than pure TiO2 nano tube arrays. 

1.20.4. Codoping 

Codoping of TiO2 may be used as an effective way to improve charge 

separation. Yang et al. [113] reported that mono crystalline TiO2 codoped with 

optimal concentration sof Eu3+ and Fe3+ (1% Fe3+ and 0.5% Eu3+) showed significantly 

enhanced photocatalytic activity compared with undoped TiO2. Fe3+ serves as a hole 

trap and Eu3+ as an electron trap, increasing the rates of anodic and the cathodic 

processes via improved interfacial charge transfer.  

Song et al. [114] prepared (Cu, N)-codoped TiO2 nano particles and 

investigated the influence of the amounts of Cu and N codoped into TiO2 on the 

photocatalytic activity. Codoping of TiO2 with N and Cu extended absorption upto 590 

nm and gave higher photocatalytic activity than pure TiO2 or Cu-doped TiO2 for the 

photocatalytic degradation of xylenol orange, thus revealing a potential application in 

degrading organic pollutants. Xu et al. [115] synthesized (Ce, C)-codoped TiO2 using 

a modified sol-gel method under mild conditions. The photocatalytic activity of (Ce, 

C)-codoped TiO2 for degradation of Reactive Brilliant Red X-3B under visible light 

was significantly improved compared with that of C-doped TiO2, undoped TiO2, and 

Degussa P25 because cerium doping slowed the radiative recombination of 



Chapter 1                                                    Introduction and Literature review…….                                                                                        

 

 Page 34 

 

photogenerated electrons and holes in TiO2. Shen et al. [116] prepared a (N, Ce)-

codoped TiO2 photocatalyst by the sol-gel route that could degrade nitrobenzene under 

irradiation with visible light. Nitrogen atoms were incorporated into the TiO2 crystal 

structure and narrowed the band gap energy. The dopant cerium atoms existed in the 

form of Ce2O3 and were dispersed on the surface of TiO2. The improvement in the 

photocatalytic activity was ascribed to the synergistic effects of nitrogen and cerium 

codoping. Yang et al. [117] codoped TiO2 with metallic silver and vanadium oxide 

using a one-step sol-gel solvothermal method in the presence of a triblock copolymer 

surfactant (P123). The resulting Ag/V-TiO2 three-component junction system 

exhibited the highest photocatalytic activity for the degradation of Rhodamine B and 

Coomassie Brilliant Blue G-250 under both visible and UV light exceeding that of 

Degussa P25, pure TiO2, singly-doped TiO2(Ag/TiO2 or V-TiO2).  

1.20.5. Coupled/composite TiO2 

It is possible to create coupled colloidal structures, in which illumination of 

one semiconductor produces a response in the other semiconductor at the interface 

between them. Coupled semiconductor photocatalysts exhibit very high photocatalytic 

activity for both gas and liquid phase reactions by increasing the charge separation and 

extending the energy range of photo excitation. The geometry of particles, surface 

texture, and particle size play a significant role in inter particle electron transfer. 

Appropriate placement of the individual semiconductors and optimal thickness of the 

covering semiconductor are crucial for efficient charge separation. 

There has been much interest in coupling different semiconductor particles 

with TiO2, with coupled samples such as TiO2-CdS, Bi2S3-TiO2, TiO2-WO3, TiO2-

SnO2, TiO2-MoO3, and TiO2-Fe2O3 being reported [118–121]. The coupled structure 

that has received the most attention is that consisting of CdS and TiO2 colloidal 

particles. It is possible to irradiate CdS with light of lower energy than that needed to 

electronically excite TiO2 particles, so the photogenerated electron can be injected 

from CdS to TiO2 while hole remains in CdS. The electron transfer from CdS to TiO2 

increases the charge separation and the efficiency of the photocatalytic process. The 

separated electron and hole are then free to undergo electron transfer with adsorbates 
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on the surface of the catalyst. Methyl viologen was almost completely reduced using 

coupled CdS/TiO2 as a photocatalyst under irradiation with visible light [122]. Bi2S3 

nano particles with a direct band gap of 1.28 eV area good material for the 

photosensitization of nanocrystallineTiO2. The conduction band of Bi2S3 nano 

particles is less anodic than the conduction band of TiO2 and the valence band is more 

cathodic than the valence band of TiO2 [123], enhancing electron injection from the 

excited state of Bi2S3 into TiO2.  

Bessekhouad et al. [124] proposed a Bi2S3/TiO2 junction prepared by 

precipitation of different concentrations of Bi2S3 onto TiO2. Bi2S3 absorbed a large 

portion of visible light and when the junction contained 10 wt% Bi2S3, the absorbance 

started at 800 nm. The coupled system WO3/TiO2 has been used as a photocatalyst for 

decades. Both the upper edge of the valence band and the lower edge of the 

conduction band of WO3 are lower than those of TiO2. WO3 can be excited by 

illumination with visible light and the photogenerated holes can transfer from WO3 to 

TiO2.  

Song et al. [125] observed that loading of WO3 on the TiO2 surface improved 

the decomposition of 1,4-dichlorobenzenein aqueous solution by up to 5.9 times 

compared with pureTiO2. Because the standard reduction potential between W (VI) 

and W(V) is only –0.03 V, it was deduced that electrons in the conduction band of 

TiO2 could be easily accepted by WO3. The electrons in WO3 would then be 

transferred to the oxygen molecules adsorbed on the surface of TiO2.  

The coupled system SnO2/TiO2, where TiO2 plays the role of photo sensitizer for 

SnO2, also attracts much interest. Pure SnO2 shows little catalytic activity compared 

withTiO2-based photocatalysts because the band gap of SnO2 (3.5–3.8 eV) is not 

sufficient to initiate photocatalytic reactions, even after UV illumination. The work 

function and electron affinity of TiO2 are both around 4.2 eV while the work function 

of SnO2 is around 4.4 eV and its electron affinity is about 0.5 eV larger than that of 

TiO2. The Fermi energy level of TiO2 is higher than that of SnO2 because of its smaller 

work function so electron transfer occurs from the conduction band of TiO2 to the 
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conduction band of SnO2 and hole transfer occurs from the valence band of SnO2 to 

the valence band of TiO2 [126].  

Vinod Gopal et al.[127] reported that the rate of photocatalytic degradation of 

several textile azo dyes increased by 10 times using an SnO2/TiO2 composite system 

as a result of improved charge separation. 

1.21. Advantages of TiO2 Composites 

Additionally, TiO2 composite structures can create and tune other properties 

such as mid-band-gap electronic states which can alter charge migration or produce a 

red shift in the absorption spectrum. Further, formation of heterojunctions between 

TiO2 and other materials can yield visible light absorption by the added material with 

charge separation facilitated by the TiO2. The two main polymorphs of TiO2 which 

show the highest photoactivity are the anatase and rutile phases, which have typically 

reported band-gap values of 3.2 and 3.0 eV, respectively. Although the band gap of 

rutile is narrower, the anatase phase is typically considered more favourable as it has a 

higher reduction potential and a slower rate of recombination of electron−hole pairs 

[128-130]. However, commercial P25 is one of the most commonly used mixed phase 

TiO2 composites. This mixed phase material allows for utilization of visible light 

wavelengths through excitation of the rutile phase while also containing benefits of 

anatase TiO2, such as a decreased recombination rate of charge carriers. The initial 

mechanism for this enhancement was ambiguous; however, utilizing electron 

paramagnetic resonance (EPR). 

Hurum et al. [131] studied the fate of photogenerated charge carriers in order 

to shed light on the mechanism. They found that electrons which were photogenerated 

by the rutile component were transferred to a previously proposed electron trap site in 

the anatase lattice which lies 0.8 eV below the anatase conduction band. Further, this 

is situated lower than the rutile conduction band. A decrease in electron−hole 

recombination is achieved since the photogenerated holes remain within the rutile 

component and the electrons are spatially separated into the anatase component. It was 

later determined that the photogenerated holes are preferentially trapped on the 

surfaces, whereas electrons become trapped within the lattice. As such surface electron 
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trap sites increase the recombination rate, which indicates that a composite with a 

second material which is either a hole or an electron sink can further increase catalytic 

efficiency [132-133]. 

           Beyond the use of mixed phase TiO2, composites with non-TiO2 materials are a 

very promising means to extend the usefulness of anatase into the visible wavelengths. 

Alternatively, for composites consisting of the rutile phase, inclusion of higher work 

function materials can yield slower charge carrier recombination. Other methods to 

decrease charge carrier recombination include increasing crystallinity, which can be 

done by high-temperature calcination, addition of dopants, or specific synthetic 

protocols [134]. Additionally, defects, which can serve as charge carrier traps and 

reduce the recombination of photogenerated electron−hole pairs, can also be either 

induced or stabilized by formation of a composite. Composites which can help to tune 

the grain size have also been shown, such as metal oxide sol−gel precursors which can 

form composites with TiO2 and inhibit crystallinity [135]. 

In addition to the improvement of photocatalysis, composite structures can 

yield other benefits. Such advantages include the ability to tune the surface properties, 

i.e., acidity/basicity or open coordination sites, of the resultant materials, which is of 

importance to the adsorption of molecules, a critical factor relevant to catalysis, 

separation, and further modification. Numerous mixed metal oxide/TiO2 composites 

are beneficial for stabilization of thermal catalysts where reactions such as high-

temperature NOx reduction are improved. Composites such as core−shell materials are 

also beneficial toward the stabilization of nanoparticles against phenomena such as 

sintering or aggregation. Further, composites can be of great use to create highly 

porous materials, hollow shells, or hierarchical structures by templating methods 

[136]. 

1.22. Polymer composites with Titania 

1.22.1. Polyaniline/Titania nanocomposites 

In recent years, the composites of conductive polymers and inorganic particles 

have been the focus of a great deal of research due to their potential applications in 

chemical sensing, catalysis, energy storage, solar cells, and medical diagnosis [137]. 
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However, the application of this new type of materials as adsorbent in wastewater 

treatment, especially in the removal of dyes from printing and dyeing wastewater, is 

seldom reported. Polyaniline (PANI) has attracted considerable attention for its low 

cost, simple synthesis, excellent electrical conductivity, thermal stability, antioxidant 

properties, and so on [138]. The unique reversible electrochemical activity, large 

specific surface area, good stability, and doping–dedoping reversibility, etc., make the 

adsorption and desorption of ions on PANI possible by simple acid and alkali 

treatment. The use of polyaniline as adsorbent for dye removal has been reported 

recently [139]. However, PANI, as a significant conductive polymer material with low 

mass density, is hard to be settled, which restricts the application as the adsorbent for 

the difficulty of recovery. 

1.22.2. Titania composites with Graphene and Graphene Oxide 

Graphene with many extraordinary properties such as high electron mobility 

and surface area has been investigated broadly with respect to composites with TiO2 

over the past decade. Similar to the case of carbon nanotubes, the higher work function 

of graphene (∼4.9−5.2 eV) with respect to on the surface of amine-functionalized 

amorphous TiO2 microspheres. TiO2 allows for an increase in charge separation by 

electron injection into the graphene sheets. Chemical utilization of graphene has been 

established through reduction of graphene oxide (graphitic oxide, GO) sheets, which 

are commonly synthesized by the Hummers method or a modification methods [140]. 

Reduction is done by number of means such as by hydrothermal/solvothermal 

treatment or, more frequently, in situ with TiO2 deposition. One recent study by Zhu et 

al.[141] simultaneously formed the graphene/TiO2 composite and reduced the GO 

sheets by utilizing TiCl3 as the reductant for GO and precursor for TiO2. Concurrent 

reduction of GO and crystallization of TiO2 is one of the optimal methods as it 

provides good contact between the two materials with well-crystallized morphology. It 

must be noted that reduction is not always carried out in prior reports, and many 

claimed graphene/TiO2 composites are in reality graphene oxide/ TiO2. These 

graphene/TiO2 composites have shown applications in the construction of DSSCs, Li+ 

battery applications, and enhanced photocatalysis [142-144]. 



Chapter 1                                                    Introduction and Literature review…….                                                                                        

 

 Page 39 

 

One simple composite reported by Zhang et al. [145] consisted of graphene 

oxide mixed with P25. The components were mixed and held at 120 °C for 3 h in 

water−ethanol mixture within a Teflon-sealed autoclave to achieve both reduction of 

the GO and deposition on P25. This P25−graphene (P25−GR) composite showed 

improved photoactivity for degradation of methylene blue under both UV and visible 

light irradiation, as compared to bare P25, and a slight improvement when compared 

to a P25−carbon nanotube composite.  

These composites were then hydrothermally treated to reduce the GO, followed 

by calcination under argon at 400 °C. The composite structure after the negatively 

charged graphene oxide is wrapped on the positively charged TiO2. At this stage, the 

graphene oxide has been reduced to graphene and the TiO2 has crystallized to anatase 

phase. Samples showed improved photocatalytic activity compared to a two-step 

method where GO was coated on precalcined anatase microspheres and then 

subsequently reduced, indicating that the order of preparation was critical. 

Degradation of MB by visible light is improved photocatalytic activity of the 

composite as compared to P25, bare anatase particles [146]. 

1.23. Factors influencing the photocatalytic degradation 

The oxidation rates and efficiency of the photocatalytic system are highly 

dependent on a number of operational parameters that govern the photodegradation of 

the organic molecule [147]. This section will briefly discuss the significance of each 

operational parameter. 

1.23. 1. Effect of dye concentration 

The quantity of the dye adsorbed on the surface of the photocatalyst is of 

foremost importance since only this amount contributes to photocatalytic process and 

not the one in the bulk of the solution. The extent of dye adsorption depends on the 

initial dye concentration. The initial concentration of dye in a given photocatalytic 

reaction is an important factor which needs to be taken into account. Generally 

speaking, the percentage degradation decreases with increasing amount of dye 

concentration, while keeping a fixed amount of catalyst [148]. This can be rationalized 
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on the basis that as dye concentration increases, more organic substances are adsorbed 

on the surface of TiO2, whereas less number of photons are available to reach the 

catalyst surface and therefore less •OH are formed, thus resulting in less degradation 

percentage. 

1.23.2. Effect of catalyst amount 

Dye degradation is also influenced by the amount of the photocatalyst and 

aggregation of catalyst particles in high amounts of catalyst. The dye degradation 

increases with increasing catalyst concentration, which is characteristic of 

heterogeneous photocatalysis [148]. The increase in catalyst amount actually increases 

the number of active sites on the photocatalyst surface thus causing an increase in the 

number of •OH radicals which can take part in actual discoloration of dye solution. 

Beyond a certain limit of catalyst amount, the solution becomes turbid and thus blocks 

UV radiation for the reaction to proceed and therefore percentage degradation starts 

decreasing [149].  

1.23.3. Effect of pH 

Photodegradation efficiency of dyes is affected by the pH of the solution. The 

variation of solution pH changes the surface charge of TiO2 particles and shifts the 

potentials of catalytic reactions. As a result, the adsorption of dye on the surface is 

altered thereby causing a change in the reaction rate. Under acidic or alkaline 

condition the surface of Titania can be protonated or deprotonated respectively 

according to the following reactions [150]: 

TiOH + H
+
   → TiOH2

+
……………………………………(5) 

TiOH + OH
-
   → TiO

−
 + H2O……………………………..(6) 

Thus Titania surface remains positively charged in acidic medium and 

negatively charged in alkaline medium. Titanium dioxide is reported to have higher 

oxidizing activity at lower pH, but excess H+ can decrease reaction rate. TiO2 behaves 

as a strong Lewis acid due to the surface positive charge. The anionic dye, on the other 

hand, is a fused polynuclear aromatic compound with an extensive π electron 

conjugation which can easily form a stable complex by donating electrons to the 
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vacant d orbital of titanium. In other words, the anionic dye acts as a strong Lewis 

base and can easily adsorb on the positively charged catalyst surface. This favours the 

adsorption of the dye under acidic conditions, while in the alkaline conditions this 

complexation process is not favoured presumably because of competitive adsorption 

by hydroxyl groups and the dye molecule in addition to the Coulombic repulsion due 

to the negatively charged catalyst with the dye molecule [151].  
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Fig.1.11. Effect of pH of solution on photodegradation 

The extent of dye adsorption depends on the initial dye concentration, nature of 

the dye, surface area of photocatalyst and pH of the solution. The pH determines the 

surface charge of the photocatalyst. Adsorption of the dye is minimum when the pH of 

the solution is at the isoelectric point (point of zero charge). The surface of the 

photocatalyst is positively charged below isoelectric point and carries a negative 

charge above it. Depending on the nature of dye that needs to be adsorbed on the 

surface of a photocatalyst, the adsorption can be low or high in acidic and basic media. 

At low pH, reduction by electrons in conduction band plays a very important role in 

the degradation of dyes due to the reductive cleavage of azo bonds [152–153]. Acid 

Orange 7 (an anionic dye) has shown to degrade more at pH 3 [154]. The rationale 

behind this is that at low pH values, more H+ are available for adsorption to mask the 

surface of the catalyst thus preventing the photoexcitation of semiconductor particles, 
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thereby reducing the generation of free radicals. In alkaline solutions, •OH radicals are 

easier to be generated by oxidizing more hydroxide ions available on TiO2 surface, 

thus the efficiency of the process is increased [155]. Similar results have been reported 

in the photocatalysed degradation of diazo and triazo dyes [156]. Fig. 1.11 shows the 

trend in % degradation of azo dye at different pH values. 

1.23.4. Size and structure of the photocatalyst 

Surface morphology such as particle size and agglomerate size is an important 

factor to be considered in photocatalytic degradation process because there is a direct 

relationship between organic compounds and surface coverage of the photocatalyst 

[157]. The number of photon striking the photocatalyst controls the rate of reaction 

which signifies that the reaction takes place only in the absorbed phase of the 

photocatalyst [158]. A number of different forms of TiO2 have been synthesized to 

achieve the desired characteristics of the photocatalyst [159]. For the degradation of 

various organic compound such as pesticides and dyes, the efficacy of these 

photocatalysts has generally been reported in the order of Degussa P25 > UV100 > 

PC500 >TTP [160-161].  

1.23.5. Surface area 

Surface morphology of TiO2 is a crucial factor in its use as photocatalyst, as all the 

chemical events take place at the surface, its enlargement has been attempted, usually 

by using very fine particles, either suspended in solvents or made into a porous film. 

Nanostructured materials with the crystallite/grain size below 20 nm are of great 

research interest mainly due to the fact that their physical properties may be markedly 

different from the bulk counter parts. This has also opened up avenues for their 

applications as photocatalyst in numerous areas. Significant alteration reported in 

properties, viz., porosity, band gap and effective surface area of metal oxide 

semiconductors, when these are obtained in nanodimensions has drawn the attention of 

researchers working in the area of heterogeneous photocatalysis [162]. The surface 

area of materials increases with increasing the fragmentation of particle. The surface 
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area of material is showing in Fig.1.12 showing. The breakdown of particle in several 

small particles is increase the surface area of materials. 

 

Fig.1.12. Effect of surface area 

1.23.6. Reaction temperature 

An increase in reaction temperature generally results in increased 

photocatalytic activity however reaction temperature >80 oC promotes the 

recombination of charge carriers and disfavour the adsorption of organic compounds 

on the Titania surface [163]. A reaction temperature below 80oC favours the 

adsorption whereas further reduction of reaction temperature to 0oC results in an 

increase in the apparent activation energy [164]. Therefore temperature range between 

20-80oC has been regard as the desired temperature for effective photomineralization 

of organic content. 

1.23.7. Concentration and nature of pollutants 

The rate of photocatalytic degradation of certain pollutant depends on its 

nature, concentration and other existing compounds in water matrix. A number of 

studies have reported the dependency of the TiO2 reaction rate on the concentration of 

contaminants in water [165]. High concentration of pollutants in water saturates the 

TiO2 surface and hence reduces the photonic efficiency and deactivation of the 
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photocatalyst [166]. In addition to the concentration of pollutants, the chemical 

structure of the target compound also influences the degradation performance of the 

photocatalytic reactor. For example, 4-chlorophenol requires prolonged irradiation 

time due to its transformation to intermediates compared with oxalic acid that 

transforms directly to carbon dioxide and water, i.e., complete mineralization [167].  

Furthermore, if the nature of the target water contaminants is such that they 

adhere effectively to the photocatalyst surface the process would be more effective in 

removing such compounds from the solution. The photocatalytic degradation of 

aromatics is highly dependent on the substituent group [168]. The organic substrates 

with electron withdrawing nature (benzoic acid, nitrobenzene) strongly adhere to the 

photocatalyst and therefore are more susceptible to direct oxidation compared with the 

electron donating groups [169]. 

1.23.8. Inorganic ions 

Various inorganic ions such as magnesium, iron, zinc, copper, bicarbonate, 

phosphate, nitrate, sulfate and chloride present in wastewater can affect the 

photocatalytic degradation rate of the organic pollutants because they can be adsorbed 

onto the surface of TiO2 [170]. Photocatalytic deactivation has been reported whether 

photocatalyst is used in slurry or fixed-bed configuration which is related to the strong 

inhibition from the inorganic ions on the surface of the TiO2 [171]. A number of 

studies have been conducted on the effect of inorganic ions (anions and cations) on 

TiO2 photocatalytic degradation [172]. Some of the cations such as copper ions and 

phosphate have been reported to decrease the photodegradation efficiency if they are 

present at certain concentrations whereas calcium, magnesium, and zinc have little 

effect on the photodegradation of organic compounds which is associated to the fact 

that these cations have are at their maximum oxidation states that results in their 

inability to have any inhibitory effect on the degradation process [173].  

The inorganic anions such as nitrate, chlorides, carbonates, and sulphates are 

also known to inhibit the surface activity of the photocatalyst. The presence of salts 

diminishes the colloidal stability, increases mass transfer and reduces the surface 

contact between the pollutant and the photocatalyst [174]. Other than fouling of the 
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TiO2 surface certain anions such as chlorides, carbonates, phosphate, and sulphates 

also scavenge both the hole and the hydroxyl radicals [175]. The mechanism of hole 

and radical scavenging by chloride has been proposed by Matthews and McEnvoy 

[176] as follows. 

Cl
– 

+ 
•
OH →→→→ Cl

•
+ OH- ………………………………. (7) 

Cl
– 

+ h
+
 →→→→ Cl

•
  ……………………………………….. (8) 

The inhibitory effect of chloride ions occurs through preferential adsorption 

displacement mechanism which results in reducing the number of OH- available on 

the photocatalyst surface [177]. The fouling of photocatalytic surface can be reduced 

by pre-treatment of water such as with ion exchange resins which have been reported 

to reduce the fouling and so the cost of treatment [178]. Similarly, the fouling induced 

by sulphates and phosphates has been reported to be displaced by NaOH, KOH, and 

NaHCO3 [179]. However, most of studies conducted on the effect of inorganic ions are 

based on the model compounds and therefore do not necessarily represent their effect 

in real water matrix where several ions exist. More work concentrating on the effect of 

complex mixtures of inorganic ions is thus required. 

1.23.9. Effect of light intensity and irradiation time 

Both light intensity and time of irradiation affect the dye degradation [180]. It 

has been shown that at low light intensities (0–20 mW/cm2), the rate would increase 

linearly with increasing light intensity (first order), whereas at intermediate light 

intensities (25 mW/cm2) the rate would depend on the square root of the light intensity 

[181]. At high light intensities, the rate is independent of light intensity because at low 

light intensity reactions involving electron–hole formation are predominant and 

electron–hole recombination is negligible. On the other hand, when light intensity is 

increased, the electron–hole pair separation competes with recombination, thereby 

causing lower effect on the reaction rate. In many literature studies, it has been shown 

that the dye decolorization initially increases as the light intensity is increased [182]. 

The reaction rate decreases with irradiation time as it follows the pseudo first-order 

kinetics and additionally a competition for degradation may occur between the reactant 

and the intermediate products. The slow kinetics of dye degradation after certain time 
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limit is mainly attributed to the difficulty in the reaction of short chain aliphatics with 

•OH radicals, and the short lifetime of photocatalyst because of active sites 

deactivation by strong by-products deposition [183].  

1.23.10. Dissolved oxygen 

Oxygen dissolved in solution is commonly employed as an electron acceptor in 

photocatalysis reaction to assure sufficient electron scavengers present to trap the 

excited conduction band electron from recombination [184]. The oxygen does not 

affect the adsorption on the TiO2 catalyst surface as the reduction reaction takes place 

at a different location from where oxidation occurs. Dissolved oxygen involves in the 

stabilization of radical intermediates, mineralization, and direct photocatalytic 

reactions.   

Its presence is also known to induce the cleavage mechanism for aromatic 

rings in organic pollutants that are present in the water matrices [185]. 

1.23.11. Effect of dopants on dye degradation 

Heterogeneous photocatalysis involving titanium dioxide (TiO2) appears to be 

the most promising technology for organic dyes degradation. However one of the 

major problems in using TiO2 as a catalyst is the low photo-quantum efficiency which 

arises from the fast recombination of photogenerated electrons and holes. Moreover, 

TiO2 is inactive under visible light due to its wide band gap (3.03 eV for rutile and 

3.18 for anatase form). This inherently causes the inability to make use of the vast 

potential of solar photocatalysis. Various techniques have been employed to make 

TiO2 absorb photons of lower energy as well. These techniques include surface 

modification via organic materials and semiconductor coupling, band gap modification 

by creating oxygen vacancies and oxygen sub-stoichiometry, by non-metals including 

co-doping of non-metals and metal doping. Dopants, such as transitional metals have 

been added to the TiO2 catalyst to improve its response and also reduce the 

recombination of photogenerated electrons and photogenerated holes [186–188]. The 

main objective of doping is to induce a bathochromic shift, i.e., a decrease of the band 

gap or introduction of intra-band gap states, which results in more visible light 
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absorption. The effect of metal ion dopants on the photocatalytic activity is a complex 

problem. The total induced alteration of the photocatalytic activity is made up from the 

sum of changes which occur in the light absorption capability of the TiO2 

photocatalyst, adsorption capacity of the substrate molecules at the catalyst's surface 

and interfacial charge transfer rate. Using suitable transitional metals as dopants 

improves the performances of TiO2 [189]. This results in the overlap of the conduction 

band due to Ti (3d) with d levels of the transition metals causing red shift of the band 

edge of TiO2. It can thus also allow the light absorption to be widened into the visible 

region to various extents, depending on the type of the dopant and its concentration. 

Therefore the photocatalysis on modified TiO2 can be promoted using visible light. 

Various transition metals, such as Ni2+, Zn2+, Cr3+ and Fe3+ can be easily incorporated 

into the crystal lattice of TiO2 because of their similar ionic radii (The ionic radii of 

Ni2+=0.72 Å, Zn2+=0.74 Å, Cr3+= 0.76 Å and Fe3+=0.69 Å are quite similar to that of 

host Ti4+=0.75 Å ions) [190]. The degradation of dyes is usually faster in mixed 

systems as compared to single systems, because the oxidation of dyes consumes 

photo-excited holes promptly and efficiently, thus attenuating electron–hole 

recombination.  

1.24. Application of photocatalysis 

1.24. 1. Waste water treatment  

A number of important features for the heterogeneous photocatalysis have 

extended their feasible applications in water treatment, such as;  

(1) Ambient operating temperature and pressure.  

(2) Complete mineralization of parents and their intermediate compounds without 

secondary pollution and  

(3) Low operating costs.  

The fact that the highly reactive oxygen species (ROS) generated as a result of 

the photo-induced charge separation on TiO2 surfaces for microbial inactivation and 

organic mineralization without creating any secondary pollution is well-documented. 

So far, the application of such TiO2 catalysts for water treatment is still experiencing a 

series of technical challenges [191].  
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Fig.1.13. Waste water treatment by photodegradation 

 

Fig.1.14. Mechanism of water treatment by photodegradation 

The post-separation of the semiconductor TiO2 catalyst after water treatment 

remains as the major obstacle towards the practicality as an industrial process. The 

fine particle size of the TiO2, together with their large surface area-to-volume ratio and 

surface energy creates a strong tendency for catalyst agglomeration during the 
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operation. Such particles agglomeration is highly detrimental in views of particles size 

preservation, surface-area reduction and its reusable lifespan [192]. Other technical 

challenges include in the catalysts development with broader photoactivity range and 

its integration with feasible photocatalytic reactor system. 

In addition, the understanding of the theory behind the common reactor 

operational parameters and their interactions is also inadequate and presents a difficult 

task for process optimization. A number of commonly made mistakes in studying 

kinetic modelling on either the photomineralization or photo-disinfection have also 

been seen over the years. A short outlines of the feasible application of photocatalytic 

water technology via life cycle interpretation and the possible future challenges are 

also recommended [193].  

1.24.2. Sensing Properties of Titanium Oxide 

When gas absorbs onto the TiO2 surface, it could release electrons into TiO2, 

leading to the increase or decrease of resistance of TiO2 materials, the typical sensing 

mechanism of TiO2-based gas sensor. Furthermore, the conductivity property can be 

modified by doping other elements (especially metal elements) into TiO2 materials. By 

controlling the doping pattern, such as doping dosage and heating temperature, the n-

type TiO2 materials can be transformed to p-type [194]. Different from n-type, the 

resistance of p-type TiO2 will increase when contacting gases. On the other hand, TiO2 

is an excellent photocatalyst for two structural properties: first, the valence band of 

TiO2 is quite deep; second, the photon generated holes tend to locate on the surface of 

materials, which makes it easy to be harvested by free electrons from outside, that is, 

working as an oxidant agent. 

It has inherent surface band bending that forms spontaneously in a deep region 

with a steep potential [195]. Thus, its surface hole trapping dominates because spatial 

charge separation is achieved by the photogenerated holes transfer toward the surface 

of the particle via the strong upward band bending. However, in the rutile phase, the 

bulk recombination of electrons and holes inevitably occurs, and only the holes close 

to the surface are trapped and transferred to the surface. These advantages make 

Anatase phase the most competitive candidate for COD sensor because of its good 
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electron transfer capability and chemical stability. Furthermore, the photovoltaic 

property of TiO2 under UV illumination makes the sensors self-clean the 

contamination, resulting in a long life span [196]. 

TiO2 nanomaterials are basically biocompatible and environmentally friendly 

and have been frequently proposed as a prospective interface for the immobilization of 

biomolecules [197] which is another important aspect for TiO2 materials. Moreover, 

titanium forms coordination bonds with the amine and carboxyl groups of enzymes 

and maintains the enzyme’s biocatalytic activity [198]. In addition, due to the electron 

accepting character of TiO2 as discussed above, the electrons produced by the reaction 

between biomolecules and analyte can be harvested by TiO2. The injected electrons 

can be transferred to the outer circuit, which can be used to detect the reaction. With 

all aforementioned merits, TiO2 is one of the most competitive candidates for 

biosensor. Because a particular sensing purpose can only be achieved with a specific 

TiO2 property, the types of TiO2 phase, composition, and nanostructures feature are 

decisive factors for sensor performance [199]. 

1.24.3. Sensing Electrode of TiO2 Nanomaterials 

It is commonly recognized that nanostructured TiO2 is more favourable for 

sensor applications due to their advantages of larger surface area and better electron 

transition. In the past decade, TiO2 nanotube arrays (NTs) obtained from 

electrochemical oxidation reaction of a metallic titanium substrate are the most 

popular nanostructure. In a typical process, TiO2 NTs can be prepared by anodization 

of titanium foil in the F-containing electrolyte at a constant anodization potential 

[200]. The geometry of TiO2 NTs could be varied according to the anodization 

voltage, duration, and electrolyte composition. Various technical alloys can also be 

anodized to fabricate nanotube layers using the same approach as for Ti. TiO2 

nanotubes can be prepared using a liquid-phase deposition (LPD) method [201].  

1.24.4. Water Splitting on TiO2- Based Photocatalysts.  

Gra�tzel and co-workers intensively investigated a bifunctional colloidal TiO2 

loaded with Pt and RuO2 [202-203]. The H2 generation quantum yield in the overall 
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water splitting reaction was up to 30% at 310 nm. In this system, Pt is the H2 evolution 

site, while RuO2 is the O2 evolution site. By using Ru(bpy)3
2+ or Rhodamine B as a 

sensitizer, overall water  splitting reaction was realized under visible light irradiation. 

Some modified TiO2, such as chromium-doped TiO2 [204] and boron oxides modified 

TiO2 were also found to exhibit overall water splitting activity but with rather low 

efficiencies.  

1.24.5. Photocatalytic sterilization 

TiO2 photocatalysts can be used to kill bacteria and, therefore, self-sterilizing 

surfaces can be prepared. The first work of this type was carried out with E. coli 

suspensions [205]. A typical experiment involves placing 150 ml of an E. coli 

suspension, containing cells on an illuminated TiO2 coated glass plate (1mWcm−2 UV 

light) [206]. Under these conditions, there were no surviving cells after only 1 h of 

illumination. By contrast, after 4 h under UV illumination without a TiO2 film, only 

50% of the cells were killed.  

1.24.6. Photocatalytic cancer treatment 

Cancer treatment is one of the most important topics that are associated with 

photocatalysis. While surgical, radiological, immunological, thermo therapeutic, and 

chemotherapeutic treatments have been developed and are contributing to patient 

treatment, cancer has remained the top cause of death in Japan since 1980. As far back 

as the mid-1980s, we were interested in using the strong oxidizing power of 

illuminated TiO2 to kill tumor cells [207]. In the first experiments a polarized, 

illuminated TiO2 film electrode, and an illuminated TiO2 colloidal suspension was also 

found to be effective in killing HeLe cells. A series of studies followed, in which we 

examined various experimental conditions, including the effect of superoxide 

dismutase, which enhances the effect, due to the production of peroxide. In addition, it 

was found possible to selectively kill a single cancer cell using a polarized, illuminated 

TiO2 microelectrode [208].  
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1.25. Objectives of the present work 

In view of tremendous properties and applications of TiO2 and TiO2 based 

materials author is enthusiastic to further extends to undertake a detailed systematic 

investigation on the photocatalysed oxidative degradation of some target substrates 

(dyes) using Titania nanocomposites as photocatalyst. The proposed study would also 

attempt to evaluate the kinetic and thermodynamic parameters of the photodegradation 

process. The main objectives of the study use as under:  

[1]. Synthesis of Titania nanoparticle by wet-chemical methods (sol-gel and solution 

impregnation). 

[2]. Doping of different metals (Cu, Ni, Co, and La) was done in Titania by chemical 

methods. 

[3]. Synthesis of PAni was done by chemical oxidation. 

[4]. Synthesis of PAni/TiO2 nanocomposites was done by chemical oxidation method. 

[5]. Synthesis of PAni/TiO2/GO nanocomposites was done by chemical oxidation 

method. 

[6]. Synthesis of Polypyrrole/TiO2 nanocomposites was done by wet chemical methods. 

[7]. Synthesis of Polypyrrole/TiO2/GO nanocomposites was done by wet chemical 

methods. 

[8]. Characterization of the prepared samples of photocatalyst nanocomposites has been 

done. XRD analysis, BET, SEM, TEM, FTIR, UV-Vis, Fluorescence spectroscopy 

and band gap energy. 

[9]. Photocatalytic degradation of carboxylic acids, viz., oxalic acid, citric acid, tartaric 

acid and acetic acid in the presence of photocatalyst and illumination. 

[10]. Photocatalytic degradation of dyes (viz., methyl red, Methyl blue, Methyl orange, 

Victoria blue, Rose bengal, Thymol blue, and Eriochrome Black T) have been 

done. 

[11]. Estimation and computation of kinetic and thermodynamic properties for 

degradation processes. 
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CHAPTER-2 

Photocatalytic degradation of Eriochrome Black-T by the 

Ni:TiO2 Nanocomposites 

 

 

 

 

 

 

 

 

 

 

 

 

Conventional chemical, biological and adsorption treatments have 

been applied for the removal of dyes from textile waste water but 

these processes are insufficient in removing dye contaminants. 

Photocatalysis is greener approach for the degradation of harmful 

dye pollutant compounds completely. In the present study TiO2 

and Ni:TiO2 nanoparticles (NPs) were prepared and their 

photocatalytic activity was measured against Eriochrome Black T 

(EBT). The Photo-degradation of Eriochrome Black T was 

investigated at different condition of concentration and pH in 

presence of TiO2 and Ni:TiO2. The prepared nanoparticles of 

photocatalyst are characterized by XRD, SEM, EDX, UV-Vis and 

BET. The photocatalyst activity was measured by varying pH and 

concentration of dye solution. Kinetics study was also performed 

in this investigation. 
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2.1. Introduction 

Nowadays water pollution has become a major threat to living organism 

because large amount of hazardous industrial wastes containing dyes, pigments, 

pharmaceutical products, industrial chemicals and various organic compounds are 

dumped into water bodies, causing water polluted. Since these wastes are stable to 

light, oxidizing agents, and resistant to aerobic digestion, therefore pose serious 

ecological problems [1-4]. Some investigations reported that approximately 12% of the 

synthetic textiles dyes use each year, such as Caramine, Indigo Red, Red 120, 

Rhodamine B, Methylene Blue, Eriochrome Black-T (EBT) [5-8], while 20% of these 

dyes are lost during manufacturing and processing operations, which enter into water 

through effluents. While conventionally chemical [9], biological [10] and adsorption 

[11] treatments have been applied for the removal of dyes from industrial waste water 

but these processes are insufficient in removing dye contaminants. 

Photodegradation is an advanced oxidation process and it has lot of advantages 

over traditional wastewater treatment techniques such as chemical oxidation [16], 

activated carbon adsorption [17], biological treatment [18], etc. Activated carbon 

adsorption method involves the phase transfer of pollutants without decomposition and 

thus creates another pollution problem. Chemical oxidation method is unable to remove 

all organic substances and it is suitable for the removal of pollutants at high 

concentrations. The biological treatments are very slow, dispose large amount of sludge 

and required strict control of proper pH and temperature [19]. In this regard 

photocatalytic processes have advantages for the removal of pollutants even at low 

concentration for industrial waste water [20]. Moreover in photooxidation, complete 

oxidation of organic pollutants take place within few hours, even at ppb level, without 

formation of secondary hazardous products using highly active and cheap catalysts 

which can be used in specially design reactor systems [21]. 

Titanium dioxide is a widely accepted photocatalyst due to its high oxidation 

efficiency, non-toxicity, high photo stability, chemical inertness and environmental 

friendly nature [22-24]. It is a wide band gap (~ 3.2 eV) semiconductor and mineralizes 

a large range of organic pollutants such as herbicides, dyes, pesticides, phenolic 
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compounds, tetracycline, sulfamethazine, etc under UV irradiation [25]. In  

photocatalytic processes the photon with energy, equal to or greater than the energy gap 

(3.2 eV) is absorbed by TiO2 particles, therefore holes (h+) are created in the valence 

band and electrons (e−) in the conduction band, which diffuses to the surface of TiO2 

and participates in redox reactions of the adsorbed substrates [26]. 

TiO2 is a large band gap semiconductor; therefore it is suitable in UV light 

photodegradation. Since the solar light contains only 5% UV radiation, therefore TiO2 

is not suitable photocatalyst in solar light. Further electron hole recombination is 

another drawback in TiO2 mediated photocatalysis. The above drawbacks could be 

overcome at some extent by doping metal ions in TiO2 host [27-29]. In the present 

investigation, Ni doped TiO2 has been performed in a green synthetic manner and its 

photocatalysis activity has been performed against Eriochrome black T (EBT). 

N
+

O

O
-

HO

S

O

O

O
-
Na

+
N

N

OH

 

Fig.2.1. Molecular Structure of EBT 

2.2. Experimental 

2.2.1. Materials 

The materials used in this study were purchased from merck. All chemicals used 

in this investigation viz titanium tetrachloride, sodium hydroxide, ammonia, nitric acid 

and Eriochrome Black - T dye are analytical grade reagent and used as supplied. Ethyl 

alcohol and deionised water were used as solvents in this experiment. 
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2.2.2. Synthesis of TiO2. 

In this method, both TiCl4 solution (200 g/L) and NaOH solutions (64.5 g/L) 

was added drop wise to water with stirring.  When pH of resulting solution reaches to 7, 

slurry was formed which was filtered. The filter cake of TiO2 was washed and re-

dispersed in water to prepare 1 M of TiO2 slurry. TiO2 slurry was added to an aqueous 

solution of HNO3 and resulting solution was refluxed for 2 h at 95 oC, cooled naturally 

to room temperature, neutralized with 28 % of aqueous ammonia, filtered, washed with 

double distilled water and calcined at 400 o C. The TiO2 formed as under [30].  

                          

2.2.3. Synthesis of Ni doped TiO2 (Ni:TiO2) 

5 g of as prepared TiO2 was dissolve in 100 ml water: alcohol (ratio 3:1 V/V) 

mixture. 5 % alcoholic Nickel acetate solution was added drop wise to TiO2 solution. 

The dispersion was agitated continuously for 4 h at 80 oC. After the treatment, the 

residue was removed by filtration and sintered for 1 h in presence of air at 400 oC, 

keeping in a silica boat inside muffle furnace. After sintering, slow annealing was done 

at room temperature. Content was taken out from furnace and stored in closed air tight 

bottles. The obtained yield of prepared nanocomposites of TiO2 and Ni:TiO2 was more 

than 90% of the expected theoretical yield [31].  

 

2.2.4. Characterization 

XRD pattern of above synthesized TiO2 and Ni:TiO2 was recorded on X-Ray 

diffractometer (Bruker AXS D8 Advance System, Germany). The particles morphology 

of the photocatalysts were studied using scanning electron microscope (JEOL JSMn 

6490 LV). The surface area and pore characteristics of the derived photocatalyst were 

determined by nitrogen adsorption/desorption isotherms at 77 K (boiling point of 

nitrogen gas at 1atm pressure) using a BET surface area analyzer (BELSORP-max, 

(1) 

(2) 

(3) 
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Japan). Since the absorption of light by photocatalysts and their band gap average 

energy are the most crucial step in any photocatalysed reaction, the UV-visible spectra 

of material was recorded on spectrophotometer (UV 2450 Shimadzu). The FT-IR 

spectra of the pellets were recorded using a Fourier Transform Infra-Red Spectrometer 

(FTIR) Thermo Scientific (Nicole 6700). For FTIR study, the Photocatalyst (2 mg) was 

mixed with 200 mg of KBr and then made pellet. 

2.2.5. Photo-degradation of EBT 

The photocatalytic activity of as prepared TiO2 and Ni:TiO2 materials was 

evaluated by Photodegradation of EBT(structure shown in Fig.2.1) under visible light 

which is less than 420 nm using a filter (fluorescent visible lamp, Philips, 500 W )  

exposure in a photocatalytic chamber.  200 mg photocatalyst was dispersed in 20 ml of 

solution of EBT dye of different concentration (16.6 x 10-5, 20.0 x 10-5, 25.0 x 10-5   

33.3 x 10-5 M), in the dark condition for 30 min in order to achieve the adsorption 

equilibrium. The solution was irradiated continuously by visible light in a 

photocatalytic chamber. During irradiation, solution was agitated using a magnetic 

stirrer and air was bubbled into the reaction medium to provide a constant supply of 

oxygen. After desired time interval, an aliquot of solution was isolated, centrifuged and 

its absorbance was measured on UV-Visible spectrophotometer to calculate the 

percentage degradation. The photocatalytic degradation efficiency was calculated using 

the following equation [33-35].                  

                                   �%������	�
��
 � ����
�� �	���                                          (4) 

Where Ao the initial absorbance of the dye solution and A is the absorbance after 

irradiation at particular time. 

2.2.6. GC-MS analysis 

In order to observe the products of photocatalytic experiment GC-MS analysis 

(Gas chromatography-Mass spectroscope, Shimadzu, GC-2010 and GC-MS-QP 2010 

plus, using RTX-5Sil-MS column (30 m × 0.25 mm × 0.25 µm). was carried out. In a 

typical experiment, 5 ml of EBT solution was collected after 180 min of UV-light 
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exposure in presence of catalyst. The solutions were centrifuged (5000-8000 rpm), 

filtered through cellulose filter (0.22 µm) and extracted in three successive quantities (5 

ml) of ethyl acetate. The ethyl acetate extract carry samples were passed through 

sodium sulphate (anhyd.), evaporated to dryness over rota-evaporator, and their traces 

removed over gentle stream of N2 gas. Residue thus obtained redissolve in methanol 

(GC grade) and analyzed. Helium was used as a carrier gas with a flow of 1ml/min 

through capillary column. Injector was maintained at 240 °C, while transfer line was 

kept at 260 °C and 1 µl of the sample was injected. Oven was programmed at 60 °C to 

300 °C @ 6 °C/min rise of temperature 

2.3. Results & discussion 

2.3.1. Powder x-ray diffraction analysis of TiO2 and Ni:TiO2 

              The XRD pattern of as prepared TiO2 and Ni:TiO2 nanoparticles are depicted 

in Fig.2.2 (a) and (b). In the XRD pattern of TiO2, the major peaks observed at 2θ value 

25.2, 37.2, 48.3 and 55.4º are corresponds to anatase phase whereas the peaks at 26.9, 

28.2, 42.6 and 54.2 indicate the presence of rutile phase. In the XRD pattern of Ni:TiO2 

the intensity of some peaks has been changed with compared to TiO2. This is due to 

change in crystallinity, grain fragmentization, and partial amorphization. The observed 

X-Ray diffractogram of samples were analyzed further to estimate average grain size in 

the sample using Scherrer’s equation [32].       

                                               � � �λλλλ
�	����	                                                                    (5) 

Where, T is the mean size of the ordered (crystalline) domains, which may be 

smaller or equal to the grain size, K is a dimensionless shape factor, with a value close 

to unity. The shape factor has a typical value of about 0.9 but varies with the actual 

shape of the crystallite, λ is the X-ray wavelength, β is the line broadening at half the 

maximum intensity (FWHM), (in radians) and θ is the Bragg angle. The particle size of 

TiO2 and Ni:TiO2 was calculated as 72 and 16 nm respectively using above equation. 
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 Fig.2.2. Observed XRD pattern of (a) TiO2 (b) Ni-TiO2 

2.3.2. Scanning electron microscope (SEM) 

The morphology of the samples was investigated by scanning electron 

microscopy analysis. Fig.2.3 clearly shows that both the prepared samples are obtained 

as agglomerate in nanometric dimension. The doping of Ni2+ ion indicates that the 

particle size reduces due the penetration of nickel in the lattice of titanium dioxide. 

 

Fig.2.3. Observed SEM pattern of TiO2 and Ni:TiO2 

2.3.3 Transmission Electron Microscopy (TEM) 

TEM analysis of materials was used to examine the crystallite/particle size, 

morphology. The prepared TiO2 powders consist of both spherical and semi spherical 

shape, on the contrary, the particles of Ni:TiO2 have mostly spherical morphology. It 

can be estimated that the particle size of TiO2 and Ni:TiO2 powders in Figure 2.4 (a) 

and 2.4 (b) are in the nanoscale with the grain size less than 100 nm. 
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Fig.2.4. Observed TEM pattern of (a) TiO2 (b) Ni:TiO2 

2.3.4. Surface area analysis (BET) 

The specific surface area, pore volume and average pore size of the TiO2 and 

Ni:TiO2 photocatalyst were determined by N2 adsorption technique using BET. Fig.2.5 

shows adsorptions desorption and BJH plot and Table.2.1 summarizes their physical 

properties. The TiO2 modified by Ni2+ incorporation during thermal treatment, lead to a 

marked increase of the BET surface areas, average pore radius and pore volume. 

Doping with 5% Ni, the crystallite size was decreased and the surface area value 

increased. These results suggest that Ni doping effectively inhibits TiO2 grain growth 

probably by staying at grain boundaries thereby decreasing the crystallite size and 

increasing the surface area. The decrease in grain growth can also be attributed to the 

formation of Ni–O–Ti bonds in the doped powders, which inhibits the growth of the 

TiO2 crystals. 

Table.2.1. BET data of TiO2 and Ni:TiO2 

Sample             Surface area (m2/g)     Pore volume (cm3/g)               Pore radius (nm) 

TiO2                      2.1522                           10.132 x 10-3                              1.21 

Ni:TiO2                 46.685                           9.5124 x 10-2                              1.64 
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Fig.2.5. (a) adsorption desorption plot of Ni:TiO2 (b) BJH plot of Ni:TiO2 

2.3.5. UV-Vis spectra 

Aqueous suspensions of the samples were used for the UV absorption studies. 

The absorption spectrum of TiO2 consists of a single broad intense absorption between 

250 to 300 nm due to the charge-transfer from the valence band to the conduction band 

[36]. The undoped TiO2 showed absorbance in the shorter wavelength region while 

Ni:TiO2 result showed slight red shift in the absorption edge. The doping of Ni ions 

into TiO2 could shift optical absorption edge from UV to visible range, but no 

prominent change in TiO2 band gap was observed [37-38].  
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Fig.2.6. UV- spectra of (a) TiO2 (b) Ni-TiO2 

2.3.6. Band gap energy determination 

The band gap of samples was calculated by extrapolation of the (αhv)2 versus hv 

plots, where α is the absorption coefficient and hv is the photon energy, hv = (1239/λ) 
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eV. The value of hv extrapolated to α = 0 gives an absorption energy, which 

corresponds to a band gap (Eg). Graph yields an Eg value of 3.2 eV for TiO2 and 3.0 

for Ni:TiO2 shown in Fig.2.7 [39]. The slight decrease in band gap energy in case of 

Ni:TiO2, is due to formation of sub-band level between valence band and conduction 

band caused doping of Ni2+ in TiO2 host. 
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Fig.2.7. Band gap energy of (a) TiO2 (b) Ni:TiO2 

2.3.7. FT-IR spectroscopy 

FT-IR spectra of undoped and 5% Ni doped TiO2 samples (Fig.2.8) show peaks 

corresponding to stretching vibrations of the O-H and bending vibrations of the 

adsorbed water molecules around 3350-3450 cm-1 and 1620-1635 cm-1, respectively. 

The broad intense band below 820, 804, 592 and 456 cm-1 is due to Ti-O-Ti vibrations. 

The shift to the higher wave numbers and sharpening of the Ti-O-Ti band may be due 

to decrease in size of the catalyst nanoparticles. In addition, the surface hydroxyl 

groups in TiO2 increased with the increasing of Ni loading, which is confirmed by 

increase in intensity of the corresponding peaks. The FT-IR spectra of Ni:TiO2 show 

strong band at 1075 cm−1,  corresponds to the vibration of Ni–O bond and confirms the 

penetration of nickel in Titania [40]. 
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Fig.2.8. FT-IR spectra of (a) TiO2 (b) Ni:TiO2 

2.4. Photo-degradation of EBT 

The photocatalytic degradation of EBT has been studied in the presence of TiO2 

and Ni:TiO2 nanoparticles Different concentration solutions of dye was prepared in 3:2 

(V/V) ratio of water and alcohol. The known amount of photocatalyst 0.2 g was 

dispersed in the 20 ml dye solution and the reaction mixture was irradiated with visible 

light with constant stirring on magnetic stirrer. After different time interval, an aliquot 

of solution was separated, centrifuged and absorption was recorded 

spectrophotometrically. The results obtained for the degradation of EBT are shown in 

Fig.2.9. As obvious from the graph, the % removal of dye decreases with increase in 

concentration. Further, the photocatalytic efficiency of TiO2 increases by doping Ni2+ 

ion in TiO2 host. The Photodegradation efficiency of Ni:TiO2 is greater than bare TiO2 

[41-42].  

-20 0 20 40 60 80 100 120 140 160 180 200
-10

0

10

20

30

40

50

60

70

80

90

 

 

 33.3x10
-5

M

 25.0x10
-5

M

 20.0x10
-5

M

 16.6x10
-5

M

%
 P
h
o
to
d
e
g
r
a
d
a
ti
o
n

Time (min)

(a)

-20 0 20 40 60 80 100 120 140 160 180 200

0

20

40

60

80

100

 

 

 33.3x10
-5

M

 25.0x10
-5

M

 20.0x10
-5

M

 16.6x10
-5

M

%
 P
h
o
to
d
e
g
r
a
d
a
ti
o
n

Time (min)

(b)

 

Fig.2.9. Photodegradation of EBT at different concentration (a) TiO2 and (b) Ni:TiO2 
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2.4.1. Effect of dye concentration  

The effect of dye concentration on photocatalytic degradation was studied in 

presence of TiO2 and Ni:TiO2 materials, keeping the amount of catalyst constant. 

Known concentration of dye solution was prepared in water: alcohol (3:2, V: V) ratio. 

The known amount of photocatalyst (0.2 g) was dispersed in the different concentration 

of dye (33.3 x 10-5, 25.0 x 10-5, 20.0 x 10-5 and 16.6 x 10-5 M) and reaction mixtures 

were irradiated by visible light. The effect of photocatalytic degradation with time was 

measured and result is shown in Fig.2.9. When the concentration of solution increased, 

the number of dye molecule also increased therefore the effective number of photon 

penetrating the dye reached at the catalyst surface also reduced, owing to hindrance in 

the path of light, thereby reducing the reactive hydroxyl and superoxide radicals and 

decreasing the % degradation [44]. 
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Fig.2.10. Effect of pH on Photodegradation of EBT at various concentrations (a) TiO2 

(b) Ni:TiO2 

2.4.2. Effect of pH 

The photodegradation reaction was also carried out under varying pH conditions 

from (2 to 9), by addition of H2SO4 and NaOH, keeping other parameters same. The 

results (Fig.2.10) show that degradation of dye is highest in acidic medium (at pH = 2) 

while it decrease with increase in pH and ultimately becomes constant after pH 7. This 

implies that acidic condition is favourable for formation of the reactive intermediate 

hydroxyl radicals. This further helps in enhancing the reaction rate. On the other hand 
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in neutral condition the formation of reactive intermediate is relatively less favourable 

and hence not feasible [45].  

2.4.3. Effect of photocatalyst 

It is clear from the results shown in Fig.2.6 that both TiO2 and Ni:TiO2 are 

effective photocatalyst for degradation of EBT dye, however Ni:TiO2 seems to be more 

effective photocatalyst for degradation of EBT.  

2.4.4 Effect of dose of photocatalyst on photodegradation of EBT 

The effect of photocatalyst dose on the photodegradation of EBT was studied by 

applying te different concentration (200mg/L, 100mg/L and 50mg/L) of the 

photocatalyst shown in Fig.2.11. The Degradation rate of EBT was found to increase by 

increasing the dose of photocatalyst from 50 mg/L to 200mg/L. this is due to the no 

active site increased. When the Ni is incorporated in TiO2, the band gap energy is 

decreased which enhanced the photo efficiency, the surface area of photocatalyst also 

increased the efficiency of photocatalyst. 
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 Fig.2.11. Effect of Dose on Photodegradation of EBT (a) TiO2 (b) Ni:TiO2 

2.4.5. Recyclability of Photocatalyst 

The photocatalyst and EBT mixture was agitated, illuminated with visible light and 

after desired time, the mixture was centrifuge to remove the photocatalyst. The 

obtained photocatalyst was washed three times with distilled water and kept in oven for 

24 h at 60 oC and reused for the degradation of EBT. The photodegradation of EBT by 
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the recyclized Photocatalyst are showing in Fig. 2.12 (a) and 2.12 (b). The result shows 

that the recyclized photocatalyst efficiency is decreased probably due to the loss of 

some active sites and decrease of collection efficiency of photon. 
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Fig.2.12. Photodegradation of EBT by recyclable Photocatalyst (a) photodegradation 

with time (b) photodegradation at different pH 

2.4.6. GC-MS of EBT photodegradation products 

The photodegradation of the EBT takes place by irradiating under visible-light 

in the presence of bare TiO2 and Nickel doped Titania nanocomposite. The 

photodegraded products of photodegradation of EBT have been determined by GC-MS 

analysis (Fig. 2.14 and 2.16). It has been found that MS chromatograph (Fig.2.13 and 

2.15) and correspondingly mass chromatographs of EBT (after 2 h of irradiation) in the 

presence of bare TiO2 and Ni:TiO2 are almost similar, except in their respective 

intensities (Fig. 2.13 and 2.15). Among the number of degraded products of EBT, seven 

products formed in the photodegradation, shown in mass chromatograph (Fig. 2.14 and 

2.16) have been identified, as listed in Table.2.2. The mechanism for the 

photodegradation of EBT using titania nanocomposites is believed to take place by the 

photo produced e- and h+, that results into formation of highly oxidative species such 

as hydroxyl and superoxide radicals, which on reaction with EBT results into its 

decomposition to smaller molecules. 
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Fig.2.13. GC chromatogram of EBT in presence of Titania 

Fig.2.14. Mass spectra of EBT photodegradation in presence of Titania 

 

Fig.2.15. GC chromatogram of EBT in presence of Ni:TiO2 
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Fig.2.16. Mass spectra of EBT photodegradation in presence of Ni:TiO2 
 

Table 2.2. Intermediate photoproducts formed during Eriochrome black-T degradation 
by Ni:TiO2 after 2 h Visible light irradiation. 

S.No            IUPAC Name of compound                                                MS (m/z) 

1-  3-Hydroxy-7-nitroso-1,8 adihydronaphthalene-1-sulfonoperoxoic acid                        272,  

2-  2-(6-(hydroxymethyl)-4-nitrocyclohexa-2,4-dienylidene)ethanol                                 197                                    

3-  2-Hydrazinylnaphthalen-1-ol-                                                                                        175 

4-  2-Diazenylnaphthalen-1-ol                                                                                             155,  

5- 4-Formylbenzonitrile                                                                                                         131 

6-   1-Ethynylbenzene                                                                                                           102 

7-  Methyl formate                                                                                                                60 
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2.4.7. Lowering of electron-hole recombination 

Photoluminescence spectra have been used to examine the mobility of the charge 

carriers to the surface as well as the recombination process involved by the electron-

hole pairs in semiconductor particles. PL emission results from the radiative 

recombination of excited electrons and holes. In other words, it is a critical necessity of 

a good photocatalyst to have minimum electron-hole recombination. To study the 

recombination of charge carriers, PL studies of synthesized materials have been 

undertaken. PL emission intensity is directly related to recombination of excited 

electrons and holes. Fig. 2.17 shows the photoluminescence spectra of synthesized 

photocatalysts. In the PL spectra, the intensity of TiO2 is higher than Ni:TiO2 indicating 

rate of recombination of e-- h+ is higher in TiO2 than that of Ni:TiO2.The weak PL 

intensity of Ni:TiO2 may arise due to the impregnation of Ni in Titania lattice, which 

for sub band level in band gap region of TiO2. This delays the electrons- holes 

recombination process and hence utilized in the redox, reaction leading to improved 

photocatalytic activity. 
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Fig.2.17. Photolumiscence Spectra of (a) TiO2 (b) Ni:TiO2 
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2.4.8. Hydroxyl radical formation 

As hydroxyl radical performs the key role for the decomposition of the organic 

pollutants, it is necessary to investigate the amount of hydroxyl radicals produced by 

each photocatalyst. In this study terephthalic acid (TA) has been used as a probe 

reagent to evaluate ●OH radical present in the photoreaction pathway. Fig. 2.18 shows 

the PL spectra of TiO2 and Ni:TiO2 recorded EBT solution in presence of 10-3M 

Terephthalic solution. OH, radical attack Terephthalic, forming 2- hydroxyl 

terephthalic acid (TAOH) which gives a fluorescence signal at 426 nm. The fluorescent 

intensity is linearly related to the number of hydroxyl radicals formed by the 

photocatalysts. Higher the generation of hydroxyl radical, more will be yield of TAOH 

and hence more intense will be the fluorescence peak. The spectra show that the 

intensity of peak indicating in presence of Ni:TiO2 higher generation of more number 

of hydroxyl radicals compared to TiO2.  
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Fig.2.18. PL spectra of photocatalysed EBT solution in presence of terephthalic acid 

(0.001M) (a) TiO2 (b) Ni:TiO2 
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2.5. Mechanism of photooxidation process 

The acceleration of a chemical transformation by light in presence of a catalyst 

is called photocatalysis. The catalyst may accelerate the photoreaction by interaction 

with the substrate in its ground or excited state and/or with a primary photoproduct, 

depending upon the mechanism of the photoreaction remaining unaltered at the end of 

each catalytic cycle. Heterogeneous photocatalysis is a process in which two active 

phases, solid and liquid are present. The solid phase is a catalyst, usually a 

semiconductor. The molecular orbital of semiconductors has a band structure. The 

bands of interest in photocatalysis are the populated valence band (VB) and it’s largely 

vacant conduction band (CB), which is commonly characterized by band gap energy 

(Ebg). The semiconductors may be photoexcited to form electron-donor sites (reducing 

sites) and electron-acceptor sites (oxidising sites), providing great scope for redox 

reaction. When the semiconductor is illuminated with light (hυ) of greater energy than 

that of the band gap, an electron is promoted from the VB to the CB leaving a positive 

hole (h+) in the valence band and an electron (e-) in the conduction band as illustrated in 

Fig. 2.19 

 

Fig.2.19. Mechanism of Photodegradation of Titania and formation of Free radical. 

If charge separation is maintained, the electron and hole may migrate to the 

catalyst surface where they participate in redox reactions with sorbed species. 
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Specially, h+
vb may react with surface-bound H2O or OH

-
 to produce the hydroxyl 

radical and e-
cb is picked up by oxygen to generate superoxide radical anion (O2

-
 ), as 

indicated in the following equations 6-8;  

Absorption of efficient photons by titania (hυ ≥ Ebg = 3.2 ev) 

                            TiO2+ hυ → e cb + h+
vb                                                                  (6) 

Formation of superoxide radical anion 

                              O2 + e cb → O2
-                                                                (7) 

Neutralization of OH- group into OH by the hole 

              (H2O ⇔ H+ + OH-)ads + h+
vb → ●OH + H+                                           (8) 

It has been suggested that the hydroxyl radical (●OH) and superoxide radical anions 

(O2
.-

 ) are the primary oxidizing species in the photocatalytic oxidation processes. 

These oxidative reactions would results in the degradation of the pollutants as shown in 

the following equations 9-10; 

Oxidation of the organic pollutants via successive attack by OH radicals 

                                  R + ●OH → R
.
 + H2O                                                            (9) 

or by direct reaction with holes 

                               R + h+ → R
.+

 →  degradation products                                    (10) 

For oxidation reactions to occur, the VB must have a higher oxidation potential 

than the material under consideration. The redox potential of the VB and the CB for 

different semiconductors varies between +4.0 and -1.5 volts versus Normal Hydrogen 

Electrode (NHE) respectively. The VB and CB energies of the TiO2 are estimated to be 

+3.1 and -0.1 volts, respectively, which means that its band gap energy is 3.2 eV and 

therefore absorbs in the near UV light (λ<387 nm). Many organic compounds have a 

potential above that of the TiO2 valence band and therefore can be oxidized. In contrast, 

fewer organic compounds can be reduced since a smaller number of them have a 

potential below that of the TiO2 conduction band. 
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2.6. Adsorption study 

The degradation of EBT under visible light irradiation in presence of TiO2 and 

Ni:TiO2 nanoparticles are an example of heterogeneous catalysis. Rate laws in such 

reactions seldom follow proper law model and hence are inherently more difficult to 

formulate from the data. It has been widely accepted that heterogeneous catalytic 

reactions can be analyzed with the help of Langmuir Hinshelwood (LH) Model [46-48], 

satisfying, the following assumptions (i) there are limited number of adsorption sites on 

the catalyst and its surface is homogeneous, (ii) only one molecule can be adsorbed on 

one site and monolayer formation occurs (iii) the absorption reaction is reversible in 

nature, and (iv) the adsorbed molecules do not react amongst themselves [49-50]. 

According to LH Model, following three steps take place in the kinetics mechanism 

[51–52], these steps are of adsorption, surface reaction and desorption of products from 

the surface. 

Step 1: D (Dye) + C (catalyst)                   D.C         (Adsorption) 

          Step 2:  D.C                         E.C + Other products      (Surface reaction) 

                      Step 3:  E.C                            E + C                              (Desorption) 

The Freundlich isotherm [53] is employed, assuming a heterogeneous surface with a 

non uniform distribution of heat of adsorption over the surface and it may be written 

as:- 

                        						�� � ����
 
!                                                                     (11) 

The above equation can be linearized as 

                                    		"#�� � "#�� $ %
& "#��                                                            (12) 

Where qe (mg/g) is the amount of solute adsorbed per unit weight of adsorbent, Ce 

(mg/l) is the equilibrium concentration of solute, KF (mg/g) is the Freundlich constant 

(which indicate the relative adsorption capacity of the adsorbent) and 1/n is the constant 

indicate the intensity of adsorption. Since the TiO2 is covered by both EBT as well as 
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water molecules (Cwater) by hydrogen bonding, their competition for the active sites 

cannot be ignored.  

Langmuir adsorption model [54] can be applied to the aqueous solutions of dyes with 

the help of the following expression: 

        		� � '(
')*+ 	

� �,-
%.�,-.�/0(12.-/0(12

                                                           (13) 

Where q is the fractional sites covered by the dye, qt is the absorbed quantity of dye at 

any time, qmax shows the maximum quantity of dye that can be adsorbed, KL is the 

Langmuir adsorption constant for reactant and Kwater is the adsorption constant for 

water. The value of Cwater >> C, hence Cwater remains almost same throughout the 

reaction and the catalyst coverage by water molecules remains almost constant. Thus, 

we can ignore the quantity Kwater, Cwater and rewrite Eq. (13) as: 

                                  � � �,		-
%.�,	-

                  (14) 

The quantity adsorbed at a particular time can also be expressed as: 

 �3 � �4�56789	:8;<=�	�∗�?@ABCD	E&	68&6�&7957E8&�
F5GG	8H	6575;IG7 	    (15) 

The equilibrium adsorption quantity qeq can be written as: 

							�� � �F5J K �,-1
%.�,-1

L                                                           (16) 

where Ce is the equilibrium concentration of the EBT. On transforming Eq. (16), a 

function can be derived as follows:  
-1
'1
� %

�,'M0N
$ -1

'M0N
                                                               (17) 

The intercept on the vertical axis gives 1/KLqmax and the reciprocal of slope gives qmax. 

The graph (Fig.2.20) indicates that the adsorption of EBT dye on the surface of Ni:TiO2 

follows the non linear Freundlich adsorption isotherm. The Freundlich isotherm non 

linear regression coefficient value was found 0.96 and Langmuir non linear regression 

coefficient value was found to be 0.91. Therefore the adsorption of dye EBT follows 

the Freundlich isotherm. 
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Table.2.3. Adsorption parameters of EBT adsorption 

 

6 8 10 12 14 16 18 20

20

22

24

26

28

30

32
 Experimental data

 Langmuir

 Freundlich

q
e 

(m
g
/g

)

 Ce (mg/L)

 

Fig.2.20. Langmuir and Freundlich adsorption isotherm with experimental data for the 

EBT dye adsorption on Ni:TiO2  
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Fig.2.21. Change in concentration under dark with TiO2, Ni:TiO2 and in visible light 

  Adsorption equation      Isotherm parameter                   R2( non linear) 

           Freundlich               KF           8.457                         0.96 

                                         1/n           0.432 

          Langmuir                 KL              0.116                         0.91 

                                        qmax          43.62 
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2.7. Kinetic study of Photocatalytic degradation 

 For kinetic study of photocatalytic degradation, a control experiment was first 

carried out under two conditions, vis (i) dye + Visible light (no catalyst) (ii) catalyst+ 

dye in dark without any irradiation (Fig. 2.22). It can be seen that under dark 

conditions, the amount of catalyst adsorbed becomes constant after 20 min, where 

adsorption equilibrium is achieved.  

For kinetic study of photodegradation of EBT, the initial concentration of the 

dyes was varied and the experiments were first conducted in dark for 20 min and then 

immediately followed by irradiation (Fig. 2.22). The amount of catalyst was kept 

constant (0.2 g) throughout the experiment. 
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Fig.2.22. % Adsorption under dark condition (a) TiO2 (b) Ni:TiO2 

Applying the Langmuir Hinshelwood model for determining the oxidation rate 

of the photocatalysis of dye: 

    OP3Q	�R� � S T-
T7 � UV � V � W�X-

%.�X-
                                                                    (18) 

Where k is the rate constant (mg/L min-1), C is the concentration of dye, KA is the 

adsorption constant of the dye (L/mg), and t is the illumination time (min). During the 

course of reaction, the initial pH, amount of catalyst, and photointensity were kept 

same. In addition to it, the formation of intermediates may interfere in the rate 

determination; hence the calculation was done at the beginning of irradiation. The rate 

expression can be written as: 

				R8 � W�X-Y
%.�X-Y

                                                                         (19) 
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Where ro is the initial rate of degradation of EBT and Co is the initial concentration 

(almost equal to Ceq). When the initial concentration Cinitial is very small, Co will also 

be small and Eq. (19) can be simplified as an first-order equation [55-58]: 

																			S T-
T7 � 	U�Z�8 � ;&-Y

- � U�Z3                                                            (20) 

      												� � �8Q�	W[\]878	7																																																																																		(21) 

Where  

kf, Photo= k kA 

The value of kf,photo can be determined from the plot of ln Ct/ Co vs. t (Fig.2.23). The 

slope of the straight line is the value of first order rate constant [59].  
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Fig.2.23. Linear first order reaction of Langmuir Hinshelwood kinetics of EBT dye vs. 

time (a) TiO2 (b) Ni:TiO2 (initial concentration were 33.3, 25, 20, 16.6 x 10-5 M) 

Table.2.4. Value of apparent rate constant at various initial concentrations of dye 

solution for photocatalysis reaction in presence of TiO2 

Concentration                            k(min_1)                             R2  

33.3x10-5M                             -0.00342                            0.96852 

25.0x10-5M                             -0.00304                      0.98338 

20.0x10-5M                             -0.00308                      0.99412 

16.6x10-5M                             -0.00315                      0.96074 
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The value of apparent rate constant at various initial concentrations of dye solution for 

photocatalysis reaction in presence of TiO2 and Ni:TiO2 are shown in Table.2.4 and 2.5.  

The rate constant values for the photocatalytic degradation of EBT follow the 

first order kinetic for the both photocatalyst. In case of TiO2 the regression (R2) 

coefficient values shows large variation and optimum value was obtained at 20.0 x 10-

5M concentration of dye and in case of Ni:TiO2 the regression (R2) coefficient values 

was not show variation whose optimum value was obtained at 25.0 x 10-5M 

concentration of dye. This is confirmed that photocatalytic degradation of EBT                         

follows first order kinetic in presence of TiO2 and Ni:TiO2. 

Table.2.5.Value of apparent rate constant at various initial concentrations of dye 

solution for photocatalysis reaction in presence of Ni:TiO2 

Concentration                           k(min_1)                      R2  

33.3x10-5M 

25.0x10-5M 

20.0x10-5M 

16.6x10-5M 

                       -0.004537             0.93066 

                       -0.003821             0.99589 

                       -0.004843             0.98083 

                       -0.006393              0.99086 

 

Conclusion 

In the present investigation TiO2 and Ni:TiO2 nanoparticles were prepared and 

their photocatalytic degradation capacity was measured against of Eriochrome Black T 

under visible light irradiation. Prepared TiO2 and Ni:TiO2 nanoparticles were analyzed 

by XRD, SEM, TEM, UV-Vis, FTIR, BET and Band gap energy. In the XRD pattern of 

TiO2 and Ni:TiO2 nanoparticles, both Anatase, and rutile phases were present. The 

particle size of TiO2 and Ni:TiO2 was calculated as 72 and 16 nanometer respectively 

using Scherrer’s equation. SEM and TEM images of TiO2 and Ni:TiO2 nanoparticles 

were found as agglomerate in nanometric dimension. The doping of Ni2+ indicates that 

the particle size reduces due the penetration of nickel in the lattice of TiO2. Doping 

with 5% Ni, the crystallite size was decreased and the surface area value increased. 

These results suggest that Ni doping effectively inhibits TiO2 grain growth probably by 

staying at grain boundaries thereby decreasing the crystallite size and increasing the 
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surface area. The undoped TiO2 showed absorbance in the shorter wavelength region 

while Ni:TiO2 results showed slight red shift in the absorption edge. The band gap 

energy Eg value of TiO2 and Ni:TiO2 was found 3.2 and 3.0 eV respectively. The slight 

decrease in band gap energy in case of Ni:TiO2, is due to formation of sub-band level 

between valence band and conduction band due to doping of Ni2+ in TiO2 host. The 

broad intense band below 820, 804, 592 and 456 cm-1 is due to Ti-O-Ti vibrations and 

Ni:TiO2 shows strong band at 1075 cm−1,  corresponds to the vibration of Ni–O bond 

and confirms the penetration of nickel in Titania. The Photo-degradation of Eriochrome 

Black T was investigated at different condition of concentration and pH in presence of 

TiO2 and Ni:TiO2. The effective photo-degradation of Eriochrome Black T was found 

better in the presence of Ni:TiO2 as than the pure TiO2.●OH, radicals mediated 

photocatalytic degradation of EBT was proved by GC-MS. Since TA is readily 

converted to TAOH in presence of ●OH radical, the Photolumiscence spectra of 

photodegraded EBT with TA shows higher Photolumiscence peak correspond to TA in 

presence of Ni:TiO2 than TiO2. Photo-degradation of Eriochrome Black T is follow the 

pseudo first order kinetics. Complete degradation of Eriochrome Black T was more 

prominent in 180 min, in the presence of Ni:TiO2 while it was 90 % in presence of TiO2 

in same condition. 
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Photocatalytic Activity of Co:TiO2 Nanocomposites and their 

Application in Photodegradation of Acetic Acid 

 

 

 

 

 

 

 

 

 

 

 

 

Nanocomposites of Co:TiO2 were prepared by wet chemical methods. The 

prepared samples were characterized by XRD, SEM, BET, FTIR and UV-

Visible spectra. The XRD analysis confirmed the presence of rutile and 

anatase both phases were present. It is found that rutile phase was more 

dominant. Applying the Scherrer’s calculations through which particle size 

was found 35 and 80 nm in case of Co:TiO2 and pure TiO2 respectively. 

SEM image of Co:TiO2 and TiO2 were observed and both found in 

nanodiamension. The photocatalytic degradation of acetic acid was done at 

different condition of concentration, amount of photocatalyst and type of 

catalyst. The effective photodegradation of acetic acid were found at low 

concentration and photodegradation increases with decrease the 

concentration of acetic acid. The prominent degradation of acetic acid was 

found in the presence of nanocomposites Co:TiO2 as compared with TiO2. 
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3.1. Introduction 

The photocatalytic degradation (PCD) in the presence of UV and oxygen has 

attracted attention of researchers for remediation of hazardous pollutants in water [1]. 

The advantages of PCD over conventional treatment techniques are degradation of a 

broad range of organic pollutants, lower cost, and mild operating conditions [2]. The 

TiO2catalyzed PCD of various groups of organic pollutants like alcohols, phenols, 

carbonyls and carboxylic compounds, aromatics, halocarbons etc. has been reported 

extensively [3-8]. 

The removal of several aliphatic carboxylic acids [9-11], as well as aromatic 

acids such as benzoic acid, polycarboxylic acids, salicylic acid, chlorobenzoic acids, 

etc. [12-15] from water using TiO2catalyzed PCD, has been reported. Besides this, 

photocatalytic degradation of the higher aliphatic carboxylic acids such as branched C4 

and C5 aliphatic acids using titanium dioxide has also been studied [16]. 

The present paper focuses on Co:TiO2 catalyzed PCD of Acetic Acid and 

studying the influence of various parameters affecting PCD of acetic acids, i.e., 

molecular structure on the kinetics and mechanistic pathway, effect of initial 

concentration, pH, temperature, amount of catalyst and type of catalyst[17]. 

Most of the researchers are working on the photocatalytic degradation of 

organic compounds such as dyes, pesticides, and aromatic compounds. The 

photocatalytic reactions for the degradation of trace acids, dyes, and pesticides in water 

have been used by researchers in recent years. It is the advanced oxidation process [18] 

to degrade the water contaminants such as acids [19], dyes [20], pesticides [21] and non 

biodegradable materials [22], which exhibit chemical stability and resistance to 

biodegradation [23]. Most of the researcher are focused on the use of semiconductor 

materials as photocatalysts for the removal of organic and inorganic species from 

aqueous or gas phase [24]. Titanium dioxide (TiO2) is the cheapest, corrosive resistant 

photocatalysts [25] and it has high oxidative power, stability, and non-toxicity [26]. The 

most of the photocatalytic reactions occurs under ambient conditions. Titanium dioxide 

(TiO2) photocatalysed reaction, complete oxidation of the substrate into CO2 in most 
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cases and it is comparatively inexpensive and remains quite stable in contact with 

different substrate [27]. Semiconductor photocatalytic oxidation is the best eco-friendly 

techniques for the removal of trace organic pollutants from waste water. 

Wolff et al. [28] have examined the photocatalytic oxidation of Acetic Acid on 

TiO2. It has been proposed that hydroxyl radicals (●OH) attack acetate ions mainly, at 

the methyl group. 

CH3COOH + 
●
OH → 

●
CH2COOH + H2O 

In the presence of oxygen, the radicals thus formed react quickly with molecular 

oxygen leading to the formation of CHOCOOH, HOCH2COOH, 

HOOCH2OOCH2COOH, HCHO, andCO2. Direct electrochemical oxidation of acetate 

results in the well-known Kolbe decarboxylation with the formation of a methyl radical. 

3.2. Experimental  

3.2.1. Synthesis of TiO2  

25ml of diluted TiCl4 was taken along with 1ml of concentrated H2SO4 and 

diluted to 1 l using double distilled water. Liquor NH3 was added drop wise to the 

solution so as to maintain the solution pH in the range of 7–8. The precipitate is filtered 

and washed free of chloride and ammonium ions. The precipitate is first oven dried at 

100 ◦C for 12 h and grinded in a mortar. The obtained powder is then calcined at 500 oC 

for 4 h in muffle furnace to get TiO2 [29].  

3.2.2. Synthesis of Co:TiO2 

In this study, Co:TiO2 nanocomposites were prepared by solution impregnation 

method. TiO2 powder (4.5g) was dispersed in 100 ml of alcoholic solution of 0.1M 

cobalt acetate. The dispersion is agitated continuously for 4 hour at 85 oC temperature. 

After the heating and agitation, the residue will removed through filtration and was 

sintered for 3 hour in presence of air at 400 oC by kipping it in a silica boat inside 

muffle furnace. After sintering and slow anilling to room temperature, content was 

taken out from furnace and was used as photocatalyst [30].  

 



Chapter 3         Photocatalytic Activity of Co:TiO2 Nanocomposites………………. 

 

 Page 96 

3.2.3. Photo-degradation studies 

Photocatalysed oxidative degradation reaction of organic substrates is holds lot 

of potential in pollution abatement as well as in synthetic Organic Chemistry. Although 

in literature several photocatalyst have been cited for this purpose many of then suffer 

from one or more disadvantage, particularly with regard to either then being highly 

expensive and chemically unstable. TiO2 is well known semiconductor that has also 

been widely used as photocatalyst. In this study, to investigate the photo-degradation 

behaviour of a prepared TiO2 and Co:TiO2 nanocomposites towards photo-degradation 

of acetic acid [31-32]. 

3.3. Result 

3.3.1. X-ray diffraction analysis 

Phase identification in the samples was attempted by analyzing them using X-

Ray Diffractometer (Bruker AXS D8 Advance System, Germany). The obtained X-Ray 

diffraction patterns of TiO2 and Co:TiO2 are shown in Figures 3.1(a) and (b).  The 

observed pattern of peaks, when compared with the standard JCPDS database, 

suggested that, in synthesized TiO2, major peaks at 2θ angles 25.5, 37.2, 48.3 and 55.40 

correspond to anatase phase, whereas major peaks at 2θ angles 26.9, 28.2, 42.6and 

54.20 indicate the presence of rutile phase. In case of Co:TiO2 sample, the observed 

XRD pattern indicates not only a decrease in the peak intensity, compared to TiO2 but 

even the absence of some originally observed TiO2 peaks.  
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Fig.3.1. Observed XRD pattern of (a) TiO2 (b) Co:TiO2 
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This is, probably, due to the change in the crystallinity, grain fragmentation, and 

partial amorphization, when the samples were doped by Cobalt acetate [33].  

3.3.2. Determination of Average size of Particles/ Grains in samples 

Utilizing the observed X-ray diffraction data of samples, Scherrer’s calculations 

were attempted to know the average size of particles/grains in the samples. Although, 

Scherrer’s calculations are only approximate in nature, but definitely provide a first-

hand idea of the average size of the particles/ grains in the samples, which may be quite 

accurate, provided the size of particles/ grains is below 100 nm [34]. The results of 

Scherrer’s calculations are presented in Table 3.1. The results suggest average size of 

the particles/ grains in the samples lying in nm range.  

Table.3.1. Average size of particles/grains in the samples of TiO2 and Co:TiO2 

Sample Particle size (nm) 

TiO2 

Co:TiO2 

100 

35 

3.3.3. FT-IR spectroscopy 

FT-IR spectra of undoped and 10.0% Co doped TiO2 samples (Fig.3.2) show 

peaks corresponding to stretching vibrations of the O-H and bending vibrations of the 

adsorbed water molecules around 3750 cm-1 and 2319 cm-1, respectively. The broad 

intense band below 497, 604 and 645  cm-1 is due to Ti-O-Ti vibrations The shift to the 

higher wave numbers and sharpening of the Ti-O-Ti band (Fig.3.2) may be due to 

decrease in size of the catalyst nanoparticles. In addition, the surface hydroxyl groups 

in TiO2 increase with the increase of Co loading, which is confirmed by increase in 

intensity of the corresponding peaks. The FT-IR spectra shows strong band at 

757 cm−1 corresponds to the vibration of Co–O bond and it is confirm the penetration of 

Cobalt in Titania [35]. 
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Fig.3.2. FTIR spectra of TiO2 and Co:TiO2 

3.3.4. UV-Vis spectroscopy  

The absorption spectrum of TiO2 consists of a single broad intense absorption 

between 250 to 300 nm due to the charge-transfer from the valence band to the 

conduction band [36]. The undoped TiO2 showed absorbance in the shorter wavelength 

region while Co:TiO2 results showed a blue shift in the absorption onset value in the 

case of Co added Titania [Fig.3.3].The impregnation of Co ions into TiO2 could shift its 

optical absorption edge from UV into visible light range [37]. Aqueous suspensions of 

the samples were used for the UV absorption studies. The blue shift that is observed in 

the absorption spectra with the decrease in particle size has been reported earlier 

[38].The wavelength of Co:TiO2 has been decreased due to the formation of cobalt 

oxygen bond. 
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Fig.3.3. UV-Vis spectra of (a) TiO2 and (b) Co:TiO2 
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3.3.5. Scanning Electron Microscopy (SEM) 

The morphology of the samples was investigated by scanning electron 

microscopy and it resumes the most interesting outcomes. Fig 3.4(a) and (b) clearly 

show that both the prepared samples are obtained agglomerate in nanometric 

dimension. The doping of cobalt is indicating that the particle size reduce due the 

penetration of cobalt in the lattice of titanium dioxide. 

 

Fig.3.4. Observed SEM image of (A) TiO2 (B) Co:TiO2 

3.3.6. Surface area analysis (B.E.T) 

The specific surface area, pore volume and average pore size of the TiO2 and 

Co:TiO2 as-prepared photocatalyst were characterized by using the N2 adsorption 

technique BET. Table.3.2 summarizes their physical properties. The TiO2 modified by 

Cobalt are fragmentized to some extent during thermal treatment, leading to a marked 

increase of the BET surface areas and the average pore radius size and decreasing of the 

pore volume [39]. 

Table.3.2. Phase surface areas, pore volume, average particle sizes of TiO2 and Co:TiO2 

Sample       Surface area       Pore volume     Pore radius  

                       (m2/g)                 (cm3/g)              (nm) 

TiO2                        6.4                       0.018                 11 

Co:TiO2              13.2                     0.031                   6 

 

 

 

A B 
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3.3.7. Photo-degradation of Acetic Acid 

In this study, photo-catalytic degradation of Acetic Acid was investigated. The 

samples of TiO2 and Co:TiO2 were used as photocatalyst in the photo-degradation of 

Acetic acid. 200 mg/10 ml of the photo-catalyst was dispersed in Acetic Acid solution 

of 10.6×10-3 M, 5.3×10-3 M, and 2.65×10-3M concentration and the reaction mixture 

was illuminated with UV–Visible light, while kept under agitation. The results 

presented in this Section comprise the residual concentrations (10.6×10-3, 5.3×10-3, and 

2.65×10-3 M) of Acetic Acid in the reaction mixture, measured by titrimetrically against 

NaOH at different time intervals. The measured values of residual concentration of 

acids in the reaction mixture at different times of illumination (or reaction time) have 

been shown in Figures 3.5-3.7. It is clear from the results shown that both TiO2 and 

Co:TiO2 are proving as an effective photo-catalyst for the degradation of acetic acid. 

However Co:TiO2 seems to be more effective photo-catalyst as compared to TiO2, for 

the degradation of acetic acids [40].  

3.3.7.1. Effect of concentration  

Effect of acid concentration was investigated at constant temperature and 

amount of photocatalyst 200mg/10 ml of Acetic Acid solution, the effect of varying 

amounts of the acid was studied on its rate of its degradation (10.6×10-3, 5.3×10-3, and 

2.65×10-3 M) as given in Fig.3.5. With increasing concentration of Acetic Acid the rate 

of degradation was found to decrease. This is because as the number of Acetic Acid 

molecules increase, the amount of light (quantum of photons) penetrating the Acetic 

Acid solution to reach the catalyst surface is reduced owing to the hindrance in the path 

of light. Thereby the formation of the reactive hydroxyl and superoxide radicals is also 

simultaneously reduced. Thus there should be an optimum value maintained for the 

catalyst and the Acetic Acid concentration, wherein maximum efficiency of 

degradation can be achieved. 

3.3.7.2. Effect of photocatalyst 

It is clear from the results shown in Fig.3.5-3.7 that both TiO2 and Co:TiO2 are 

proving as an effective photo-catalyst for the degradation of Acetic Acid. However 

Co:TiO2 seems to be more effective as photo-catalyst for the degradation of  Acetic 

acid. The prominent degradation of Acetic Acid was found in the presence of Co:TiO2 
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in comparison to TiO2. This is due to the large surface area of Co:TiO2 as compared to 

TiO2. 
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Fig.3.5. Photodegradation at different concentration (a) 10.6 x 10-3 M with TiO2 (b)10.6 

x 10-3 M with Co:TiO2 (c) 5.3×10-3 M withTiO2 (d) 5.3×10-3 M with Co:TiO2 (e) 

2.65×10-3 M with TiO2 (f) 2.65×10-3 M with Co:TiO2 

0 50 100 150 200 250
0

2

4

6

8

10

 TiO2, 5g/l

  TiO2, 10g/l

 Co:TiO2, 5g/l

  Co:TiO2, 10g/l

R
e
s

id
u

a
l 
c

o
n

c
e
n

tr
a
ti

o
n

Time (min)
 

Fig.3.6. Photodegradation at different amount of photocatalyst in presence of TiO2 and 

Co:TiO2 at constant temperature, pH, and concentration.  
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3.3.7.3. Effect of photocatalyst amount 

It is clear from the results shown in Fig. 3.6, that both TiO2 and Co:TiO2 are 

proving as an effective photo-catalyst for the degradation of Acetic Acid. But when the 

amount of photocatalyst increases the photodegradation of acid also increase. It is 

observed that Co:TiO2 is the more effective photocatalyst than TiO2. 

3.3.7.4. Effect of Temperature 

The effect of system temperature on photocatalysis has not attracted enough 

attention. But In present research, it is found that the temperature has a great effect on 

the photodegradation of Acetic acid. The photocatalytic efficiency can be increased 

about 2-3 times if the temperature increased from 30 ℃ to 40 ℃ Because the solar 

energy include UV light, which can be used to activate the photocatalytic course, which 

is increase the temperature of photocatalytic system. The experiments showed that 

Acetic Acid cannot be photodegraded if TiO2 or UV light was not used, indicating that 

Acetic Acid cannot be pyrolyzed by heating with the heating temperature which was 

less than 40 oC and self degraded by absorbing irradiation. Only when TiO2 and UV 

light were both used, the Acetic Acid was efficiently degraded shown in Fig.3.7. The 

obvious decrease of concentration of Acetic Acid shows that the TiO2 and Co:TiO2 can 

serve as an effective photocatalyst. 
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Fig.3.7. Photodegradation at different temperature in presence of TiO2 and Co:TiO2 at 

constant amount of photocatalyst, pH, and concentration.  
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3.3.7.5. Effect of pH 

The photodegradation reaction was also carried out under varying pH conditions 

from (2 to 7), by adjusting with NaOH, with TiO2 kept at constant amounts of 200mg in 

20 ml of Acetic Acid solutions. The reaction was found to have low rates at neutral 

ranges of pH. While at lower cases it was found to increase at 4 to 5 pH shown in 

Fig.3.8. The photodegradation is maximum at 3-4 pH but at 6 pH the photodegradation 

is rapidly decrease and after increasing pH, the photodegradation slightly increase. This 

implies that acidic conditions are favourable towards the formation of the reactive 

intermediates that is hydroxyl radicals is significantly enhanced, which further help in 

enhancing the reaction rate. On the other hand in neutral medium conditions, the 

formation of reactive intermediates is relatively less favourable and hence less 

spontaneous.  

1 2 3 4 5 6 7 8 9 10

30

35

40

45

50

55

60

65

70

75
 TiO

2

 Co:TiO
2

 

 

%
 P

h
o

to
d

e
g

ra
d

a
ti

o
n

pH 
  

Fig.3.8. Effect of pH on Photodegradation of Acetic Acid in presence TiO2 and 

Co:TiO2. 

3.3.8. Kinetics of Acetic Acid Photodegradation 

The photocatalytic degradation of various carboxylic acids using titanium 

dioxide can be generally given by the Langmuir–Hinshelwood kinetics model [41-45] 

                        
��

��
�

���

�	��

…………………………………..………………...(1) 
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where (dC/dt) is the rate of degradation, k the apparent reaction rate constant, K the 

adsorption coefficient of the substance to degraded and C concentration of carboxylic 

acid. In case the concentration of the substances to be degraded exceed the saturation 

coverage of the TiO2 surface, i.e. K C >> 1, equation (13) simplifies to a zero-order rate 

equation.  

                       
��

��
� �…………………………………………………………..(2) 

Some of the carboxylic acids like formic acid, phenoxyacetic acid, 2-chlorobenzoic 

acid, 3-chlorobenzoic acid and 4- chlorobenzoic acid [46], p-hydroxy benzoic acid [47] 

follow zeroth kinetic order interpreted by a Langmuir-Hinshelwood mechanism 

involving a saturation of the adsorption sites. For very low concentration (i.e., K C << 

1), the Langmuir-Hinshelwood equation (13) simplifies to a pseudo-first order kinetic 

law, where k is being the pseudo-first order rate constant. 

                            �ln	
��

��

� ��………………………………………………….(3) 

where C0 is the initial concentration of carboxylic acid at time t = 0 and Ct is the 

concentration of carboxylic acid at reaction time t. The semi-logarithmic plot of [-ln 

(Ct/C0)] versus time gives straight line and slope of the straight line gives the value of 

reaction rate constant, k (time-1).  
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Fig.3.9. Change in concentration of Acetic Acid vs. time with TiO2 and Co:TiO2 at 30 

and 40 oC temperature. 
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Some of the carboxylic acids like butanoic acid [48], phthalic acid [49], 

terephthalic acid [50] and oxalic acid [51] are followed pseudo-first order reaction 

under given experimental conditions. 

The rate constant values for the photocatalytic degradation of Acetic Acid 

follow the first order kinetic. The effect of temperature on rate constant for the TiO2 

and Co:TiO2 are showing in Fig.3.9 and in Table 3.3. In case of TiO2 follow first order 

reaction at 30 and 40 oC temperature. The rate constant value has been increase by 

increased of temperature of reaction from 30 and 40 oC. The regression (R2) coefficient 

values have been slightly decreased. It means that if we increase the temperature, the 

linearity slightly decreased. In case of Co:TiO2 follow first order reaction at 30 and 40 
oC temperature. The rate constant value has been increase by increased of temperature 

of reaction from 30 and 40 oC. The regression (R2) coefficient value has been slightly 

decreased. It means that if we increase the temperature, the linearity slightly decreased. 

This is confirmed that photocatalytic degradation of Acetic Acid follows first order 

kinetic in presence of TiO2 and Co:TiO2 at different temperature. The effect of 

concentration of Acetic Acid on photocatalytic degradation has been measured in 

presence of TiO2 and Co:TiO2. Basically, the effect of concentration was measured by 

the calculation of rate constant of the reaction. The effect of concentration is showing in 

Fig.3.10 (a) and (b) and Table.3.4. 

Table. 3.3. Rate constant and regression coefficient for TiO2 and Co:TiO2 at various 30 
oC and 40 oC temperature. 

 

 

 

 

 

The graph was plotted remaining concentration vs. time at different 
concentration of Acetic Acid (10.6 x10-3M, 5.3 x10-3M, and 2.65 x10-3M). Change in 
concentration of Acetic Acid vs. time is showing in Fig.3.10 for TiO2 and Co:TiO2. In 
this case, the values of rate constant are increased with decrease of concentration of 

Photocatalyst  Temperature           K (min-1)                      R2 

TiO2                 (at 30oC)                -0.00244      0.99120 

TiO2                 (at 40oC)                -0.00384      0.97533 

Co:TiO2               (at 30oC)               -0.00507             0.98032 

Co:TiO2               (at 40oC)               -0.00582      0.97689 
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acetic acid, it means that if we will decreased the concentration of acetic acid, the rate 
of photodegradation will increased. 
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Fig.3.10. Change in concentration of Acetic Acid vs. time for (a) TiO2 and (b) Co:TiO2 

at 40 oC temperature. 

This is because the no of molecule per unit volume has been decreased that’s 

why no of photon easily penetrate to the solution of acid and strike on the surface of 

semiconductor which is generate the electron (e-) hole (h+) pair. The generation of 

electron (e-) hole (h+) pair per unit volume will increased and no of reacting molecules 

of acid decreased with decrease of concentration of acetic acid. Hence the 

photocatalytic reaction will be fast at low concentration. But at high concentration, the 

penetration of photon is hindered by the molecules of acid; however, the photon will 

not reach properly on the surface of semiconductor. Hence the photocatalytic 

degradation will decrease. 

Table. 3.4. Rate constant and regression coefficient for TiO2 and Co:TiO2 at various 

concentration. 

TiO2                                                         Co:TiO2 

Concentration               K(min-1)           R2              K(min-1)             R2 

10.6×10-3M                  -0.00244    0.9912    -0.00349            0.98232 

5.3×10-3M                    -0.00236    0.99665 -0.00400           0.98266 

2.65×10-3M                  -0.00400         0.97879       -0.00671           0.95461 
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Conclusion  

The prepared material was subjected to XRD analysis which gives the rutile and 

Anatase both phases were present in the prepared sample. It is found that in samples 

sintered at 400 0C both Anatase and rutile phases were presented and rutile phase was 

more dominant, while in samples without sintered the exclusive formation of 

polycrystalline Anatase and rutile phase separately was occurred. Applying the 

Scherrer’s calculations through which particle size was found 35 and 80 nm in case of 

Cobalt Titania and pure Titania respectively. The prepared sample of Titania and cobalt 

Titania were subjected to photocatalytic degradation of Acetic Acid was done. The 

degradation of Acetic Acid occurs efficiently. The prominent degradation was found in 

case of Acetic Acid in the presence of nanocomposites Co:TiO2. 
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CHAPTER-4 

The photocatalytic degradation of Methyl Green in presence 

of Visible light using Ni0.10:La0.05:TiO2 nanocomposites as 

catalyst 

 

 

 

 

 

 

 

 

 

 

 

In this paper, we have done the photodegradation of Methyl green dye 

in presence of prepared Ni0.10:La0.05:TiO2 nanocomposites. The 

nanocomposites of Ni0.10:La0.05:TiO2 was prepared by the solution 

impregnation method. The characterization of Synthesized TiO2 and 

Ni0.10:La0.05:TiO2 nanocomposites were done by X-Ray Diffractometer, 

SEM, TEM, UV- Vis, FT-IR, Band gap energy and BET. The 

photocatalytic degradation of Methyl Green has been done in presence 

of TiO2 and Ni0.10:La0.05:TiO2 nanocomposites. The presence of anatase 

and rutile phase in the nanocomposites has been confirmed by XRD 

analysis. The photocatalysts particle was found in nanodiamension in 

morphology. The surface area was observed 34.72 and 96.58 m
2
/g for 

the TiO2 and Ni0.10:La0.05:TiO2 nanocomposites. The band gap energy 

was observed 3.2 and 3.0 eV for the TiO2 and Ni0.10:La0.05:TiO2 

nanocomposites. The photocatalytic degradation behaviour of 

photocatalysts was investigated by considering different parameters 

such as effect of concentration, effect of amount of photocatalyst, effect 

of pH, effect of temperature, adsorption and kinetics. The 90-98 % 

photodegradation of Methyl Green has been found at 7 pH, 25 ppm 

concentration of dye, 800 mg/L amount of photocatalyst and 50 min 

illumination of visible light in presence of Ni0.10:La0.05:TiO2 while 10-

18 % in presence of neat TiO2  . The photodegradation of Methyl Green 

was following the first order kinetics. 
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4.1. Introduction 

Cationic triphenylmethane dyes have found extensive use as colorants in industry 

and as antimicrobial agents [1]. Recent reports indicate that they may further serve as 

targetable sensitizers in the photodestruction of specific cellular components or cells [2-

3]. Methyl Green is a basic triphenylmethane type dicationic dye, usually used for staining 

solutions in medicine and biology [4] and as a photochromophore to sensitize gelatinous 

films [5]. It has been used to differentiate between deoxyribonucleic acid and ribonucleic 

acid [6]. The binding of Methyl Green to DNA is probably ionic, as opposed to 

intercalative, and it remains so stably bound to double stranded DNA that, with its 

conversion to the colourless carbinol form, it has been used to assess the binding of other 

molecules to DNA [7-8]. However, great concern has arisen about the thyroid peroxidase-

catalyzed oxidation of the triphenylmethane class of dyes because the reactions might 

form various N-de-alkylated primary and secondary aromatic amines, with structures 

similar to aromatic amine carcinogens [9].  

Dyes are the most resistant compounds and used in various industries. The 

industrial effluents are causing adverse environmental problems [10-11]. Most of the dyes 

used in the pigmentation of textiles, leather, paper, ceramics, and food-processing are 

derived from azo dyes. Dyes are lost with waste water during synthesis and processing 

[12-13]. This represents a great hazard to human and environmental health due to the 

toxicity of azo dyes [14]. The treatment of such pollutants can be achieved by 

heterogeneous photocatalysis due to its efficiency and low cost as well as to the fact that it 

allows complete degradation of pollutants to carbon dioxide and inorganic acids [15-16]. 

Titanium dioxide TiO2 is a most important nano material which has attracted a great 

attention due to its unique properties [17]. Titanium dioxide TiO2 have excellent merits in 

solar energy transferring and photocatalysis of poison compounds in environment. The 

chemical inertness and the non-toxicity of TiO2 have also made it a superior photocatalyst 

[18-19].  Titania has a large band gap (3.20 ev for anatase TiO2) and therefore, only a 

small fraction of solar light can be absorbed [20-21]. Many attempts have been made to 
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sensitize titanium dioxide to the whole visible region, such as impregnation with transition 

metals [22-23], transition metal ions [24], non-metal atoms [24] and organic materials 

[25]. Introduction of dopant allows Titania to absorb in the visible region but this does not 

necessarily mean that the doped catalyst has a better photocatalytic activity [26]. 

In this study, prepared the nanocomposites of Ni0.10:La0.05:TiO2 by the solution 

impregnation method. Synthesized TiO2 and Ni0.10:La0.05:TiO2 were characterized by X-

Ray Diffractometer, SEM, TEM, UV- Vis, FT-IR, Band gap energy and BET. The TiO2 

and Ni0.10:La0.05:TiO2 were used as photocatalyst for the degradation of Methyl Green. We 

have investigated the photocatalytic degradation behaviour of cationic dye molecule from 

aqueous system onto prepared Ni0.10:La0.05:TiO2 nanocomposites by taking methyl green 

as model molecule (showing in Figure 4.1). The photocatalytic degradation behaviour was 

investigated by considering different parameters such as effect of concentration, effect of 

amount of photocatalyst, effect of pH, effect of temperature, adsorption and kinetics.  

 

Fig.4.1. Structure of Methyl Green dye 

4.2. Methodology 

4.2.1 Preparation of the photocatalysts  

In this method, 10 ml of TiCl4 solution (1000 mg/l), 2ml of 0.1M Nickel acetate, 

1ml of 0.1M Lanthanum nitrate and NaOH solution (64.5 g/l) was added drop wise to 

water with stirring. After the resulting solution reaches pH to 7, the slurry was filtered, 

and the filter cake of TiO2 was washed and redispersed in water to prepare 1 M of TiO2 

slurry. Resulting TiO2 slurry and an aqueous solution of HNO3 were refluxed at 950C for 
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2 h, cooled to room temperature and neutralized with 28% of aqueous ammonia. Then, it 

was filtered, washed and calcined at 400 oC. The Ni0.10:La0.05:TiO2 nanocomposites were 

prepared by solution impregnation method. In this method suitable quantity of prepared 

TiO2 (2 g) was dispersed in alcoholic Nickel acetate 10% (w/v) and lanthanum nitrate 5% 

(w/v). The dispersion is agitated continuously for 4 hour at 80 oC temperature. After the 

treatment the residue was removed through filtration and was sintered for 4 hour in 

presence of air at 600 oC by kipping it in a silica crucible inside the muffle furnace. After 

sintering and slow anilling to room temperature, content was taken out from furnace and 

was stored in air tight bottles and was used as photocatalyst [27-31]. 

   TiCl4 + 4NaOH                 Ti(OH)4 + 4NaCl                                                           (1) 

       Ti(OH)4                         TiO2  + 2H2O                                                                 (2)                                         

TiO2 + 10 % Ni(CH3COOH)3 + 5 %  La(NO3)3              Ni0.10:La0.05:TiO2             (3) 

4.2.2. Photocatalyst characterization 

4.2.1.1. Powder x-ray diffraction analysis (P-XRD) 

The physical properties of metal oxide semiconductor nanocomposites that may 

influence significantly their use as photocatalyst are dependent on nature of crystalline 

phase present. Thus, phase analysis is an important parameter for this study and the 

prepared samples were subjected to x-ray diffraction analysis on Powder X-Ray 

Diffractometer (Bruker AXS D8 Advance System, Germany). The observed X-Ray 

diffractogram of samples were analyzed further to estimate average grain size in the 

sample by Scherrer’s calculation [32].      

                                               � � �.�	λλλλ
�	�	
�	                                                                        (4) 

Where, T is the mean size of the ordered (crystalline) domains, which may be smaller or 

equal to the grain size, K is a dimensionless shape factor, with a value close to unity. The 

shape factor has a typical value of about 0.9, but varies with the actual shape of the 

crystallite, λ is the X-ray wavelength, β is the line broadening at half the 

maximum intensity (FWHM), after subtracting the instrumental line broadening, 

in radians. This quantity is also sometimes denoted as ∆ (2θ), θ is the Bragg angle. 
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4.2.2.2. SEM analysis 

The particle morphologies of the photocatalyst were studied using scanning 

electron microscope. Samples were mounted on aluminum stab with the help of double-

sided tape. Mounted stabs were coated with gold palladium prior to analysis using a 

Polaron sputter coater. 

4.2.2.3. TEM analysis 

The particle morphologies of the photocatalyst were studied by using 

Transmission electron microscopy (TEM, JEOL JEM 2011 equipped with LaB6 

filament). The TEM images were collected with a 4008 - 2672 pixel CCD camera (Gatan 

Orius SC1000) coupled with the DIGITAL MICROGRAPH software. Coupled chemical 

analyses were obtained by an EDX micro- analyzer (PGT IMIX PC).  

4.2.2.4. BET surface area analysis 

The surface area and pore characteristics of the derived photocatalyst was 

determined from nitrogen adsorption/desorption isotherms at 77 K (boiling point of 

nitrogen gas at 1atm pressure) using a BET surface area analyzer (BELSORP-max, 

Japan).  

4.2.2.5. UV visible spectrometer 

Since the absorption of light by photocatalyst is the most crucial step in any 

photocatalysed reaction, and is decided primarily by the band gap energy of material, 

attempt would also be made to evaluate band gap energy employing a UV spectrometer 

(UV 2450 Shimadzu).  

4.2.2.6. Fourier transforms Infrared spectroscopy (FTIR) 

The Photocatalyst (2 mg) was mixed with 200 mg of KBr and then pelleted. The 

FT-IR spectra of the pellets were recorded using a Fourier Transform Infra-Red 

Spectrometer (FTIR) Thermo Scientific (Nicole 6700). 
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4.2.3. Dark adsorption studies 

The adsorption studies were performed using aqueous solutions of EBT. For this 

purpose 20 ml dye solution of different concentrations (25-100 ppm) were magnetically 

stirred separately in presence of bare and metal impregnated catalysts (0.5g) in dark up to 

30 min. Thereafter, the suspensions were collected after regular time intervals (5 min) 

filtered through cellulose filter and then sample were analyzed by UV-vis 

spectrophotometer at λmax = 631.5 nm for Methyl Green [33]. 

4.2.4. Photo-degradation of dyes 

In this work, the photo-catalytic degradation of Methyl Green was investigated. A 

solution of dye in water: alcohol (10:1 V/V) was prepared and in this solution a suitable 

quantity of photocatalyst (100 to 800 mg/L) was dispersed. The dispersion was subjected 

to Visible light irradiation (500 W Tungsten Lamp were used for the visible light radiation 

in a close chamber)  for varying duration and after desired irradiation the residual 

concentration of dye in the solution was determine spectrophotometrically by taken out 

suitable aliquot of dispersion  and removal of photocatalyst by centrifugation. A 

quantitative estimation of dye concentration spectrometric observation when recorded 

only at the experimental determines λ max value which is 631.5 nm [34-43]. The % 

degradation efficiency of Methyl Green dye was calculated by Equation (5). 

                                	η		%	 � 
��
�

�

∗ ���                                                                        (5) 

4.3. Results 

4.3.1. Characterization of Photocatalyst 

4.3.1.1. Phase identification by X-ray diffraction analysis 

The obtained X-Ray diffraction patterns of TiO2 and Ni0.10:La0.05:TiO2 are shown 

in Figures 4.2.  The observed pattern of peaks, when compared with the standard JCPDS 

database, suggested that, in prepared TiO2 sample, major peaks at 2θ = 25.5 � 37.2, 48.3, 

and 54.4, which can be indexed to the (101), (004), (200), and (211) crystal facets of 

anatase TiO2 (JCPDS File number: 21-1272). Whereas major peaks at 2θ = 26.9º and 
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28.2º indicate the presence of rutile phase which can indexed to the (110), (121), 

respectively [32]. In case of Ni0.10:La0.05:TiO2 sample, the observed XRD pattern indicates 

not only a change in the peak intensity, compared to TiO2, but even the absence of some 

originally observed TiO2 peaks [44]. This is, probably, due to the change in the 

crystallinity and grain fragmentation, when the samples were wet impregnated by Nickel 

and Lanthanum. Utilizing the observed X-ray diffraction data of samples, Scherrer’s 

calculations were attempted to know the average size of particles/grains in the samples 

[32]. Although, Scherrer’s calculations are only approximate in nature, but definitely 

provide a first-hand idea of the average size of the crystal in the samples, which may be 

quite accurate, provided the size of crystal is below 100 nm. 
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Fig.4.2. Observed XRD pattern TiO2 and Ni0.10:La0.05:TiO2 

Table 4.1. Average size of crystal in the samples of TiO2 and Ni0.10:La0.05:TiO2. 

Sample                                        Particle Size (nm) 

TiO2                                                           76 

Ni0.10:La0.05:TiO2                                       34 
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The mean size of TiO2 and Ni0.10:La0.05:TiO2 nanocomposites, calculated by 

Scherrer's Equation, are about 76 and 34 nm respectively.  The results of Scherrer’s 

calculations are presented in Table 1. The results suggest average size of the crystal in the 

samples lying in nm range. The result is in good agreement with the TEM. 

4.3.1.2. UV-Vis spectra 

Aqueous suspensions of the samples were used for the UV absorption studies. The 

absorption spectrum of TiO2 consists of a single broad intense absorption between 383 nm 

due to the charge-transfer from the valence band to the conduction band [45]. The 

undoped TiO2 showed absorbance in the shorter wavelength region while 

Ni0.10:La0.05:TiO2 result showed slight red shift in the absorption edge. The absorption 

peak of Ni0.10:La0.05:TiO2 was found at 410 nm. It is showing in Figure 4.3. The 

impregnation of Ni and La ions into TiO2 could shift optical absorption edge from UV to 

visible range, but slight change in TiO2 band gap was observed [46-47].  
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Fig.4.3. UV- spectra of TiO2 and Ni0.10:La0.05:TiO2 

4.3.1.3. Band gap energy determination 

The band gap of samples was calculated by extrapolation of the (αhv)2 versus hv 

plots, where α is the absorption coefficient and hv is the photon energy, hv = (1239/λ) eV. 

The value of hv extrapolated to α = 0 gives an absorption energy, which corresponds to a 

band gap (Eg). From the Figure 4.4 we found an Eg value of 3.2 eV for TiO2 and 3.0 for 
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Ni0.10:La0.05:TiO2 [48]. The slight decrease in band gap energy in case of Ni0.10:La0.05:TiO2 

is due to formation of sub-band level between valence band and conduction band caused 

impregnation of Ni2+ and La3+ ions in TiO2 host [49]. 
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Fig.4.4. Band gap energy of (a) TiO2 (b) Ni0.10:La0.05:TiO2 

4.3.1.4. FT-IR spectroscopy 

FT-IR spectra of undoped and 10% Ni and 5% La impregnated TiO2 samples 

(Figure 4.5) show peaks corresponding to stretching vibrations of the O-H and bending 

vibrations of the adsorbed water molecules around 3350-3450 cm-1 and 1620-1635 cm-1, 

respectively. The broad intense band below 820, 804, 592 and 456 cm-1 is due to Ti-O-Ti 

vibrations. The shift to the higher wave numbers and sharpening of the Ti-O-Ti band may 

be due to decrease in size of the catalyst nanoparticles. In addition, the surface hydroxyl 

groups in TiO2 increased with the increasing of Ni loading, which is confirmed by 

increase in intensity of the corresponding peaks. The FT-IR spectra of Ni0.10:La0.05:TiO2 

show strong band at 1075 cm−1, corresponds to the vibration of Ni–O bond and confirms 

the penetration of nickel in Titania [50]. 
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Fig.4.5. FT-IR spectra of (a) TiO2 (b) Ni0.10:La0.05:TiO2 

4.3.1.5. Transmission Electron Microscope (TEM) and EDX. 

TEM images were clearly displayed the morphology and particle size of neat TiO2 

and Nickel and lanthanum doped TiO2. From the Fig. 4.6 we find that Nickel and 

lanthanum doped modified TiO2 change the size of neat TiO2 significantly, as shown in 

Fig. 4.6 (a) and (b).  

 

Fig.4.6. TEM image of the (A) TiO2 (B) Ni0.10:La0.05:TiO2 

The sizes of both modified and neat TiO2 are mono disperse about 100–200 nm. 

Moreover, the crystal lattice line can be clearly found in the TEM images. The 
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aggregations of both kinds of particles are caused by high surface energy; however, the 

agglomeration of the modified one is alleviated obviously compared with that of the neat 

[51].  

 

Fig.4.7. EDX image of Ni0.10:La0.05:TiO2 nanocomposite 

EDX Is an analytical technique used for the elemental analysis or chemical 

characterization of a sample. Compositional analysis of the nanomaterials can also be 

obtained by monitoring the X-rays produced by electron-specimen interaction. The 

formation and composition of crystalline Ni0.10:La0.05:TiO2 nanocomposite was justified 

from EDX measurements. The compositional measurement of Ni0.10:La0.05:TiO2 

nanocomposite is showing in the Figure 4.7. The presence of La and Ni in the EDX is 

indicating that the metal ions of Ni and La have been impregnated in the Titania crystal. 

In the Figure the Cu is also observed this is due to the copper grid used in TEM analysis.  

4.3.1.6. Scanning Electron Microscopy (SEM) 

The morphology of the samples was investigated by scanning electron microscopy 

and it resumes the most interesting outcomes. Fig.4.8 (a) and 4.8 (b) clearly show that 

both the prepared samples are obtained in nanometric dimension. The impregnation of 

Nickel and lanthanum is indicating that the particle size reduce due the penetration of 

Nickel and lanthanum in the lattice of titanium dioxide [52]. 
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Fig.4.8. SEM image of the (A) TiO2 (B) Ni0.10:La0.05:TiO2 

4.3.1.7. Surface Area Analysis (BET) 

The specific surface area, pore volume and average pore size of the TiO2 and 

Ni0.10:La0.05:TiO2 photocatalyst were determine. Figure 4.9 showing the BET adsorption 

and desorption plots for the pure Titania and Ni, La impregnated Titania. Table 4.2 shown 

the physical properties of TiO2 and Ni0.10:La0.05:TiO2. The surface area of TiO2 and 

Ni0.10:La0.05:TiO2 was found 34.72 and 96.58 m2/g. The surface area of Ni0.10:La0.05:TiO2 

is increased rapidly with impregnation of Ni and La in pure Titania. The TiO2 modified by 

Ni and La are fragmented to some extent during thermal treatment, leading to a marked 

increase of the BET surface areas and the average pore radius size and decreasing of the 

pore volume [53]. 

Table 4.2. The specific surface area, pore volume and pore radius of the TiO2 and 

Ni0.10:La0.05:TiO2  

Sample              Surface area (m2/g)            Pore volume (cm3/g)            Pore radius (nm) 

TiO2                          34. 72                              11.132                                            1.21 

Ni0.10:La0.05:TiO2      96.58                                9.9124                                           1.64 
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Fig.4.9. Adsorption and desorption plots for Titania and Ni, La Impregnated Titania. 

4.3.2. Adsorption study 

A control experiment was first carried out under two conditions, vis (i) dye + UV 

(no TiO2) (ii) TiO2 + dye in dark without any irradiation (iii) Ni0.10:La0.05:TiO2 + dye in 

dark without any irradiation (Figure 4.10). It can be seen that under dark conditions, after 

20 min the amount of Methyl Green dye adsorbed becomes constant i.e. equilibrium 

adsorption is achieved.  
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Fig.4.10. (a) change in concentration under dark with TiO2, Ni0.10:La0.05:TiO2 and in 

visible light (b) under dark with Ni0.10:La0.05:TiO2 at different concentrations. 
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The reaction of Methyl Green in presence of TiO2 and Ni0.10:La0.05:TiO2 

nanocomposites and UV irradiation is an example of heterogeneous catalysis. Rate laws in 

such reactions seldom follow proper law models and hence are inherently more difficult to 

formulate from the data. It has been widely accepted that heterogeneous catalytic 

reactions can be analyzed with the help of Langmuir Hinshelwood (LH) Model [54], with 

the following assumptions being satisfied: 

 (i). There are limited numbers of adsorption sites on the catalyst and its surface is 

homogeneous,  

(ii). Only one molecule can be adsorbed on one site and monolayer formation occurs  

(iii). The absorption reaction is reversible in nature, and  

(iv). The adsorbed molecules do not react amongst themselves [55].  

                    According to LH Model, following steps take place in the kinetics 

mechanism [56] (Adsorption of dye onto the catalyst surface). There are three steps of 

adsorption, Surface reaction, Desorption of products from the surface. 

                         Step 1:-   D (Dye) + C (catalyst)                       D.C 

                         Step 2:-   D.C                         E.C + Other products 

                         Step 3:-   E.C                            E + C 

 

4.3.3. Photo-degradation of Dyes 

The residual concentration of dye in the reaction mixture was measured 

spectrophotometrically. The results obtained for the degradation of Methyl Green is 

shown in Fig. 4.11-4.15. 

4.3.3.1. Effect of concentration of dye 

Effect of dye concentration keeping the catalyst loading concentration constant at 

800 g/liter of the dye solution, the effect of varying concentration of the dye was studied 

on its rate of degradation (from 25 ppm to 100 ppm ) as given in Fig. 4.11. In presence of 

Titania the photodegradation of Methyl green dye was found 18% and 3% at 25 and 100 

ppm concentration of dye solution. But in presence of Ni0.10:La0.05:TiO2 the 



Chapter 4                       The photocatalytic degradation of Methyl Green…………… 

 Page 124 

 

photodegradation was found 98.6 % and 56% at 25 ppm and 100ppm concentration of 

dye. With increasing concentration of Methyl Green the rate of degradation was found to 

decrease. This is because as the number of dye molecules increase, the amount of light 

(quantum of photons) penetrating the dye solution to reach the catalyst surface is reduced 

owing to the hindrance in the path of light. Thereby the formation of the reactive hydroxyl 

and superoxide radicals is also simultaneously reduced. Thus there should be an optimum 

value maintained for the catalyst and the dye concentration, wherein maximum efficiency 

of degradation can be achieved [34-39, 57]. 
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Fig.4.11. Effect of concentration on photocatalytic degradation of Methyl Green with (a) 

TiO2 and (b) Ni0.10:La0.05:TiO2. 

4.3.3.2. Effect of irradiation Time on photodegradation 

The effect of irradiation time on the photodegradation of Methyl Green has been 

studied in presence of Ni0.10:La0.05:TiO2. The photodegradation of Methyl Green was 

increased with increase irradiation time. The photodegradation was found maximum in 50 

min irradiation of visible light. Figure 4.12 shows the effect of irradiation time on 

photocatalytic degradation of Methyl Green. This is because of the interaction of dye 
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molecule with the surface of photocatalyst. The time of irradiation increase, the 

interaction of methyl green dye molecule increased with the surface of photocatalyst. 

Therefore the photodegradation efficiency of photocatalyst was increased [34-36, 58]. 
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Fig.4.12. Effect of irradiation time on photocatalytic degradation of Methyl Green with 

Ni0.10:La0.05:TiO2. 

4.3.3.3. Effect of pH of solution 

The photodegradation reaction was also carried out under varying pH from 4 to 9, 

by adjusting with H2SO4 and NaOH, with photocatalyst kept at constant amounts of 800 

mg/L in the dye solutions (Figure 4.13). The maximum photodegradation of Methyl 

Green dye was found 17% and 88% in presence of TiO2 and Ni0.10:La0.05:TiO2 at neutral 

medium or 7 pH of solution. The reaction of photodegradation was found low rates at 

acidic and basic ranges of pH. While at pH 7 or neutral medium, the photodegradation 

was found maximum. This implies that neutral conditions are favourable towards the 

formation of the reactive intermediates that is hydroxyl radicals is significantly enhanced, 

which further help in enhancing the reaction rate. There is another region that the Methyl 

Green is the dicationic dye which has 2+ charges. The surface of photocatalyst has 

slightly negative which can interact to positive dye molecule easily in the solution. On the 
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other hand in highly acidic medium conditions for the formation of reactive intermediates 

is relatively less favourable and hence less spontaneous [40-42, 58]. 
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Fig.4.13. Effect of pH on photodegradation of Methyl Green with (a) TiO2 and (b) 

Ni0.10:La0.05:TiO2. 
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Fig.14. Effect of amount of photocatalyst on photocatalytic degradation of Methyl Green 

with (a) TiO2 and (b) Ni0.10:La0.05:TiO2. 
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4.3.3.4. Effect of photocatalyst amount 

The effect of photocatalyst amount has been studied by applying the different 

amount (100 ppm to 1600 ppm) of the photocatalyst. The photodegradation rate was 

found to increase by increasing the amount of photocatalyst but still a limited amount of 

photocatalyst, after certain amount of photocatalyst, the photodegradation is decreasing. 

The maximum photodegradation was found 99.2 and 21 % at 800mg/L amount of 

photocatalyst in presence of Ni0.10:La0.05:TiO2 nanocomposite and TiO2 respectively. It is 

clear from the results shown in Figure 4.14, the photodegradation increased rapidly with 

increase of amount from 100 mg/L to 800mg/L of Ni0.10:La0.05:TiO2. We were found that 

when increase the amount of photocatalyst from 800mg/L to 1600mg/L, the 

photodegradation of dye rapidly decreased. This is due to the photocatalyst and dye 

molecule is properly interacting to each other till the 800mg/L amount of photocatalyst. 

After 800mg/L amount of photocatalyst, the turbidity increased in the solution due to 

photocatalyst molecules. The light (photon) is not striking on the surface of molecule. 

Therefore, the interaction between dye molecule and photocatalyst is decreased in some 

amount. The introduction of Ni2+ and La3+ ions in TiO2, the surface area of photocatalyst 

was increased which increased the photocatalytic activity of Titania [43, 59].  

4.3.3.5. Effect of photocatalyst  

It is clear from the results shown in Fig.4.11-4.14 that Ni0.10:La0.05:TiO2 is 

effective photo-catalyst for the degradation of Methyl Green (MG) dye than pure TiO2. 

However Ni0.10:La0.05:TiO2 seems to be more effective as photocatalyst for the 

degradation of Methyl Green (MG). The prominent degradation of Methyl Green was 

found in 50 min study in the presence of Ni0.10:La0.05:TiO2 in comparison to the prepared 

TiO2 [42, 59]. 

4.3.4. Lowering of electron-hole recombination 

Photoluminescence spectra have been used to examine the mobility of the charge 

carriers to the surface as well as the recombination process involved by the electron-hole 
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pairs in semiconductor particles. PL emission results from the radiative recombination of 

excited electrons and holes. In other words, it is a critical necessity of a good 

photocatalyst to have minimum electron-hole recombination. To study the recombination 

of charge carriers, PL studies of synthesized materials have been undertaken. PL emission 

intensity is directly related to recombination of excited electrons and holes. Fig. 4.15 

shows the photoluminescence spectra of synthesized photocatalysts. In the PL spectra the 

intensity of TiO2 is higher than Ni0.10:La0.05:TiO2 indicating rate of recombination of e-- h+ 

is higher in TiO2 than that of Ni0.10:La0.05:TiO2 .The weak PL intensity of Ni0.10:La0.05:TiO2 

may arise due to the impregnation of Ni in Titania lattice, which for sub band level in 

band gap region of TiO2. This delays the electrons- holes recombination process and 

hence utilized in the redox, reaction leading to improved photocatalytic activity [60].  

As hydroxyl radical performs the key role for the decomposition of the organic pollutants, 

it is necessary to investigate the amount of hydroxyl radicals produced by each 

photocatalyst. In this study terephthalic acid (TA) has been used as a probe reagent to 

evaluate ●OH radical present in the photoreaction pathway. Fig. 4.16 shows the PL spectra 

of TiO2 and Ni0.10:La0.05:TiO2 recorded Methyl Green solution in presence of 10-3M 

Terephthalic solution. OH radical attack Terephthalic Acid, forming 2- hydroxyl 

terephthalic acid (TAOH) which gives a fluorescence signal at 426 nm. The fluorescent 

intensity is linearly related to the number of hydroxyl radicals formed by the 

photocatalysts. Higher the generation of hydroxyl radical, more will be yield of TAOH 

and hence more intense will be the fluorescence peak. The spectra show that the intensity 

of peak indicating in presence of Ni0.10:La0.05:TiO2 higher generation of more number of 

hydroxyl radicals compared to TiO2 [61]. 
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Fig.4.15. Photolumiscence Spectra of (a) TiO2 and (b) Ni0.10:La0.05:TiO2  
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Fig.4.16. PL spectra of (a) TiO2 and (b) Ni0.10:La0.05:TiO2 photocatalyst with terephthalic 

acid (0.001M) in visible light   

4.3.5. Kinetic study 

The data plotted in Fig. 4.17 were used for the calculation of the apparent kinetic 

constants for different reaction conditions. The rate of degradation of organic compounds 
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in wastewaters can be described by a pseudo-first order Langmuir–Hinshelwood kinetic 

model [62-63]:  

                            � � � ��
�� �

��	��
����                                                                            (6) 

where r stands for the rate of degradation, K represents the equilibrium constant for the 

adsorption of MG on the catalyst surface, and kr denotes the kinetic constant for the 

degradation reaction at maximum surface coverage. On integrating Eq. (6), we obtain the 

irradiation time, t, for attaining a concentration Ct of the MG:  

                                � � � �
���
� �� ������  

��!	��
��
	                                                         (7) 

where Co represents the initial concentration of MG. Therefore at low Co, the second term 

in Eq. (7) becomes insignificant and hence can be neglected: 

                                    �� ������ � ���� � �"##�                                                       (8) 

With kapp as the apparent rate constant for the photocatalytic degradation reaction. 

The almost perfect linearity of the ln(Co/Ct) versus t plots for various initial MG 

concentrations, Fig. 4.17, proves the applicability of the Langmuir–Hinshelwood equation 

for the photocatalytic degradation of MG [64]. The apparent rate constant, kapp, decreases 

as the initial concentration of MG increases. At too high MG concentrations, a greater 

amount of dye molecules adsorb on the catalyst surface blocking the photocatalytically 

active sites on the catalyst, thus reducing the absorption of photons, their interaction with 

the active sites and therefore inhibiting the photocatalytic degradation process. In 

addition, increasing MG concentration leads to a larger fraction of the UV irradiation that 

is absorbed by the dye molecules in the water solution, instead of being absorbed by the 

catalytically active sites [64-66]. The effect of Temperature on rate constant has been 

studied. The rate constant was found 0.0050 and 0.0062 min-1in presence of Titania at 30 

oC and 40 oC temperature of reaction. The rate constant is slightly increased with increase 

of temperature. The rate constant was found 0.0072 and 0.0102 min-1 in presence of 

Ni0.10:La0.05:TiO2 nanocomposite at 30 oC and 40 oC temperature of reaction. The rate 
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constant of the photocatalysis is increasing with increase of temperature. This is due to the 

rate of reaction increased with increasing the temperature. The kinetic energy of dye 

molecule is increase with increase of temperature, which causes the interaction of dye 

molecule with photocatalyst. Hence the rate of reaction and rate constant are increased 

with increasing the temperature of reaction. 
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Fig.4.17.The straight line relationship between the ln (Co/ Ct) and irradiation time 

indicates photodegradation rate of Methyl Green (50 ppm) can be approximated by a 

pseudo first order reaction (a) TiO2 at 30oC (b) TiO2 at 40oC (c) Ni0.10:La0.05:TiO2  at 30oC 

(d) Ni0.10:La0.05:TiO2  at 40oC. 

Conclusion 

Prepared nanocomposites of Ni0.10:La0.05:TiO2 were characterized by X-Ray 

Diffractometer, SEM, TEM, UV- Vis, FT-IR, Band gap energy and BET. The TiO2 and 

Ni0.10:La0.05:TiO2 were used as photocatalyst for the degradation of Methyl Green. The 

particle size was estimated by the Scherrer’s   and found 76 and 34 nm for TiO2 and 

Ni0.10:La0.05:TiO2 respectively. The XRD pattern confirmed the presence of anatase and 

rutile phase in the catalyst. The particle morphology of the photocatalysts was found in 
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nanodiamension. The surface area of TiO2 and Ni0.10:La0.05:TiO2 were found 34.72 and 

96.58 m2/g. The band gap energy of TiO2 and Ni0.10:La0.05:TiO2 were 3.2 and 3.0 eV. The 

photocatalytic degradation behaviour of photocatalysts was investigated by considering 

different parameters such as effect of concentration, effect of amount of photocatalyst, 

effect of pH, effect of temperature, adsorption, and kinetics. The photodegradation of 

Methyl Green has been found 90-98 % at 7 pH, 25 ppm concentration of dye, 800 mg/L 

amount of photocatalyst and 50 min illumination of visible light in presence of 

Ni0.10:La0.05:TiO2 while 10-18 % in presence of neat TiO2. The photodegradation was 

following the first order kinetics. 
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CHAPTER-5 

Photocatalytic degradation of Rose Bengal and Thymol Blue 

dye under visible light by TiO2/PAni/GO nanocomposites 

 

 

 

 

 

 

 

 

 

 

 

 

Nanocomposites of TiO2, TiO2/PAni and TiO2/PAni/GO were prepared by in 

situ oxidation polymerization method. The prepared TiO2, TiO2/PAni and 

TiO2/PAni/GO Nanocomposites were characterized by the XRD, SEM, TEM, 

BET, UV-Vis, FTIR, Band gap energy and Photolumiscence. The XRD 

confirmed the presence of Anatase and rutile phase in the prepared 

photocatalysts. The average particle size was found 68, 15 and 12 nm for TiO2, 

TiO2/PAni and TiO2/PAni/GO respectively. The SEM and TEM images also 

confirmed the formation of nanocomposites in the range of ~ 100 nm. The 

surface area 37.52, 76.68 and 96.24 m
2
/g were observed for TiO2, TiO2/PAni 

and TiO2/PAni/GO Nanocomposites respectively. The Band gap energy of TiO2, 

TiO2/PAni and TiO2/PAni/GO were calculated by talc plot and obtained 3.0, 

2.86 and 1.76 eV respectively. The Photocatalytic degradation of Rose Bengal 

dye was done at different condition viz concentration of dye, time of 

illumination, pH and dose of photocatalyst.  The maximum photodegradation 

were found at neutral pH, 6.25 ppm concentration of dye solution, 800 mg/L 

amount of photocatalyst and 120 min irradiation of visible light. The 

Photocatalytic degradation of Thymol blue dye was done at the different 

conditions viz concentration of dye, time of illumination, pH, and the dose of 

the photocatalyst.  The photodegradation of Thymol blue was found 98-99%, 

72-93% and 12-17% presence of TiO2/PAni/GO, TiO2/PAni and 

TiO2 respectively. Kinetics of photodegradation was investigated for Rose 

Bengal and Thymol blue dye and found first order kinetics The coating of PAni 

and GO were enhanced the photocatalytic activity of Titania. Hence TiO2/PAni 

and TiO2/PAni/GO are the efficient photocatalyst for the degradation of Rose 

Bengal B dye than pure TiO2. 
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5.1. Introduction 

The major source of environmental pollution is the wastewater effluent of 

textile industries. The textile industries are using the very large amount of chemically 

stable dyes which causing water pollution. Several investigations reported that about 

12% of dyes used in textile industries in each year. During the manufacturing and 

processing, 20% dyes are lost in environment such as Rose Bengal, Caramine, 

Rhodamine, Indigo Red, Thymol blue, Red 120, Eriochrome Black-T (EBT), 

Methylene Blue [2, 3]. Textile industries effluents contain coloured pigments which is 

causing carcinogenic effect on human being and also causing serious impact on aquatic 

life.  There are lots of dyes used in the textile industries. The xanthene dyes are mostly 

used in textile industries. Xanthene dyes can be characterized by presence of xanthenes 

nucleus with aromatic groups as chromophore [4, 5]. Rose Bengal is a significant 

xanthene dye and widely used in textile and photochemical industries whose molecular 

structure as shown in Figure 1. Rose Bengal shows the severe toxic effects on the 

human health and also affects the corneal epithelium [6]. It is very hazardous for human 

being because it causes the irritation, itchiness, blistering and reddening. It is also 

affects on human eyes like eye redness, inflammation, itching etc. [8]. There are 

several, physical and chemical methods have been studied to remove the organic dyes 

such as Rose Bengal, Methylene blue etc. from the wastewater. Physical techniques like 

photo degradation, coagulation, flocculation, reverse osmosis, adsorption on the 

activated carbon, ion exchange method and ultra-filtration, have been used to reduce 

the toxic effects of dye effluents. Furthermore, various chemical methods like 

photosensitized oxidation, adsorption, photofenton’s reactions are also employed for 

removal of dyes. These techniques are not effective to remove the trace amount of dye 

from the waste water. Therefore we need green technology through which we can 

remove the dyes from the waste water. The photocatalytic degradation is the very 

advance oxidation process to remove the dye without any side product formation.  

Titanium dioxide (TiO2) is the mostly used photocatalyst due to its non-toxicity, 

high activity, photo stability, chemical stability, biological inertness, the good 

absorption, desorption rate of reactants and low cost [4]. TiO2 photocatalyst has been 

applied to self-cleaning glasses, antibacterial tiles etc. as it has strong oxidizing power 
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to decompose most organic compounds to CO2 [5]. Organic compounds such as 

halogeno-aliphatic hydrocarbons, halogeno aromatic hydrocarbons, organic acids, 

colouring matters, nitro aromatic hydrocarbons, substituted anilines, multi-ring 

aromatic hydrocarbons, hydroxybenzenes, surface active agents, and pesticides can be 

changed into non-toxic, decoloured inorganic compounds and ultimately eliminated as 

pollutants [6].  

It is very interesting fact that TiO2 absorbs only 5% UV portion of the solar 

light spectrum. There are two issues namely, limitation of light absorption by TiO2 in 

the UV portion of the solar light spectrum and recombination of electron (e-) - hole 

(h+) pairs. Several researches have been done to synthesized modified nanocomposites 

for the utilization of solar light [9]. Consequently, hundreds of TiO2 variants and other 

oxide/non-oxides have been developed and tested in propose to conquer the 

recombination process [10]. It is believed that availability of visible light absorbing 

photocatalysts would largely solve the technological problems photo reactor 

considerations. Moreover, harnessing sunlight can be considered as a  More recently, 

some groups have used conducting polymers to modify TiO2 to improve visible light 

photoactivity and electron transfer performance; e.g., Polyaniline/TiO2 [11], 

polypyrrole/TiO2 [12] and polythiophene/TiO2 [13]. Many published reports focussed 

on the preparation and photo catalytic studies on nanocomposites consisting of 

polyaniline and TiO2 (PAni/TiO2) [14-17]. Among these, PAni has several 

advantageous features over others because of its good environmental stability, ease of 

synthesis, controllable doping/dedoping chemistry, and reversible electrical properties 

by controlled charge transfer processes [18, 19].  

The incorporation of inorganic nanomaterials into PAni, thereby forming 

nanocomposite materials, appears to be an effective approach for preparing 

photocatalytic materials [20]. Some study reported that by adding graphene to PAni, 

there is an increase in the electric double-layer capacitance as well as charge transfer 

and charge transport [21]. 

In this study, the nanocomposites of TiO2, TiO2/PAni and TiO2/PAni/GO were 

prepared by the co-deposition oxidation method. The prepared materials were 

characterized by the XRD, BET, TEM, SEM, UV-Vis, Band gap energy, 
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Photolumiscence spectra, and FTIR. The prepared materials were used as photocatalyst 

for the photodegradation of Rose Bengal dye in the visible light. The photodegradation 

of Rose Bengal has been done at different chemical parameters i.e. pH of solution, 

concentration of dye, amount of photocatalyst, photocatalyst, time of irradiation and 

recyclability of photocatalyst. The kinetic study of photodegradation has been 

performed and found the order of reaction. 
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Fig.5.1 Molecular structure of Rose Bengal dye 

5.2. Methods and materials 

5.2.1 Synthesis of Titanium dioxide 

TiO2 nanoparticles were prepared using H2O2 solution added to 10 ml of 1 

mol/L ethanol solution of titanium tetra isopropoxide (TTIP). Ethanol was added to the 

brown coloured solution obtained, and the total volume of the solution was adjusted to 

100 ml. The solution was then heated at 120°C for 1hr in a closed vessel. The solution 

was filter and obtained the solid material, further it was washed with double distilled 

water 2 to 3 time and dry in oven at 60 °C for 24 h. The obtained solid was calcined at 

600°C for 3hr to get white titanium oxide powder [22-23]. 

5.2.2 Synthesis of TiO2/PAni nanocomposite 

The synthesis of the TiO2/PAni nanocomposite was done by using aniline, TTIP 

as the TiO2 precursor and Ammonium per sulphate as the oxidizing agent. In a typical 

process, 10 mL of CCl4 and 4.0 mL of TTIP were placed in a beaker to which 1 mL of 

aniline were added. The entire system was stirred constantly on an ice bath. To the 
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above dispersion of aniline, the solution of oxidant (0.5 M APS in 500 mL of 1M HCl) 

was added drop-wise, which simultaneous initiated the polymerization of aniline and 

the synthesis of TiO2. The reaction mixture soon turned into greenish black slurry, 

which was filtered after 2 hours, and washed sequentially with an excess of water and 

acetone to remove the excess APS and PAni oligomers. The synthesized TiO2/Pani 

nanocomposite was then de-doped with a 1M ammonia solution to neutralize the 

remaining acid, which converted the TiO2/PAni nanocomposite to its emeraldine base 

(EB) form. To render it conductive, the EB of TiO2/PAni nanocomposite was doped 

with 100 mL of 1M HCl solution for 12 hours, later filtered and dried in an air oven at 

80 °C for 24 hours. Pure PAni was prepared in a similar manner but in the absence of 

TTIP. [24-25]. 

5.2.3 Synthesis of TiO2/PAni/GO nanocomposite 

The synthesis of the TiO2/PAni nanocomposite was done by using aniline, TTIP 

as the TiO2 precursor and Ammonium per sulphate as the oxidizing agent. In a typical 

process, 10 mL of CCl4, 4.0 mL of TTIP and 60 mg of prepared Graphene oxide were 

placed in a beaker to which 1 mL of aniline were added. The entire system was stirred 

constantly on an ice bath. To the above dispersion of aniline, the solution of oxidant 

(0.5 M APS in 500 mL of 1M HCl) was added drop-wise, which simultaneous initiated 

the polymerization of aniline and the synthesis of TiO2. The reaction mixture soon 

turned into greenish black slurry, which was filtered after 2 hours, and washed 

sequentially with an excess of water and acetone to remove the excess APS and PAni 

oligomers. The synthesized Pani-TiO2 nanocomposite was then de-doped with a 1M 

ammonia solution to neutralize the remaining acid, which converted the TiO2/PAni 

nanocomposite to its emeraldine base (EB) form. To render it conductive, the EB of 

TiO2/PAni nanocomposite was doped with 100 mL of 1M HCl solution for 12 hours, 

later filtered and dried in an air oven at 80 °C for 24 hours.  

5.2.4 Characterizations 

The prepared TiO2, /PAni, TiO2/PAni and TiO2/PAni/GO nanocomposites were 

characterized by x-ray diffraction (XRD) patterns in the range of 2θ = 20–80°. The size 

of TiO2 particles was investigated with transmission electron microscope (TEM). The 
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morphology of TiO2, TiO2/PAni, and TiO2/PAni/GO nanocomposites were investigated 

by scanning electron microscopy. Fourier-transform infrared (FTIR) was used for the 

bonding determination, UV-visible DRS was used for band gap energy determination 

and Photolumiscence was used for the hydroxyl radical mechanism determination and 

e--h+ recombination determination.  

5.2.5 Irradiation procedure  

The dye and photocatalyst suspension were stirred in the dark for 30 min to 

reach adsorption equilibrium with the nanocomposites (TiO2, PAni, TiO2/PAni and 

TiO2/PAni/GO) surface. Irradiation experiments of dyes were carried out on stirred 

aqueous solutions contained in a 100 mL beaker. Degradations were performed on 20 

mL of aqueous solutions containing the desired concentration of Rose Bengal. The 

amount of nanocomposites material varies from 100 mg/L to 800 mg/L. Irradiations 

were carried out using one UV-365 nm, Hanovia lamp (450 W). At any given 

irradiation time interval, the dispersion was sampled (5 mL), centrifuged, and 

subsequently filtered through a Millipore filter to separate the TiO2 particles and take 

UV- Vis spectra to determine the residual concentration [26].  

5.2.6 Determination of Hydroxyl radicals 

To determine whether reactive oxygen species involved in the photocatalytic 

degradation of dyes is hydroxyl radical or not, terephthalic acid photoluminescence 

probing technique was used. In this, alkaline solution of terephthalic acid, having TiO2, 

TiO2/PAni and TiO2/PAni/GO nanocomposites was irradiated with visible light. After 

30 min of irradiation, sample was withdrawn from the reaction mixture and was 

centrifuged to separate photocatalyst particles. The photoluminescence spectrum of 

sample was recorded between 335 and 600 nm at an excitation wavelength of 325 nm 

and variation in intensity of peak at 425 nm was monitored using Perkin Elmer LS 55 

Fluorescence Spectrometer [27].  

5.3. Results and discussion 

5.3.1 Characterisation  
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5.3.1.1 X-Ray Diffraction 

The XRD patterns of TiO2, PAni, TiO2/PAni, TiO2/PAni/GO nanocomposite are 

showing in Fig 5.2. The XRD pattern of TiO2 showing in Fig. 5.2(a) a series of 

characteristic peaks : 2θ = 25.32° (101), 37.86° (103), 48.06° (200), 55.09° (211) and 

62.75° (204) are observed due to the tetragonal anatase phase of TiO2 (JCPDS file No : 

86-1157). Fig.5.2 (b) showing the XRD pattern of PAni, a broad peak corresponding to 

the periodicity parallel to the polymer chain to (200) plane was observed at 19.26° 2θ 

[28]. The peak at 2θ ~25° due to the periodicity perpendicular to the polymer chain and 

other crystal planes at 2θ ~15° was absent, which shows that the as-synthesized PAni is 

highly amorphous in nature. In the XRD pattern of the TiO2/PAni nanocomposites 

(Fig.5.2c) the usual broad peak corresponding to the periodicity parallel to the polymer 

chain encompassing a slight crystalline small peak at 20° 2θ was not observed. All the 

peaks corresponding to anatase TiO2 were also present. In the XRD pattern of the 

TiO2/PAni/GO nanocomposites (Fig. 5.2d), all the peaks corresponding to anatase TiO2 

were also present suggesting that the state of TiO2 did not change during the 

polymerization process. On the other hand, a slight reduction in the peak intensity and 

red shift was observed for TiO2 peaks in the TiO2/PAni nanocomposite [29]. This might 

be due to the surface coating of PAni on TiO2 during the polymerization process and 

the interactions between the TiO2 nanoparticles and the PAni chain [30]. 

 

Fig.5.2 XRD Pattern of (a) TiO2 (b) PAni (c) TiO2/PAni (d) TiO2/PAni/GO 
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5.3.1.2 FTIR 

               FT-IR spectra of TiO2, PAni, TiO2/PAni and TiO2/PAni/GO are shown in 

Figure 5.3. In Figure 5.3(a), five peaks are observed due to O-Ti-O bond stretching 

(3418, 1628, 1502, 1302 and 1231 cm-1) the main characteristic bands of polyaniline 

were seen in Figure 5.3b. The band at 3439 cm-1 is attributable to N-H stretching. Also 

the band at 1663 cm-1 assigned to N-H bend of a primary aromatic amine. The peaks at 

1484 and 1419 cm-1 belong to C-C stretch in ring and N-O asymmetric and 1219 cm-1 

C-O stretching and this confirms the presence of PAni and GO in the TiO2/PAni/GO 

nanocomposite. Because titanium is a transition metal, it has intense tendency to form 

coordination compound with nitrogen atom in PAni Macromolecule. This interaction 

may weaken the bond strengths of N-H, C=C, and C-O in PAni Macromolecule. These 

results confirm to the presence of PAni and GO in nanocomposite [31].   
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Fig.5.3. FTIR Spectra of (a) TiO2 (b) PAni(c) TiO2/PAni (d) TiO2/PAni/GO 

5.3.1.3 Scanning Electron Microscopy (SEM)  

              The morphology of the prepared nanocomposites was investigated by scanning 

electron microscopy and it resumes the most interesting outcomes. Fig.5.4 (a, b, c and 

d) clearly show that all the prepared nanocomposites are obtained in nanodiamension 

which is agglomerate form. The TiO2, PAni, TiO2/PAni and TiO2/PAni/GO are 

indicating that the particle morphology is in spherical shape and disc shape. The TiO2 

molecule is agglomerate with PAni to form chips like structures which are partially 
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spherical and disc shape. The nanocomposites were found to be in nanometer range 

Fig.5.4 showing the TiO2/PAni morphology which is in nanodiamension with little 

change in surface morphology. Fig.5.4 d showing the SEM image of TiO2/PAni/GO 

which is in nanodiamension and the surface morphology of TiO2/PAni/GO has been 

changed slightly, due to the coating of PAni and GO layer on the TiO2 lattice. The 

surface of TiO2/PAni/GO was observed like disk shape and spherical [32, 33]. 

 

Fig.5.4. SEM images of (a) TiO2 (b) PAni (c) TiO2/PAni (d) PAni/TiO2/GO 

5.3.14 TEM analysis 

The TEM images of TiO2, TiO2/PAni, and TiO2/PAni/GO are shown in Fig 5. In the 

TEM of TiO2 hexagonal crystal lattice structure has been observed (Fig.5.5a). Fig.5.5b 

showed the TEM image of pure polyaniline.  In the TEM images, the spiral chain 

structure of PAni has been observed. From the TEM images, we find that PAni-

modified TiO2 does not change the size of TiO2 significantly (Fig.5.5c). The sizes of 

both modified and TiO2 are monodisperse about 10–20 nm. Moreover, the crystal 

lattice line can be clearly found in the TEM images. The aggregations of both kinds of 
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particles are caused by high surface energy; however, the agglomeration of the 

modified one is alleviated obviously compared with that of the neat TiO2 [34, 35]. 

Generally, PAni synthesized by a chemical oxidative method in hydrochloric acid 

solution is the emeraldine salt (ES) form (Fig. 5.5), only which is electrically 

conducting. Anatase TiO2 nanoparticles were deposited by PAni (ES) so as to avoid 

TiO2 particles agglomeration because the positive charges exclude each other. 

 

 

Fig.5.5 TEM images of (a) TiO2 (b) Pure PAni (c) TiO2/PAni (d) TiO2/PAni/GO 
 

5.3.1.5 Brunauer-Emmett-Teller (BET) Surface Area Analysis 

Nitrogen adsorption–desorption isotherms were used to determine the structural 

characteristics and surface area of TiO2, TiO2/PAni, and TiO2/PAni/GO 

nanocomposite. The N2 adsorption desorption isotherms of the TiO2, TiO2/PAni, and 

TiO2/PAni/GO nanocomposite were measured at 77 K, as shown in Figure 5.6. The 

specific surface areas (from BET and Surface area, pore volume and pore radius of the 

TiO2, TiO2/PAni and TiO2/PAni/GO nanocomposite are showing in Table 5.1. The 

surface area was found 37.52, 76.68 and 96.24 m2/g for TiO2, TiO2/PAni, and 



Chapter 5       Photocatalytic degradation of Rose Bengal and Thymol blue dye ….. 

 

 Page 146 

TiO2/PAni/GO respectively. There is an increase in pore volume (Vp) of TiO2, 

TiO2/PAni and TiO2/PAni/GO nanocomposite and pore radius is decreased [36-38].  

 Table5.1. The specific surface area, pore volume and pore radius of the TiO2, 

TiO2/PAni and TiO2/PAni/GO 

 

 

 

 

 

Fig.5.6. BET and Adsorption-desorption plot for TiO2, TiO2/PAni and TiO2/PAni/ GO 

Sample                 Surface area            Pore volume           Pore radius  

                                  (m2/g)                      (cm3/g)                   (nm) 

TiO2                           37. 52                      3.132                      1.84 

TiO2/PAni                 76.68                        6.5124                    1.64 

TiO2/PAni/GO          96.24                        9.5124                    1.21      
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From these results, it may be concluded that the high surface area of the 

TiO2/PAni/GO nanocomposite may favour rapid electron transport and high ion 

diffusion, allowing improved photochemical performance. Moreover, the BET surface 

areas increased remarkably in the TiO2/PAni/GO nanocomposite, which suggests that 

TiO2 is well intercalated in PAni matrix and may also provide direct conduction 

pathway for electrons. The formation of TiO2 with PAni by co-deposition oxidation 

synthesis resulted in the generation of well dispersed TiO2 in PAni Matrix giving one 

TiO2/PAni system with unique set of properties [39].  

5.3.1.6. UV- Vis spectrophotometer 

 The absorption spectrum of TiO2 consists of a single broad intense 

absorption around 263   nm (shown in Fig.5.7) in the region of hypsochromic shift. The 

PAni (Fig.5.7b) showed absorbance in the shorter wavelength region about 225 nm 

while TiO2/PAni results showed a red shift in the absorption onset value and the broad 

peak observed at 287 nm.  
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     Fig.5.7. UV-Vis spectra of TiO2, PAni, TiO2/PAni, TiO2/PAni/GO  

 This due to the coating of PAni layer on the surface of Titania [40]. The 

red shift that is observed at 298 nm in the absorption spectra with the decrease in 

particle size has been reported in TiO2/PAni/GO nano hybrid composite. This is due to 

the coating of PAni and Graphene oxide in the Titania and the Titania completely 

interacted with PAni and GO.  
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5.3.1.7 Determination of Optical Band Gap energy of composites 

The band gap of TiO2, TiO2/PAni, and TiO2/PAni/GO were determined from 
absorption spectra and Tauc relation (Eq. (1))  
                               

           ��� � ���� � �	
��
                                                                    (1) 

The band gap energy of prepared materials was calculated by extrapolation of 

the (αhv)2 versus hv plots, where α is the absorption coefficient and hv is the photon 

energy, hv = (1239/λ) eV. The value of hv extrapolated to α = 0 gives an absorption 

energy, which corresponds to a band gap (Eg) (showing in Fig.5.8).  

 

Fig.5.8. Band gap energy of (a) TiO2 (b) pure Pani (c) TiO2/PAni (d) TiO2/PAni/GO 

The Band gap energy of TiO2, pure polyaniline, TiO2/PAni and TiO2/PAni/GO 

were observed 3.2, 2.98. 2.85 and 1.67 eV [41]. The slight decrease in band gap energy 

in case of TiO2/PAni is due to formation heterostructures. In case of TiO2/PAni/GO the 

band gap energy 1.67 eV was observed due to the coating of PAni and GO on the 

surface of Titania. In the other word, the PAni and GO form a heterostructures on 

surface of Titania [42].  
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5.3.1.8 EDX (Energy Dispersive X-ray Spectrometer) 

 Low energy secondary electrons, backscattered electrons, and X-rays are 

generated by primary electron bombardment. The intensity of backscattered electrons 

can be correlated to the atomic number of the element within the sampling volume. 

Hence, some qualitative elemental information can be obtained. The analysis of 

characteristic X-rays (EDX or EDS analysis) emitted from the sample gives more 

quantitative elemental information. Such X-ray analysis can be confined to analytical 

volumes as small as 1 cubic micron. It is confirmed the presence of Titania, oxygen, 

Nitrogen carbon in the prepared sample. 

 

Fig.5.9 EDX Analysis of materials 

5.3.2 Photodegradation of Rose Bengal dye 

 The photo-catalytic degradation of Rose Bengal in the presence of TiO2, 

TiO2/PAni and TiO2/PAni/GO nanocomposites has been studied.  The solutions of dye 

were prepared in 10:1 (V/V) ratio of water and alcohol. The known amount of 

photocatalyst 100 mg/L to 1600 mg/L was dispersed in the dye solution. The reaction 

mixture was illuminated under visible light, while kept continuously under agitation, 
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for the different time intervals and different concentration. The residual concentration 

of dye in the reaction mixture was measured spectrophotometrically. The results 

obtained for the degradation of Rose Bengal is shown in Fig.5.10-5.15. 

  Photocatalytic degradation efficiencies (η) are obtained by using 

following equation. 

                  ηηηη �	
�������
���

	�	���				                                                                               (2) 

where RB0 is the initial absorbance and RBF is the final sampled absorbance.  

5.3.2.1 Effect of Irradiation time 

The effect of the irradiation time on photodegradation of VB dye has been 

studied in presence of TiO2, TiO2/PAni, and TiO2/PAni/GO nanocomposite. The UV 

spectrum has been taken for TiO2, TiO2/PAni and TiO2/PAni/GO nanocomposite at 

different irradiation time (30, 60, 90, 120 and 180 min) (Fig. 4.10). It is interesting to 

remark that the absorbance decreases with increase of time with photocatalyst. At 120 

minutes the photodegradation efficiency observed was 14, 93 and 97 % for TiO2, 

TiO2/PAni and TiO2/PAni/GO nanocomposite respectively. The Titania was showed 

very low photodegradation efficiency in visible light. This is due to high band gap 

energy (3.2 eV) which is not active in visible light region. Whereas TiO2/PAni and 

TiO2/PAni/GO nanocomposite show very high photodegradation efficiency 93 and 97 

%, this is due to the formation of sub band in Titania. The coating of PAni and GO 

decrease the band gap energy of Titania and Titania becomes active in visible light 

[43]. 

5.3.2.2 Effect of photocatalyst  

The effect of photocatalyst was investigated. It is clear from the results shown 

in Fig.5.11 that TiO2, TiO2/PAni, and TiO2/PAni/GO nanocomposites are proving as an 

effective photo-catalyst for the degradation of Rose Bengal (RB) dye. However, 

TiO2/PAni/GO seems to be more effective as photo-catalyst for the degradation of Rose 

Bengal (RB). The prominent degradation of Rose Bengal was found in 120 min study 

in the presence of TiO2/PAni/GO in comparison to the prepared TiO2 and TiO2/PAni. 

This is due to the coating of polyaniline of Titania surface which provide the electron 
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from the HOMO to LUMO. The electrons of HOMO get excited into LUMO which is 

further jump into the conduction band of Titania [44]. 

 

Fig.5.10 UV-Vis spectrum showing the effect of irradiation time on photodegradation 
with TiO2, TiO2/PAni and TiO2/PAni/GO nanocomposite 
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Fig.5.11. Effect of irradiation time on photo-degradation of RB with (a) TiO2, (b) 

TiO2/PAni and (c) TiO2/PAni/GO nanocomposite 

5.3.2.3 Effect of concentration of dye 

The effect of dye concentration Keeping the catalyst loading concentration 

constant at  800 mg/L of the dye solution, the effect of varying concentration of the dye 

was studied on its rate of degradation (25, 50, 75, 100 and 125 ppm) as given in 

Fig.5.12. The rate of photodegradation was decrease with increasing concentration of 

RB. This is because as the number of dye molecules increase, the amount of light 

(quantum of photons) penetrating into the dye solution to reach the catalyst surface is 

reduced owing to the hindrance in the path of light. Thereby the formation of the 
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reactive hydroxyl and superoxide radicals is also simultaneously reduced. Thus there 

should be an optimum value maintained for the catalyst and the dye concentration, 

wherein maximum efficiency of degradation can be achieved [45, 46]. 
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Fig.5.12. Effect of concentration on photo-degradation of RB with (a) TiO2, (b) 

TiO2/PAni and (c) TiO2/PAni/GO nanocomposite 

5.3.2.4 Effect of pH 

The photodegradation was carried out under varying pH conditions from (3 to 

11), by adjusting with H2SO4 and NaOH, with TiO2 kept at constant amounts of 

photocatalyst of 800 mg/ L and 25 ppm concentration of dye solutions (Fig.5.13). The 

photodegradation was found to have highest rates at neutral ranges of pH. While at 

lower pH it was found to decrease. In the basic condition, the photodegradation rate 

was found slow and very poor degradation. Hence highly acidic and basic condition is 

not favourable for the degradation of VB. This implies that neutral conditions are 

favourable towards the formation of the reactive intermediates that is hydroxyl radicals 

is significantly enhanced, which further help in enhancing the reaction rate. On the 

other hand in basic and acidic conditions, the formation of reactive intermediates is 

relatively less favourable and hence less spontaneous [47-48]. 
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Fig.5.13. Effect of pH of solution on photodegradation of RB with (a) TiO2, (b) 

TiO2/PAni and (c) TiO2/PAni/GO nanocomposite 
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Fig.5.14. Effect of photocatalyst dose on photodegradation of RB with (a) TiO2, (b) 

TiO2/PAni and (c) TiO2/PAni/GO nanocomposite 

5.3.2.5 Effect of photocatalyst amount 

It is clear from the results shown in Fig.5.14 that TiO2, TiO2/PAni, and 

TiO2/PAni/GO nanocomposites are proving as an effective photo-catalyst for the 
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degradation of Rose Bengal dyes. The photodegradation of Rose Bengal was increasing 

with increases the amount of photocatalyst. It is observed that TiO2/PAni/GO is the 

more effective photocatalyst than TiO2 and TiO2/PAni [44]. When the photocatalyst 

amount increases, the number of active site increase for the reaction of dyes. The 

amount of photocatalyst increases two times the rate of photodegradation increase 

about 30% and 60 %, in presence of TiO2, TiO2/PAni, and TiO2/PAni/GO respectively 

[49]. 

5.3.3 Recyclability of Photocatalyst 

The recyclability of photocatalyst has been studied.  The photocatalyst and Rose 

Bengal mixture was agitated, illuminated with visible light and after desired time, the 

mixture was centrifuge to remove the photocatalyst. The obtained photocatalyst washed 

three times with distilled water and finally kept in oven for 24 h at 60 oC temperature 

and further it is reuse for the degradation of Rose Bengal. The photodegradation of 

Rose Bengal by the recyclized Photocatalyst are showing in Fig. 5.15. The result shows 

that the recyclized photocatalyst efficiency is decreasing due to the loss of some active 

sites and decrease of collection efficiency of photon [50, 51].  

 

Fig.5.15. Photodegradation of Rose Bengal by Photocatalyst and recyclable 

Photocatalyst TiO2, TiO2/PAni, TiO2/PAni/GO  

5.3.4 Lowering of electron-hole recombination 

Photoluminescence spectra have been used to examine the mobility of the 

charge carriers to the surface as well as the recombination process involved by the 

electron-hole pairs in semiconductor particles. PL emission results from the radiative 
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recombination of excited electrons and holes. In other words, it is a critical necessity of 

a good photocatalyst to have minimum electron-hole recombination. To study the 

recombination of charge carriers, PL studies of synthesized materials have been 

undertaken. PL emission intensity is directly related to recombination of excited 

electrons and holes. Fig. 5.16 shows the photoluminescence spectra of synthesized 

photocatalysts. It means TiO2 and TiO2/PAni with strong PL intensity has high 

recombination of charge carriers where as TiO2/PAni/GO has weak intensity.  
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Fig.5.16. Photolumiscence Spectra of TiO2, TiO2/PAni and TiO2/PAni/GO 

The weak PL intensity of TiO2/PAni/GO may arise due to the coating of 

polyaniline on Titania lattice. The photo excited electrons were trapped into the 

graphene oxide. This delays the electrons- holes recombination process and hence is 

utilized in the redox reaction leading to improved photocatalytic activity [52, 53]. 

5.3.5 Hydroxyl radical formation 

As hydroxyl radical performs the key role for the decomposition of the organic 

pollutants, it is necessary to investigate the amount of hydroxyl radicals produced by 

each photocatalyst. Thus, there is a technique to establish the formation of hydroxyl 

radicals using terephthalic acid (TA) as a probe molecule. In this method, TA was 

directly attacked by OH radical forming 2- hydroxyl terephthalic acid (TAOH) which 

gives a fluorescence signal at 426 nm. Fig.5.17 depicts the fluorescent signal of all the 

photocatalysts after reacting with TA solution. The fluorescent intensity is linearly 

related to the number of hydroxyl radicals formed by the photocatalysts. It means 
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higher is the generation of hydroxyl radical, yield of TAOH will be more and hence 

more intense will be the fluorescence peak. Thus, TiO2/PAni/GO with highest intensity 

confirms the generation more number of hydroxyl radicals compared to other 

photocatalysts. The fluorescence intensity follows the trend (i,e. TiO2, < TiO2/PAni < 

TiO2/PAni/GO) of photocatalytic performance of all the photocatalyst [54, 55]. 
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Fig.5.17. PL spectra of photocatalyst with terephthalic acid (0.001M) TiO2, TiO2/PAni 

and TiO2/PAni/GO 

5.3.6 Mechanism of photo-oxidation process 

The acceleration of a chemical transformation by the presence of a catalyst with 

light is called photocatalysis. The catalyst may accelerate the photoreaction by 

interaction with the substrate in its ground or excited state and/or with a primary 

photoproduct, depending upon the mechanism of the photoreaction and itself remaining 

unaltered at the end of each catalytic cycle. Heterogeneous photocatalysis is a process 

in which two active phases solid and liquid are present. The solid phase is a catalyst, 

usually a semiconductor. The molecular orbital of semiconductors has a band structure. 

The bands of interest in photocatalysis are the populated valence band (VB) and it’s 

largely vacant conduction band (CB), which is commonly characterized by band gap 

energy (Ebg). The semiconductors may be photo-excited to form electron-donor sites 

(reducing sites) and electron-acceptor sites (oxidising sites), providing great scope for 

redox reaction. When the semiconductor is illuminated with light (hυ) of greater energy 

than that of the band gap, an electron is promoted from the VB to the CB leaving a 
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positive hole in the valence band and an electron in the conduction band as illustrated in 

Fig. 5.18. 

 

Fig.5.18 Mechanism of photodegradation of Rose Bengal in visible light 

If charge separation is maintained, the electron and hole may migrate to the 

catalyst surface where they participate in redox reactions with absorbed species. 

Specially, h+
VB may react with surface-bound H2O or OH- to produce the hydroxyl 

radical and e-
cb is picked up by oxygen to generate superoxide radical anion (O2

- ), as 

indicated in the following equations 3-5; absorption of efficient photons by Titania (hυ 

≥ Ebg = 3.2 eV) 

               TiO2+ hυ → e cb + h+
dye                                                                            (3) 

 Formation of superoxide radical anion 

                   O2 + ecb  →   O2
-                                                                                    (4) 

 Neutralization of OH- group into OH by the hole 

 (H2O ⇔ H+ + OH-)ads + h+
dye → ●OH + H+                                                           (5) 

It has been suggested that the hydroxyl radical (●OH) and superoxide radical anions 

(O2
.- ) are the primary oxidizing species in the photocatalytic oxidation processes [56]. 

These oxidative reactions would results in the degradation of the pollutants as shown in 

the following equations 6-7; Oxidation of the organic pollutants via successive attack 

by OH radicals, 
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                                      R + ●OH → R. + H2O                                                        (6) 

or by direct reaction with holes 

                                  R + h+ 
→ R.+ 

→ degradation products                                   (7) 

For oxidation reactions to occur, the VB must have a higher oxidation potential 

than the material under consideration. The redox potential of the VB and the CB for 

different semiconductors varies between +4.0 and -1.5 volts versus Normal Hydrogen 

Electrode (NHE) respectively. The VB and CB energies of the TiO2 are estimated to be 

+3.1 and -0.1 volts, respectively, which means that its band gap energy is 3.2 eV and 

therefore absorbs in the near UV light (λ<387 nm) [61]. Many organic compounds have 

a potential above that of the TiO2 valence band and therefore can be oxidized. In 

contrast, fewer organic compounds can be reduced since a smaller number of them 

have a potential below that of the TiO2 conduction band. 

Photodegradation of Rose Bengal can be expressed by the following reaction 

mechanism: 

                                     TiO2                                          h
+

VB
   + e-

CB 

                                    h+
VB

   + H2O                        OH●   

                                    RB + OH●                            RB● 

                                    RB●                               CO2 + H2O + NH3 + other product 

The TiO2/PAni nanocomposite absorbs radiation of energy corresponding to its 

band gap and generates electron-hole pair. The electron and hole may recombine non- 

radiatively to release the energy absorbed in the form of heat. The cationic dye RB+ 

combines with two electrons and a proton to give its reduced form (RBH–). This step is 

the rate determining step for the photocatalytic degradation of Rose Bengal. The leuco 

form of the dye ultimately degrades to final products containing CO2 and NH4. 

It is observed that rate constant in the presence of TiO2/PAni nanocomposite 

photocatalyst is larger than that in the presence of pure TiO2 photocatalyst. The electron 

from the conduction band of TiO2 may be transferred to the empty PAni states, making 

the valence band hole of TiO2 stable, thus enhancing the oxidative efficiency of the 

hv 



Chapter 5       Photocatalytic degradation of Rose Bengal and Thymol blue dye ….. 

 

 Page 159 

TiO2 nanoparticles. The same may be the case when an electron is transferred from the 

trapped states of the nanoparticles. On the other hand, PAni may also absorb light and 

then energy transfer is possible to the nanoparticles followed by creation of the valence 

band hole and the conduction band electron adding to the process of creating a strong 

oxidative -reductive state of the oxide nanoparticles. Other way, by attaching PAni 

Particles on the surface of TiO2, it is possible to drive the photogenerated electrons 

farther away from the TiO2, thereby achieving more charge separation in these 

semiconductor particles. As a result, more efficient photocatalyst is obtained. It is 

already reported that coupled semiconductors exhibit enhanced spatial separation of the 

photogenerated electrons and holes as a consequence of charge transfer between the 

two semiconductors [57]. The conduction band of PAni is lower than that of TiO2 so 

that the former can act as a sink for the photogenerated electrons. Since the 

photogenerated holes move in the opposite direction from the electrons, the 

photogenerated holes in PAni are trapped within the TiO2 particles. 

Thus likelihood of charge carrier recombination is reduced and more charge 

carriers will be available for production for free radicals through interfacial charge 

transfer. In all the photodegradation experiments, it is observed that the characteristic 

absorption band of RB dye decreases but no hypsochromatic shift appears, which 

indicates that the photodegradation mechanism is favourable to cleavage of the whole 

conjugated chromophore structure of the RB dye. 

5.3.7 Kinetics of photodegradation  

For the kinetic study of photocatalytic degradation, a control experiment was 

first carried out under two conditions, vis (i) dye + Visible light (no catalyst) (ii) 

catalyst+ dye in dark without any irradiation (Fig.5.19). It can be seen that under dark 

conditions, the amount of dye adsorbed on the surface of photocatalyst becomes 

constant after 20 min, where the adsorption equilibrium is achieved with all the 

nanocomposites [58]. 
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Fig.5.19. % Adsorption under dark condition (a) TiO2 (b) TiO2/PAni (c) TiO2/PAni/GO 

(d) Dye + visible light without photocatalyst 

The Langmuir-Hinshelwood kinetic model [59, 60] is widely used to describe 

the kinetics of photodegradation of many organic compounds. According to this model, 

the degradation rate r of the dye is described as : 

                                                     � � � �����

��
� � ������

� �����
                                      (8) 

Where r is the rate of degradation of RB, k is the rate constant, [RB] is the dye 

concentration, and K is the adsorption coefficient. The implicit solution is given in 

Eq.(9) : 

                                                !" ����
����#

$ �	%���� � ����#�& � ����                 (9) 

This can be solved explicitly for t by using discrete changes in [RB] from the initial 

concentration to a zero reference point. The model presented in Eq. (9) yields an exact 

solution for the degradation of RB. However, when the concentration of RB is very 

small in the ppm range, a pseudo-first-order model can be assumed, ignoring K [RB] in 

the denominator of eq. (9) leads to Eq. (10), 

                                        � � � �����

����
� ������ � �′����                                (10) 

Integration of eq. (9) yields eq. (10) 

                                        ���� � ����'	(��)�                                                       (11) 
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Where k’ is the pseudo rate constant and is in units of time–1.  

Figure 5.20 shows the ln [RBo-RB] vs. time plots for TiO2, TiO2/PAni and 

TiO2/PAni/GO nanocomposite. Samples were dispersed in the same concentration of 

dye solutions. Pseudo-first-order degradation rate constants k’ calculated from the 

slopes of Fig.5.20 [61, 62]. 
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Fig.5.20. kinetics of photodegradation of RB with (a) TiO2 (b) TiO2/PAni (c) 

TiO2/PAni/GO 

5.3.8. Photodegradation of Thymol blue dye 

               The photo-catalytic degradation of Thymol Blue in the presence of TiO2, 

TiO2/PAni, and TiO2/PAni/GO has been studied.  The solution of dye was prepared in 

5:1 (V/V) ratio of water and alcohol. The known amount of photocatalyst was dispersed 

in the dye solution. The reaction mixture was illuminated under visible light, while kept 

continuously under agitation, for the different time intervals. The residual concentration 

of dye in the reaction mixture was measured spectrophotometrically. The results 

obtained for the degradation of Thymol Blue is shown in Fig 5.21. Photocatalytic 

degradation efficiencies (η) are obtained by using following equation [43-44]. 
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							                                                                           (13) 

where TB0 is the initial absorbance and TBF is the final sampled absorbance for a given 

time.  

5.3.8.1. Effect of concentration of dye 

Effect of dye concentration Keeping the catalyst loading concentration constant 

at 800 mg/litre of the dye solution, the effect of varying concentration of the dye was 

studied on its rate of degradation (25, 50,75, 100 and 125 ppm) as given in Fig.5.21. 

The rate of photodegradation was decrease with increasing concentration of TB. This is 

because as the number of dye molecules increase, the amount of light (quantum of 

photons) penetrating into the dye solution to reach the catalyst surface is reduced owing 

to the hindrance in the path of light [45]. 

5.3.8.2. Effect of photocatalyst amount 

The effect of photocatalyst amount is showing in Fig.5.21. The 

photodegradation of Thymol blue was increased with increase the amount of 

photocatalyst. It is observed that TiO2/PAni/GO is the more effective photocatalyst than 

TiO2 and TiO2/PAni. When the photocatalyst amount increases, the number of active 

site increase for the reaction of dyes. The amount of photocatalyst increases two times 

the rate of photodegradation increase about 30% and 60 %, in presence of TiO2, 

TiO2/PAni and TiO2/PAni/GO respectively [46]. 

5.3.8.3. Effect of Irradiation Time  

The effect of irradiation time of visible light was investigated. TiO2/PAni/GO 

seems to be more effective as photo-catalyst for the degradation of Thymol Blue (TB). 

The prominent degradation of Thymol Blue was found in 180 min (Fig.5.21) study in 

the presence of TiO2/PAni/GO in comparison to the prepared TiO2 and TiO2/PAni. This 

is due to the coating of polyaniline of Titania surface which provide the electron from 

the HOMO to LUMO. The electrons of HOMO get excited into LUMO which is further 

jump into the conduction band of Titania [47]. 
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Fig.5.21. Photodegradation of Thymol blue at various conditions with (a) TiO2 (b) 

TiO2/PAni (c) TiO2/PAni/GO 

5.3.8.4. Effect of pH 

The photodegradation was carried out under varying pH conditions from (3 to 

11), by adjusting with H2SO4 and NaOH, with TiO2, kept at constant amounts of 

photocatalyst of 800 mg/L and 25 ppm concentration of dye solutions (Fig. 5.21). The 

photodegradation was found highest rates at neutral ranges of pH. While at lower pH it 

was found to decrease. In the basic condition, the photodegradation rate was found slow 

and very poor degradation. Hence highly acidic and basic condition is not favourable 

for the degradation of TB. This implies that neutral conditions are favourable towards 

the formation of the reactive intermediates that is hydroxyl radicals is significantly 

enhanced, which further help in enhancing the reaction rate. On the other hand in basic 
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and acidic conditions, the formation of reactive intermediates is relatively less 

favourable and hence less spontaneous [48-49]. 

5.3.8.5. Recyclability of Photocatalyst 

The photocatalyst recyclability has been studied.  The photocatalyst and Thymol 

blue mixture was agitated, illuminated with visible light and after desired time, the 

mixture was centrifuge to remove the photocatalyst. The removed photocatalyst washed 

three times with distilled water and finally kept in the oven for 24 h at 60 oC 

temperature and further it is reuse for the degradation of Thymol Blue. The 

photodegradation of Thymol blue by the recyclized Photocatalyst showed in Fig. 5.22. 

The result shows that the recyclized photo-catalyst efficiency is decreased [51]. The 

decrease in the efficiency of dye removal for the recyclized catalyst can be attributed to 

the reduction in the active sites on the surface of the catalyst after one use as well as 

sticking species that may remain adsorbed on the pores of the catalyst. These 

observations can lead to reduce the ability of adsorption and consequently reduce its 

catalytic activity. 

 

Fig.5.22. Recyclability of Photocatalyst for the degradation of Thymol Blue. 

Table 5.2 showing the comparative data of different catalyst used for the degradation of 

dyes. 
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Nanomaterials time Name of Dye % Degradation of Dye References 

Titania  RB 20 38 
Polyaniline 3 RB 18 39  

Graphene Oxide 1h MO 10 40 
TiO2/PAni 3 MG 94.4 41  

TiO2/PAni/GO 3h TB 96 42 
ZnO/PAni  4h MB 99 43 

PAni/G 3 RB 56 39  
 

5.3.9. Kinetic study of Photocatalytic degradation of Thymol Blue 

For kinetic study of photocatalytic degradation, a control experiment was first 

carried out under two conditions, vis (i) dye + Visible light (no catalyst) (ii) catalyst+ 

dye in dark without any irradiation (Fig. 5.23). It can be seen that in under dark 

conditions, the amount of catalyst adsorbed becomes constant after 20 min, where 

adsorption equilibrium is achieved. For the kinetic study of bleaching of Victoria Blue 

and Rose Bengal, the initial concentration of the dyes was varied and the experiments 

were first conducted in dark for 20 min and then immediately followed by irradiation 

(Fig. 5.23). The amount of catalyst was kept constant (0.2 g) throughout the 

experiment. Applying the Langmuir Hinshelwood model for determining the oxidation 

rate of the photocatalysis of dye: 

        �+�(	%�& � � �,

��
� �- � - � ��.,

� �.,
                                                                (14) 

Where k is the rate constant (mg/L min-1), C is the concentration of dye, KA is the 

adsorption constant of the dye (L/mg), and t is the illumination time (min). 

During the course of reaction, the initial pH, amount of catalyst, and 

photointensity were kept same. In addition to it, the formation of intermediates may 

interfere in the rate determination; hence the calculation was done at the begining of 

irradiation. The rate expression can be written as: 

																															/' �
0123'
� 123'

                                                                                    (15) 

Where ro is the initial rate of degradation of Thymol Blue and Co is the initial 

concentration (almost equal to Ceq). When the initial concentration Cinitial is very small, 

Co will also be small and Eq. (15) can be simplified as an first-order equation [56-61]: 
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Where kf, Photo= k kA   The value of kf, photo can be determined from the plot of ln Ct/ Co 

vs. t (Fig.5.24). 
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Fig.5.23. % Adsorption of Thymol Blue dye under dark condition in presence of (a) 

TiO2, (b) TiO2/PAni and (c) TiO2/PAni/GO 

The slope of the straight line obtained will be the value of first order rate 

constant [61]. The Value of apparent rate constant were determine at definite 

concentrations of dye solution for photocatalysis reaction in presence of TiO2, 

TiO2/PAni and TiO2/PAni/GO showing in Fig.5.24.  

The rate constant values for the photocatalytic degradation of Thymol Blue 

follow the first order kinetic for the both photocatalyst. This is confirmed that 

photocatalytic degradation of Thymol Blue follows first order kinetic in presence of 

TiO2, TiO2/PAni, and TiO2/PAni/GO. 
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Fig.5.24. Linear first order reaction of Langmuir Hinshelwood kinetics of Thymol Blue 

dye vs. time (a) TiO2 (b) TiO2/PAni (c) TiO2/PAni/GO 

Conclusion 

  In this work, nanocomposites materials were prepared by the in situ co-

deposition oxidative method. Different techniques were used for the characterisation of 

the TiO2, TiO2/PAni and TiO2/PAni/GO nanocomposite such as XRD, BET, SEM, 

TEM, FTIR, Photolumiscence, band gap energy and UV spectrophotometer. The XRD 

confirmed the presence of anatase and rutile phase were observed in the prepared 

materials nanocomposites. The SEM study confirms that spherical morphology of the 

nanocomposite. The TEM analysis confirms that the size of nanocomposite. The FTIR 

characterisation confirms that the TiO2/PAni/GO molecules are well combined with 

polyaniline and graphene oxide structure. EDEX confirms about the elements which are 

present in the prepared sample by x-ray emission spectrum. The surface area 37.52, 

76.68 and 96.24 m2/g were observed for TiO2, TiO2/PAni and TiO2/PAni/GO 

Nanocomposites respectively. The Band gap energy of TiO2, TiO2/PAni, and 

TiO2/PAni/GO were calculated by talc plot and obtained 3.0, 2.86 and 1.76 eV 

respectively. The Photocatalytic degradation of Rose Bengal dye was done at different 

condition viz concentration of dye, time of illumination, pH, and dose of photocatalyst.  

The maximum photodegradation were found at neutral pH, 6.25 ppm concentration of 

dye solution, 800 mg/L amount of photocatalyst and 120 min irradiation of visible light. 
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Kinetics study was investigated for the photodegradation of Rose Bengal dye and found 

first order kinetics. The maximum photodegradation of Thymol blue was found in 

TiO2/PAni/GO at 25 ppm concentration of dye, 1600 mg/L amount of photocatalyst, 

pH 7 and 120 min irradiation of visible light. Hence, the photocatalytic activity of 

Titania has been increased by the coating of PAni and Graphene oxide. The coating of 

PAni and GO were enhanced the photocatalytic activity of Titania. Hence TiO2/PAni 

and TiO2/PAni/GO is the efficient photocatalyst for the degradation of Rose Bengal dye 

than pure TiO2. 
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CHAPTER-6 

Photocatalytic degradation of Victoria Blue and Rose Bengal 

dye in visible light by prepared TiO2/PPy/GO nanocomposite 

 

 

 

 

 

 

 

 

 

 

 

 

The present research work describes a proficient method for synthesis of 

TiO2/PPy and TiO2/PPy/GO nanocomposites. These nanocomposites 

were prepared by one-step in situ deposition oxidative polymerization of 

pyrrole hydrochloride using Ammonium per sulphate (APS) as an 

oxidant in the presence of ultra fine grade powder of TiO2 nanoparticles 

cooled in an ice bath. The obtained nanocomposites were characterized 

by XRD, TEM, SEM, UV-Vis, FTIR, techniques. The obtained results 

showed that TiO2 nanoparticles have been encapsulated by PPy with a 

strong effect on the morphology of TiO2/PPy and TiO2/PPy/GO 

nanocomposites. The Photocatalytic degradation of Rose Bengal and 

Victoria blue dye was done at different condition viz concentration of 

dye, time of illumination, pH and dose of photocatalyst.  The maximum 

photodegradation were found at 7 pH, 20 ppm concentration of Victoria 

blue and 25 ppm of rose bengal dye solution, 800 mg/L for VB and 1600 

mg/L for RB amount of photocatalyst and 120 min irradiation of visible 

light. Kinetics of photodegradation was investigated for Victoria blue and 

Rose Bengal dye and found first order kinetics. The coating of PPy and 

GO were enhanced the photocatalytic activity of Titania. Hence 

TiO2/PPy and TiO2/PPy/GO are the efficient photocatalyst for the 

degradation of Rose Bengal and Victoria Blue dye than pure TiO2. 

 



Chapter 6              Photocatalytic degradation of Victoria Blue and Rose Bengal dye…… 

 

 Page 172 

6.1. Introduction 

The waste water released from textile and other colouring industries, containing the 

various dyes have been badly affecting aquatic life and living organism due to their 

carcinogenic behaviour.  Lots of investigations reported that 10-12 % of dyes, such as Rose 

Bengal, Victoria blue, Thymol blue, Caramine, Indigo Red, Red 120, Rhodamine B, 

Methylene Blue, Eriochrome Black-T (EBT) etc.,  have been used every year in textile 

industries, [1-4]. The major portion (~20%) of these dyes is lost during synthesis and 

processing operations, which enter into water bodies through effluents, causing water 

polluted. Rose Bengal (Figure 6.1 a) is a significant xanthene dye used in textile and 

photochemical industries. It has severe toxic effects on the human health [5-7] and become 

dangerous in contact with skin, causing itchiness, irritation, reddening and blistering. It also 

affects to eyes causing inflammation, eye redness, itching etc. [8]. Victoria blue is another 

triphenylmethane derivatized dye which is extensively used in the textile industry. It has been 

extensively used as textile dyes for silk, wool, and cotton, in the preparation of inks, in the 

surface-coating and dyeing of paper [9-11], as colorants in foods, drugs, cosmetics [12], as 

biological stains, and as anti-infective, antimicrobial and antihelmintic agents [13]. The 

photocytotoxicity of triphenylmethane dyes is based on the production of the reactive oxygen 

species and tested extensively with the regard to its photodynamic treatment [14]. 

In the past several techniques, like coagulation, flocculation, reverse osmosis, 

adsorption, ion exchange method ultra-filtration and photosensitized oxidation have been 

used to reduce the toxic dye effluents from wastewater [15-18]. Though methods are fairly 

effective in removing pollutants, however, the main drawback of these techniques is the 

formation of the secondary waste product which cannot be treated again and dumped as such 

[19]. In the recent years, photocatalytic degradation has emerged as an effective technique for 

complete mineralization of waste water. Titanium dioxide (TiO2) nanoparticles (NPs) are an 

excellent photocatalyst because of its low cost, simple preparation, good stability, non-

toxicity and better photodegradation ability [20]. It has successfully been used in solar cells 

[21] photocatalysis [22] and photocatalytic hydrogen production [23]. The bare 

TiO2 nanoparticles have the wide band gap, thus has low sunlight energy conversion 

efficiency and high rate of (e--h+) electron-hole recombination capability. Therefore, 

improvement of the photocatalytic properties of TiO2 is essential. In order to enhance the 
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photocatalytic properties of TiO2, number of manipulations, such as metal or non-metal 

doping [24], compositing with other semiconductors [25], compositing with conductive 

materials such as graphene [26] or carbon nanotubes [27], sensitization with organic dyes and 

conductive polymers, such as polyaniline [28], polythiophene [29], and polypyrrole (PPy) 

have been tested in the past [30]. Among these routes, the coating of conductive polymers is 

one of the most effective methods for the generation of good photocatalytic activity [31]. The 

coating of conductive polymers can reduce the recombination rate of electron-hole (e--h+) 

simultaneously act as sensitizer making effective large band gap semiconductor like 

TiO2 [32-33]. 

Among the various conductive polymers, PPy is one of the most promising coating 

agents, owing to its good conductivity, high absorption coefficient in the visible part of 

sunlight, high charge carrier mobility, and good environmental stability [34]. Therefore PPy 

is suitable conducting polymer and stable photosensitizer to improve the photocatalytic 

activity of TiO2 in solar light. In the past TiO2/PPy nanocomposite has been successively 

used in solar cells and for the photocatalytic degradation of organic species; however, its use 

in photocatalytic degradation of organic dyes is rarely reported.  

There are many methods of preparing TiO2/PPy nanocomposite, for example, anodic 

co-deposition [35], self-assembly techniques [36], photoelectrochemical polymerization [37], 

and hydrothermal methods [38]. However, in-situ chemical polymerization is a promise 

method for preparation of TiO2/PPy owing to its simplicity, good reproducibility, and easy 

scale up.  

N(CH3)2
+N(H3C)2

NH(C2H5)

Cl
-

   

O

O

O

I

II

OHHO

Cl

Cl
Cl

I

Cl

 

                                (a)                                                                         (b) 

Fig.6.1. Molecular Structure of dyes (a) Victoria Blue (b) Rose Bengal 
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In the present study, TiO2, TiO2/PPy and TiO2/PPy/GO nanocomposites have been 

prepared by one-step in situ polymerization of pyrrole in the reaction medium. The 

photocatalytic degradation of Victoria Blue and Rose Bengal have been studied in the 

presence of TiO2, TiO2/PPy and TiO2/PPy/GO nanocomposites at the different parameters i.e. 

concentration of dye, the dose of the photocatalyst,  pH of the reaction mixture and 

irradiation time. The kinetics for the photodegradation process has also been investigated in 

this work.  

Table.6.1. Showing the structure and properties of dyes      

Dye Victoria Blue Rose Bengal 

 

 

Structure 

 

N(CH3)2
+N(H3C)2

NH(C2H5)

Cl
-

 

 

O

O

O

I

II

OHHO

Cl

Cl
Cl

I

Cl

 

Molar mass : [C33H40N3]Cl. 

507.5 g/mol 

C20H4Cl4I4O5 

973.67 g/mol 

λmax 614 nm 547 nm 

 

6.2. Experimental 

6.2.1 Materials 

Pyrrole monomer, having molar mass of 67 g/mol and density of 0.97 g/cm3 (Merck 

India) was triply distilled until a colourless liquid was obtained. The distilled pyrrole was 

stored at lower than 5 °C temperature in the absence of light. All other chemicals were 

analytical grade. 
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6.2.2 Preparation of PPy 

1.727 ml pyrrole was dissolved in 50 ml of de-ionized water and stirred for 15 min 

using a magnetic stirrer. 2.717 ml dilute H2SO4 was added slowly using dropper to the 

pyrrole monomer solution. 2.28 g ammonium per sulphate was dissolved in 50 ml of de-

ionised water and slowly added drop - by - drop from a burette to the above prepared solution 

with constant stirring for half an hour. After stirring for 4 h, the solution was filtered and the 

residue was washed with double distilled water, methanol and acetone, and dried in oven at 

60oC. Subsequently, the product was grinded to get powder of polypyrrole [39].  

 

6.2.3. Preparation of graphene oxide  

Graphene oxide was synthesized from graphite powder using a modified Hummer’s 

method. In brief, first, 0.5 g of powdered flake of graphite and 0.5 g of NaNO3 were added 

into 24 mL of H2SO4 and were stirred until dissolved. Then, 3 g of KMnO4 was added 

slowly, preventing the temperature of the suspension from exceeding 20 °C. After continuous 

stirring, the mixture for 1 h at 35 °C, 40 ml of distilled water was slowly added to dilute the 

mixture and the temperature was raised to 90 °C. To reduce the residual permanganate and 

manganese dioxide to colourless soluble manganese sulphate, 5 ml of 34.5% H2O2 was added 

and the suspension was filtered with distilled water until pH 7.0. The obtained yellow-brown 

suspension was exfoliated to produce single layer graphene oxide using a sonicator, and the 

unexfoliated precipitation was removed by centrifugation. Finally, we obtained a brown 

dispersion of homogeneously exfoliated graphene oxide [40]. 

6.2.4. Preparation of TiO2/PPy nanocomposites 

TiO2 nanoparticles, with an average particle size of 50 nm, were prepared by previous 

reported method [41]. 3.454 ml pyrrole and 5.434 ml dilute H2SO4 were stirred with100 ml 

double distilled water and 1.036 g TiO2 added in the pyrrole reaction medium. 4.56 g 

ammonium per sulphate was dissolved in 100 ml of de-ionized water and slowly added drop 

by drop from a burette to the above prepared solution for half an hour. After stirring for 4 h, 

the solution was filtered and the residue was washed with double distilled water, methanol 

and acetone, dried in an oven at 60 oC and grinded into powder [42].  
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6.2.5 Preparation of TiO2/PPy/GO nanocomposites 

3.454 ml pyrrole and 5.434 ml dilute H2SO4 were stirred with double distilled water. 

1.0362 g TiO2 and 60 mg graphene oxide was added in the pyrrole reaction medium and the 

mass ratio of TiO2: PPy: GO was maintain at 8: 17.5: 1. The amount of 4.56 g ammonium per 

sulphate was dissolved in 100 ml of de-ionized water and slowly added drop by drop using 

burette to the above prepared solution for half an hour. After stirring for 4 h, the solution was 

filtered and the residue was washed with double distilled water, methanol and acetone, dried 

in an oven at 90 oC and grinded into powder form [43].   

6.2.6. Characterizations 

The phase and purity of as-synthesized TiO2, PPy, TiO2/PPy and TiO2/PPy/GO 

materials were determined by X-ray diffraction (XRD) pattern recorded on analytical X’Pert 

Pro X-ray diffractometer in the 2θ range 10 to 80º with the step size of 0.025◦. The particle 

size of TiO2 and morphology of particles was investigated with transmission electron 

microscope (TEM) images observed on JEOL JEM 200 CX equipment. The morphology of 

neat TiO2, PPy, and TiO2/PPy nanocomposites was investigated by scanning electron 

microscopy images recorded on JEOL 6490 LB equipment. Diffused Reflectance 

spectroscopy study was done on Carry 100 spectrophotometer and graphs were used to 

determine band gap energy of prepared nanocomposites. Photoluminescence spectra 

(recorded on Perkin Elmer LS 55 spectrofluorometer) were used to study 

emission behaviour and e--h+ recombination determination of the samples. 

6.2.7. Determination of the point zero charge of powdered Titania Nanocomposites  

The point zero charge (PZC) of the Titania nanocomposites was determined 

employing the solid addition method using 0.1 mol L−1 KCl and 0.002 mol L−1 citrimide 

(C19H42BrN) surfactant solutions. Fifty millilitres of KCl and citrimide solution was taken in 

100 mL stoppered conical flask. The initial pH values of the solutions were roughly adjusted 

to be between 2 and 12 by adding either 0.1 mol L−1 HCl or 0.1 mol L−1NaOH. The initial pH 

of the solution was then accurately recorded. One gram of the prepared Titania based 

nanomaterials was added to each flask. The suspensions were shaken and allowed to 

equilibrate with intermittent shaking. The final pH of the supernatant liquid was recorded. 

The difference between the initial and final pH values (pH = pHi − pHf) were plotted against 
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the initial pH value. The point of intersection of the resulting curve where the change in pH is 

zero gives the value of the PZC [44]. 

6.2.8. Irradiation Procedure 

The solutions of dyes were prepared in 10:1 (V/V) ratio of water and alcohol. The 

known amount of photocatalyst was dispersed in the dye solution (20 ml). The desired 

concentrations of Victoria Blue and Rose Bengal dye (20 mL) were taken in a 100 mL beaker 

and 1 g of each photocatalyst; TiO2, PPy, TiO2/PPy and TiO2/PPy/GO were mixed to dye 

solutions and resulting suspensions were stirred on the magnetic stirrer in dark for 30 min to 

reach adsorption equilibrium. The visible light was irradiation was done by putting xenon 

lamp (1000 W) vertically on the surface of the reaction medium with constant stirring. After 

desired time interval, an aliquot of the solution was isolated, centrifuged, filtered through a 

Millipore filter to separate the photocatalysts and their UV- Vis absorption spectra were 

recorded to determine the residual concentration.  

The % degradation efficiency of the samples was calculated using equation 1 [45-46]. 

                                	ηηηη		%	 � �����
�� ∗ 	

                                                                             (1) 

 Where η is the degradation efficiency, Ao is the initial absorbance and AF is the final 

absorbance 

6.3. Results and Discussion 

6.3.1 XRD patterns of nanocomposites 

XRD patterns of pure TiO2, PPy, TiO2/PPy and the TiO2/PPy/GO synthesized 

nanocomposites are presented in Figure 6.2. In the case of pure TiO2 nanoparticles the main 

diffraction peaks observed at 25, 38, 48, 55.1 and 63.2 ° are respectively (101), (103), (200), 

(211) and (204) planes of TiO2 (JCPDS file No: 86-1157) (Figure 6.2 a). In the XRD pattern 

of GO obtained via the improved Hummers’ method, the (0 0 1) crystal plane of GO was 

observed, with a spacing of 8.33 A˚ which is typical for GO. In the XRD pattern of pure PPy 

(Figure 6.2 b) the observance of a broad peak in the 2θ region 20 to 50° revealed that the as-

synthesized PPy is amorphous in absence of TiO2. Broad peaks in the region 15˚ < 2θ < 30˚ is 

revealing that the resulting polypyrrole powders are amorphous in nature.  
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Fig.6.2. X-Ray diffraction of (a) TiO2 (b) Pure PPy (c) pure graphene oxide (d) TiO2/PPy (e) 

TiO2/PPy/GO 

This agrees well with the structure reported in literature [16]. Such broad peak usually 

indicates short range arrangement of chains. It can be seen from Figure 6.2 c & d that the 

main peaks of TiO2/PPy and TiO2/PPy/GO nanocomposites are similar to those of neat 

TiO2 nanoparticles but broad weak diffraction peak of PPy still exists, however, its intensity 

has been decreased. It implies that when pyrrole is polymerized on TiO2, each phase 

maintains its initial structure [47-48].  
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6.3.2 Determination of Average size of Particles/ Grains in samples 

Utilizing the observed X-ray diffraction data of samples, Scherrer’s calculations were 

attempted to know the average size of Crystal in the samples [49]. Although, Scherrer’s 

calculations are only approximate in nature, but definitely provide a first-hand idea of the 

average size of the Crystal in the samples, which may be quite accurate, provided the size of 

Crystal is below 100 nm.  

                                 B = 
θ

λ

Cost    
9.0

                                                                                        (2) 

The mean size of TiO2, TiO2/PPy, and TiO2/PPy/GO nanocomposites, calculated by 

Scherrer's Equation, are about 19, 24 nm and 30 nm, respectively.  The results of Scherrer’s 

calculations are presented in Table 2. The results suggest average size of the Crystal in the 

samples lying in nm range.  

Table. 6.2. Average size of Crystal in the samples of TiO2 and TiO2, TiO2/PPy, TiO2/PPy/GO 

Sample                                          Particle Size (nm) 

TiO2                                                           19 

TiO2/PPy                                                    24 

TiO2/PPy/GO                                             30 

6.3.3 SEM and TEM analyses 

The morphology and shape of pure TiO2 nanoparticles, neat PPy, TiO2/PPy and 

TiO2/PPy/GO nanocomposites were characterized by SEM instrument and the obtained 

pictures are presented in Figure 6.3. As shown in Figure 6.3 b, TiO2 nanoparticles were 

aggregated due to their high surface energy. In the corresponding TEM image (Figure 6.4 a) 

30±10 nm diameter polygonal prism like structures have been observed. In the SEM image 

(Figure 6.3 a) and TEM image (Figure 6.4 b), cloud like image of pure PPy has been 

observed.   
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Fig.6.3. SEM images of (a) TiO2 (b) pure PPy, (c) pure GO (d) TiO2/PPy (e) TiO2/PPy/GO 

nanocomposites. 

 

Fig.6.4. TEM of (a) TiO2 (b) Pure PPy (c) Graphene Oxide (GO) (d) TiO2/PPy (e) 

TiO2/PPy/GO 

The SEM and TEM images (Figure 6.3 c and Figure 6.4 c) show that the morphology 

of TiO2/PPy composite is similar to pure PPy.  In the SEM image (Figure 6.3 d), aggregates 
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of TiO2/PPy/GO observed, however in the TEM image (Figure 6.4 d), multi facet polygonal 

prismatic structures, with diameter 40±15 nm have been observed. Above data indicate that 

PPy polymerizes in presence of GO.  The SEM images help us draw a conclusion that the 

doping of TiO2 has a no effect on PPy's morphology, however, presence of TiO2 along with 

GO retain the similar structure for TiO2/PPy/GO as observed in case of pure TiO2 [50]. 

6.3.4 Bruner Ernst Teller Surface area analysis  

Nitrogen adsorption–desorption isotherms were used to determine the structural 

characteristics and surface area of TiO2, TiO2/PPy, and TiO2/PPy/GO nanocomposite. The N2 

adsorption desorption isotherms of the TiO2, TiO2/PPy, and TiO2/PPy/GO nanocomposite 

were measured at 77 K, as shown in Figure 6.5. The specific surface areas (from BET and 

Surface area, pore volume and pore radius of the TiO2, TiO2/PPy and TiO2/PPy/GO 

nanocomposite are showing in Table 6.3. The surface area was found 37.52, 76.68 and 96.24 

m2/g for TiO2, TiO2/PPy, and TiO2/PPy/GO respectively. There is an increase in Vp and pore 

radius of the TiO2, TiO2/PPy and TiO2/PPy/GO nanocomposite respectively [51]. From these 

results, it may be concluded that the high surface area of the TiO2/PPy/GO nanocomposite 

may favour rapid electron transport and high ion diffusion, allowing improved photochemical 

performance.  

Table.6.3. The specific surface area, pore volume and pore radius of the TiO2, TiO2/PPy and 

PPy/TiO2/GO. 

Sample              Surface area (m
2
/g)            Pore volume (cm

3
/g)            Pore radius (nm) 

TiO2                            37. 52                                 3.132                                           1.21 

PPy                             19.83                                  2.632                                           1.12 

GO                              14.86                                  2.142                                           1.02 

TiO2/PPy                    76.68                                  6.5124                                          1.64 

TiO2/PPy/GO             96.24                                  9.5124                                          1.84 

Moreover, the BET surface areas increased remarkably in the TiO2/PPy/GO nanocomposite, 

which suggests that TiO2 is well intercalated in PPy matrix and may also provide direct 

conduction pathway for electrons. The formation of TiO2 with PPy by co-deposition 



Chapter 6              Photocatalytic degradation of Victoria Blue and Rose Bengal dye…… 

 

 Page 182 

oxidation synthesis resulted in the generation of well dispersed TiO2 in PPy Matrix giving 

one TiO2/PPy system with unique set of properties [52]. 
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Fig.6.5.BET and Adsorption-desorption plot for TiO2, PPY, GO, TiO2/PPy and TiO2/PPy/GO 

6.3.5 UV-Visible spectra of nanocomposites 

 The prepared nanocomposites aqueous suspensions were used for the UV 

absorption studies. The absorption spectrum of TiO2 consists of a single broad intense 

absorption between 250 to 400 nm due to the charge-transfer from the valence band to the 

conduction band [53]. The TiO2 showed absorbance in the shorter wavelength region while 

PPy, GO, TiO2/PPy and PPy/TiO2/GO result showed slight red shift in the absorption edge. 

The absorption spectrum of TiO2 consists of a single broad intense absorption around 383   

nm (shown in Fig.6.6) in the region of the hypsochromic shift. The TiO2/PPy results showed 

a red shift in the absorption onset value and the broad peak observed at 410 nm. This is due to 

the coating of PPy layer on the surface of Titania [54]. The red shift that is observed at 410 

nm in the absorption spectra with the decrease in particle size has been reported in 

TiO2/PPy/GO nanocomposite. This is due to the coating of PAni and Graphene oxide in the 

Titania and the Titania completely interacted with PPy and GO. 
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Fig.6.6. UV Visible spectra of nanocomposites (a) TiO2 (b) PPy (c) GO (d) TiO2 (e) 

TiO2/PPy/GO 

6.3.6. Determination of optical band gap of nanocomposites 

The UV-Vis spectra of the Titania based nanocomposites have been recorded and data 

were used to determine band gap values. The band gap of materials was determined by the 

Tauc relation (Eq. 3)   

                               αhv=B(hv−Egap)m                                                          (3) 

where α is the absorption coefficient, hν is the photon energy and m = 1/2 for direct band gap 

material shown in Figure 6.7. To describe a direct method for fitting and determination of 

band gap using Tauc relation [53-54], we can re-write the equation (3) as:      

                                      		��
�� �
�/� � � ����

�
�����                                     (4) 

where λ is the wavelength and Abs. the corresponding value of measured absorbance. 

λgap can be easily obtained from curve (Abs./λ)1/
m vs. 1/λ plot at condition (Abs./λ)1/

m = 0. 

The band gap value is obtained from relation Egap = 1239.83/λgap. The band gap of samples 

was calculated by extrapolation of the (αhv)2 versus hv plots, where α is the absorption 

coefficient and hv is the photon energy; hv = (1239/λ) eV. The value of hv extrapolated to α = 
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0 gives an absorption energy, which is correspond to a band gap (Eg). Figure 6.8 yields an Eg 

value of 3.2 eV for TiO2, 2.98 eV for pure PPy, 2.65 eV for TiO2 / PPy and 2.45 eV for 

TiO2/PPy/GO [55]. The band gap values of nanocomposites slightly decrease compared to 

pure TiO2 because the electrons of pure PPy are excited from the HOMO to the LUMO of 

PPy whereas holes were left in the HOMO of PPy. The excited-state electrons can be readily 

injected into the conduction band of TiO2 [56]. 

 

Fig.6.7. Band Gap energy of (a) pure TiO2 (b) pure PPy (c) Graphene oxide (d ) TiO2/PPy (e)  

TiO2/PPy/GO nanocomposites. 
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6.3.7. Determination of PZC of Nanocomposites 

The point zero charge (PZC) of the Titania nanocomposites was determined 

employing the solid addition method. The point zero charge (PZC) was found 6.4, 6.6 and 6.9 

for the TiO2, TiO2/PPy and TiO2/PPy/GO. It is shown in the Fig.6.8. 
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Fig.6.8. Determination of PZC of nanocomposites (a) TiO2 (b) TiO2/PPy (c) TiO2/PPy/Go 

6.3.8. Photodegradation 

6.3.8.1. Effect of pH 

The Photodegradation of dyes are affected by the pH of the solution. The variation of 

solution pH changes the surface charge of TiO2 particles and shifts the potentials of catalytic 

reactions. As a result, the adsorption of dye on the surface is altered thereby causing a change 

in the reaction rate. Titania has point of zero charge (pzc) at 6.9. Under acidic or alkaline 

condition the surface of Titania can be protonated or deprotonated according to the following 

reactions [57]: 

                                                       TiOH + H
+ 
→ TiOH2

+                                                           
(9) 

                                     TiOH + OH 
-
→ TiO

− 
+ H2O                                 (10) 

Thus Titania surface will remain positively charged in acidic medium (pH < 6.9) and 

negatively charged in alkaline medium (pH > 6.9). Titanium dioxide is reported to have 

higher oxidizing activity at lower pH, but excess H+ can decrease reaction rate. TiO2 behaves 

as a strong Lewis acid due to the surface positive charge. In other words, the anionic dye acts 
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as a strong Lewis base and can easily adsorb on the positively charged catalyst surface. This 

favours the adsorption of the dye under acidic conditions, while in the alkaline conditions this 

complexation process is not favoured presumably because of competitive adsorption by 

hydroxyl groups and the dye molecule in addition to the Coulombic repulsion due to the 

negatively charged catalyst with the dye molecule [58]. The extent of dye adsorption depends 

on the initial dye concentration, nature of the dye, surface area of photocatalyst and pH of the 

solution. The pH determines the surface charge of the photocatalyst. Adsorption of the dye is 

minimum when the pH of the solution is at the isoelectric point (point of zero charge [44]. 

The surface of the photocatalyst is positively charged below isoelectric point and carries a 

negative charge above it.  

Bubacz et al [59] observed an increase in the rate of the photocatalytic degradation of 

methylene blue with an increase in pH. According to Ling et al [60], basic pH electrostatic 

interactions between negative TiO- and Methylene blue cation leads to strong adsorption with 

a corresponding high rate of degradation. Ling et al [60] noted that basic pH electrostatic 

interactions between negative TiO- and methylene blue cation leads to strong adsorption with 

a corresponding high rate of degradation. The surface charge properties of TiO2 were also 

found to change with a change of pH value due to the amphoteric behaviour of semi 

conducting TiO2 (Guillard et al [61],  Zielin´ska et al [62], Senthilkumaar et al [63]). Kansal 

et al [64] also found that the degradation of Reactive Black 5 and Reactive Orange 4 dyes 

was favored in acidic medium with TiO2. Tanaka et al. [65] found that positively charged 

TiO2 surface adsorbed more Acid Orange 7 at lower pH value, and more decomposition was 

achieved. The acid black 1 has a sulfuric group in its structure, which is negatively charged. 

So the acidic solution favours adsorption of dye onto photocatalyst surface as TiO2 surface is 

positively charged in acidic solution (Grzechulska and Morawski [66]). 

The photodegradation of cationic dyes (Victoria blue) and anionic dye (Rose Bengal) 

was carried out under varying pH conditions from (2 to 9), by the addition of H2SO4 and 

NaOH, keeping other parameters constant (concentration = 50 ppm, the amount of catalysts = 

800 mg/L and irradiation time = 120 min). The results show that degradation of dye Victoria 

blue is highest in basic medium (at pH = 10) shown in Figure 6.9. Under acidic conditions, it 

was found difficult to adsorb the cationic VB dye onto the TiO2 surface. The active •OH 

radicals, formed in low concentrations, and hence the photodegradation process of VB 
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remained slow. With higher pH values, the formation of active •OH species is favoured, due 

to not only improved transfer of holes to the adsorbed hydroxyls, but also electrostatic 

abstractive effects between the negatively charged TiO2 particles and the operating cationic 

dyes. Although the VB dye can adsorb onto the TiO2 surface to some extent in alkaline 

media, when the pH value is too high (pH 11), the VB dye molecules will change to a leuco-

compound. Our results indicate that the TiO2 surface is negatively charged, and the VB 

adsorbs onto the TiO2 surface through the positive ammonium groups. This is characteristic 

of heterogeneous photocatalysts, and the results are in agreement with the earlier studies [67].  

The photodegradation of Rose Bengal is highest in acidic medium at pH 5 shown in 

Figure 6.10. This implies that the acidic condition is favourable for the formation of the 

reactive intermediate hydroxyl radicals for Rose Bengal. This further helps in enhancing the 

reaction rate. On the other hand in the neutral condition, the formation of reactive 

intermediate is relatively less favourable and hence not feasible [68]. The rate of 

photodegradation increases with increases in pH of the solution.  At lower pH (3) values, 

surface of catalyst is negatively charged and dye molecules are positively charged. So dye 

molecules and catalyst particles will attract to each other. Thus catalytic reaction on the 

surface of TiO2 will take place to greater extent. But it is reported to have higher oxidizing 

activity at lower pH, but excess H+ can decrease reaction rate of photodegradation of dye. But 

the maximum photodegradation of Rose Bengal dye was found at pH 5, this is because that 

decrease in H+ concentration and adsorption of Rose Bengal (anionic dye) is higher at pH 5, 

because the force of attraction between catalyst surface and dye molecules will start operating 

thus resulting in increase in rate of dye degradation [69]. 

6.3.8.2 Effect of photocatalyst and dose 

The effect of photocatalysts and their doses on the degradation of dyes Victoria Blue 

and Rose Bengal is shown in Figure 6.10 and Figure 6.11.  It is clear from the results that the 

TiO2, TiO2/PPy and TiO2/PPy/Go are effective photocatalyst for degradation of Victoria Blue 

and Rose Bengal dye; however TiO2/PPy/Go seems to be the most effective photocatalyst for 

degradation of Victoria Blue and Rose Bengal. Further photodegradation efficiency of the 

catalysts follows the trend TiO2 < TiO2/PPy < TiO2/PPy/GO.  
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Fig.6.9. Effect of pH on photodegradation efficiency of dyes Victoria Blue and Rose Bengal 

(a) TiO2 (b) TiO2/PPy and (c) TiO2/PPy/Go 
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Fig.6.10. Effect of irradiation time on photodegradation efficiency of dyes Victoria blue and 

Rose Bengal (a) TiO2 (b) TiO2/PPy and (c) TiO2/PPy/GO 

The effect of photocatalyst dose on the photodegradation of Victoria Blue and Rose 

Bengal was studied by applying different concentrations (from 50 mg/L to 800 mg/L) of the 

photocatalyst is shown in Figure 6.11. Initially (from 50 mg/L to 200mg/L) the rate of 

degradation of the dyes Victoria Blue and Rose Bengal was very rapid, after that, it became 

slow and attained plateau at 800 mg/L due to occupancy of all active sites at this 

concentration. When the PPy is coated in TiO2, the band gap energy is decreased which 

enhanced the photo-efficiency, the surface area of photocatalyst also increased the photo-

efficiency of the photocatalyst. 
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Fig.6.11. Effect of photocatalyst amount on efficiency of dyes Victoria blue and Rose Bengal 

(a) TiO2 (b) TiO2/PPy and (c) TiO2/PPy/GO 

6.3.8.3 Effect of dye concentration  

The effect of dyes concentration on photocatalytic degradation was studied in 

presence of TiO2 TiO2/PPy and TiO2/PPy/GO nanocomposites materials, keeping the amount 

of catalyst constant. A known concentration of dye solution was prepared in water: alcohol 

10:1 (V: V) ratio. The 800 mg/L of photocatalyst was dispersed in the different concentration 

of dye solution (20, 40, 60, 80 and 100 ppm for Victoria blue and 25, 50, 75, 100 and 125 

ppm Rose Bengal) and the reaction mixture was irradiated by visible light. The effect of 

photocatalytic degradation with time was measured and results are shown in Figure 6.12. The 

highest photodegradation efficiency (97 %) of both dyes was found in presence of 

TiO2/PPy/GO nanocomposite while in presence of TiO2/PPy and neat TiO2 it was 86% and 

16% respectively. When the concentration of solution increased, the number of dye molecule 

also increased, therefore, the effective number of photon penetrating the dye reached at the 

catalyst surface also reduced, owing to hindrance in the path of light, thereby reducing the 

reactive hydroxyl and superoxide radicals and decreasing the % degradation [67-69]. 
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Fig.6.12. Effect of concentration on photodegradation efficiency of dyes Victoria blue and 

Rose Bengal (a) TiO2 (b) TiO2/PPy and (c) TiO2/PPy/GO 

6.3.9. GC-MS of VB and RB photodegradation products 

The photodegradation of the Victoria blue and Rose Bengal takes place by irradiating 

under visible-light in the presence of TiO2, TiO2/PPy, and TiO2/PPy/GO nanocomposite. The 

photodegraded products of photodegradation of Victoria blue and Rose Bengal have been 

determined by GC-MS analysis (Fig.6.13 and 6.14). It has been found that MS 

chromatograph (Fig.6.15 and 6.16) and correspondingly mass chromatographs of Victoria 

blue and Rose Bengal (after 2 h of irradiation) in the presence of TiO2, TiO2/PPy and 

TiO2/PPy/GO are almost similar, except in their respective intensities (Fig.6.15 and 6.16). 

Among the number of degraded products of Victoria blue and Rose Bengal, seven products 

formed in the photodegradation, shown in mass chromatograph (Fig.6.15 and 6.16) have been 

identified, as listed in Table 6.4.  

 

Fig.6.13. GC chromatogram of Victoria blue dye in presence of TiO2/PPy/GO 
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Fig.6.14. GC chromatogram of Rose Bengal dye in presence of TiO2/PPy/GO 

 

Fig.6.15. Mass Chromatogram of Victoria blue dye in presence of TiO2/PPy/GO 

 

Fig.6.16. Mass Chromatogram of Rose Bengal dye in presence of TiO2/PPy/GO 

The mechanism for the photodegradation of Victoria blue and Rose Bengal using 

Titania nanocomposites is believed to take place by the photo produced e- and h+, that results 

into formation of highly oxidative species such as hydroxyl and superoxide radicals, which 

on reaction with Victoria blue and Rose Bengal results into its decomposition to smaller 

molecules [70]. 

Table.6.4 Different intermediate products form in the photodegradation of Victoria Blue dye 
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             Compound                                                                                                                                                                M+1 

[1]. (4-dimethylaminophenyl) (4-methylaminophenyl) (4-ethylaminonaphthyl)methylium                            408, 392, 379, 258 

[2]. (4-dimethylaminophenyl) (4-aminophenyl) (4-aminonaphthyl)methylium                                              366, 259, 244, 216 

[3]. (4-hydroxymethylaminophenyl) (4-methylaminophenyl) (4-ethylaminonaphthyl)methylium                  424, 395, 303, 275 

[4]. (4-aminophenyl) (4-aminophenyl) (4-hydroxyethylaminonaphthyl)methylium                                                  382,  260, 232 

[5]. (4-hydroxymethylaminophenyl) (4-methylaminophenyl) (4-ethylaminonaphthyl)methylium                         424, 303, 275,  

[6]. (4-dimethylaminophenyl) (4-hydroxymethylaminophenyl) (4-ethylaminonaphthyl)methylium              424, 395, 317, 288 

[7]. (4-aminophenyl) (4-aminophenyl) (4-ethylaminonaphthyl)methylium                                                    36,  336, 273, 245 

 

 

Fig.6.17. Photodegradation Products of Rose Bengal dye identified by mass spectra 

The mass spectroscopy has been studied to identify the possible reaction intermediates after 

180 min of reaction, as shown in Fig.6. 17. The RB dye solution displays a prominent mass 

signal at m/z = 1022 in Fig.6. 13 i.e. very close to the formula mass of RB dye. Noticeably, 
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no mass signals are detected about the formation of the reaction intermediates, which clearly 

reveal the removal by adsorption. The m/z = 1022 signal is weaken after 180 min of 

photocatalytic reaction over the TiO2/PPy/GO nanocomposites and multiple mass signals 

have appeared (Fig.6.17, indicates the formation of reaction intermediates during the 

photocatalytic degradation. Fig.6.17 depicts the molecular structures of possible reaction 

intermediates from fragmentations of the main skeleton of RB dye which have the oxy groups 

in their rings. It is believed that the formations of these reaction intermediates are crucial to 

determine the degree of degradation of the organic compounds to complete mineralization 

[71]. 

6.3.10. Recyclability of Photocatalyst 

In order to observe reusability, the photocatalyst recyclability has been studied in this 

work.  The photocatalyst and Victoria Blue and Rose Bengal mixture was agitated, 

illuminated with visible light and after desired time, the mixture was centrifuged to remove 

the photocatalyst.  
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Fig.6.18. Photodegradation of Victoria Blue by Photocatalyst and recyclable Photocatalyst (a) 

TiO2 (b) Recyclized TiO2 (c) TiO2/PPy (d) Recyclized TiO2/PPy (e) TiO2/PPy/GO (f) 

Recyclized TiO2/PPy/GO 

The obtained photocatalysts were washed three times with distilled water and finally 

kept in oven for 24 h at 60 oC temperature and further, it is reused for the degradation of 

dyes. The photodegradation of Victoria Blue and Rose Bengal by the recyclized 
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Photocatalyst are showing in Figure 6.18 and 6.19. The results show that the recyclized 

photocatalyst efficiency is decreased due to the loss of some active sites and decrease of 

collection efficiency of photon [72].  
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Fig.6.19. Photodegradation of Rose Bengal by Photocatalyst and recyclable Photocatalyst (a) 

TiO2 (b) Recyclized TiO2 (c) TiO2/PPy (d) Recyclized TiO2/PPy (e) TiO2/PPy/GO (f) 

Recyclized TiO2/PPy/GO 

6.3.11. TOC Analysis of photodegraded dyes 
In order to measure the complete mineralization of Victoria blue and Rose Bengal 

dyes, a TOC analysis was performed. During the initial stage of recirculation in the dark 

(30�min), the chemisorptions of the dyes on the catalyst surface caused a TOC depletion of 

5-8%. The experimental data obtained by using either TiO2 or TiO2/PPy and TiO2/PPy/GO 

are shown in Figure 6.20. The Blank test of dye (without photocatalyst) is also reported for 

comparison for photocatalytic activity of nanocomposites, a maximum decrease of the TOC 

percentage is observed in the presence of the TiO2/PPy/GO nanocomposites [73].  

The TOC analysis of photodegraded Victoria Blue and Rose Bengal dye in presence 

of TiO2, TiO2/PPy and TiO2/PPy/GO were done. The TOC of Victoria blue is showing in 

Figure 6.21. The Victoria blue was photodegraded for 3 h in presence of photocatalyst.  The 

TOC of Victoria blue was observed 100, 92, 26 and 4 % for the blank, TiO2, TiO2/PPy and 

TiO2/PPy/GO. The polypyrrole modified Titania material shows the good photocatalytic 
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activity. Similarly, The TOC was observed for the Rose Bengal dye shown in Figure 21. The 

TOC photodegraded Rose Bengal was found 100, 94, 34 and 16 % for blank, TiO2, TiO2/PPy 

and TiO2/PPy/GO. It means that polypyrrole modified Titania shows the good photocatalytic 

activity due to formation of heterostructures [74].  
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Fig.6.20. % TOC of dye after adsorption (keep in under dark for 30 min) 
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Fig.6.21. % TOC of dyes after photodegradation with TiO2, TiO2/PPy, and TiO2/PPy/GO  
 

6.3.12. Hydroxyl radical formation 

To determine whether reactive oxygen species involved in the photocatalytic 

degradation of dyes is hydroxyl radical or not, terephthalic acid photoluminescence probing 

technique was used. In this method, alkaline solution of terephthalic acid, having 

TiO2, TiO2/PPy, and TiO2/PPy/GO nanocomposites was irradiated with visible light. After 30 

min of irradiation, a sample was withdrawn from the reaction mixture and was centrifuged to 

separate photocatalyst particles. The photoluminescence spectrum of the sample was 

recorded between 335 and 600 nm at an excitation wavelength of 325 nm and variation in the 
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intensity of a peak at 425 nm was monitored using Perkin Elmer LS 55 Fluorescence 

Spectrometer. 

As hydroxyl radical performs the key role for the decomposition of the organic 

pollutants, it is necessary to investigate a number of hydroxyl radicals produced by each 

photocatalyst. Thus, there is a technique to establish the formation of hydroxyl radicals using 

terephthalic acid (TA) as a probe molecule. In this method, TA was directly attacked by ·OH 

radical forming 2- hydroxyl terephthalic acid (TAOH) which gives a fluorescence signal at 

426 nm. Figure 6.22 depicts the fluorescent signal of all the photocatalysts after reacting with 

TA solution. The fluorescent intensity is linearly related to the number of hydroxyl radicals 

formed by the photocatalysts. If the generation of hydroxyl radical is higher, the yield of 

TAOH will be more and hence more intense will be the fluorescence peak. 

Thus, TiO2/PPy/GO with the highest intensity confirms the generation number of hydroxyl 

radicals compared to other photocatalysts. The fluorescence intensity follows the trend 

(i,e. TiO2, < TiO2/PPy < TiO2/PPy/GO) of photocatalytic performance of all the photocatalyst 

[75]. 
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Fig.6.22. PL spectra of photocatalyst with terephthalic acid (0.001M) TiO2, TiO2/PPy, and 

TiO2/PPy/GO 

6.3.13. Lowering of electron-hole recombination 

Photoluminescence spectra have been used to examine the mobility of the charge 

carriers to the surface as well as the recombination process involved by the electron-hole 
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pairs in semiconductor particles. PL emission results from the radiative recombination of 

excited electrons and holes. In other words, it is a critical necessity of a good photocatalyst to 

have minimum electron-hole recombination. To study the recombination of charge carriers, 

PL studies of synthesized materials have been undertaken. PL emission intensity is directly 

related to recombination of excited electrons and holes. Figure 6.23 shows the 

photoluminescence spectra of synthesized photocatalysts. It means TiO2 and TiO2/PPy with 

strong PL intensity have high recombination of charge carriers whereas TiO2/PPy/GO has 

weak intensity. The weak PL intensity of TiO2/PPy/GO may arise due to the coating of 

polypyrrole on Titania lattice, so that decrease in the band gap of TiO2/PPy/GO was found 

which results in the decolourisation of photoexcited electrons. This delays the electrons- 

holes recombination process and hence is utilized in the redox reaction leading to improved 

photocatalytic activity [75]. 
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Fig.6.23. Photolumiscence Spectra of TiO2, TiO2/PPy, TiO2/PPy/GO, Polypyrrole (PPy) and 

Graphene Oxide (GO)  

6.3.14. Adsorption of dyes 

The Photodegradation of Victoria Blue and Rose Bengal dyes were done under visible 

light irradiation in presence of TiO2, TiO2/PPy and TiO2/PPy/GO nanocomposites. It is an 

example of heterogeneous catalysis. Rate laws in such reactions seldom follow proper law 
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model and hence are inherently more difficult to formulate from the data. It has been widely 

accepted that heterogeneous catalytic reactions can be analyzed with the help of Langmuir 

Hinshelwood (LH) Model [76-77], satisfying, the following assumptions (i) there are limited 

number of adsorption sites on the catalyst and its surface is homogeneous, (ii) only one 

molecule can be adsorbed on one site and monolayer formation occurs (iii) the absorption 

reaction is reversible in nature, and (iv) the adsorbed molecules do not react amongst 

themselves [78-79]. According to LH Model, following three steps take place in the kinetics 

mechanism [80–81], these steps are of adsorption, surface reaction and desorption of products 

from the surface. 

Step 1: D (Dye) + C (catalyst)                   D.C         (Adsorption) 

          Step 2:  D.C                         E.C + Other products      (Surface reaction) 

                      Step 3:  E.C                            E + C                                  (Desorption) 

The Freundlich isotherm [82] is employed, assuming a heterogeneous surface with a non 

uniform distribution of heat of adsorption over the surface and it may be written as:- 

                                                						�� � ����
 
!                                                                     (11) 

The above equation can be linearized as 

																																																					"#�� � "#�� $ �
% "#��                                                           (12) 

Where qe (mg/g) is the amount of solute adsorbed per unit weight of adsorbent, Ce (mg/l) is 

the equilibrium concentration of solute, KF (mg/g) is the Freundlich constant (which indicate 

the relative adsorption capacity of the adsorbent) and 1/n is the constant indicate the intensity 

of adsorption. Since the photocatalyst is covered by both Dye as well as water molecules 

(Cwater) by hydrogen bonding, their competition for the active sites cannot be ignored.  

Langmuir adsorption model [83] can be applied to the aqueous solutions of dyes with the 

help of the following expression: 

        																	� � &'
&()* 	

� +,-
�.+,-.+/�'01.-/�'01                                                           (13) 
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Where q is the fractional sites covered by the dye, qt is the absorbed quantity of dye at any 

time, qmax shows the maximum quantity of dye that can be adsorbed, KL is the Langmuir 

adsorption constant for reactant and Kwater is the adsorption constant for water.  

0 5 10 15 20 25 30

0

1

2

3

4

5

6

7

8

9

10
Victoria Blue

 (a)

 (b)

 (c)

 

 

%
 A

d
s

o
rp

ti
o

n
 o

f 
V

B
 d

y
e

Time (min)  

0 5 10 15 20 25 30

0

1

2

3

4

5

6

 (a)

 (b)

 (c)

 

 

%
 A

d
s
o

rp
ti

o
n

 o
f 

R
B

 d
y

e

Time (min) 

Rose Bengal

 

Fig.6.24. % Adsorption of Victoria Blue and Rose Bengal dye under dark condition in 

presence of (a) TiO2, (b) TiO2/PPy and (c) TiO2/PPy/GO 

The value of Cwater >> C, hence Cwater remains almost same throughout the reaction and the 

catalyst coverage by water molecules remains almost constant. Thus, we can ignore the 

quantity Kwater, Cwater and rewrite Eq. (13) as: 

                                    � � +,		-
�.+,	-                (14) 

The quantity adsorbed at a particular time can also be expressed 

    					�2 � 34�56789	:8;<��	=∗3->5%?�	@%	68%6�%7957@8%=
A5��	8B	6575;C�7 	                                                 (15) 

The equilibrium adsorption quantity qeq can be written as: 

                                 																		�� � �A5D E +,-0
�.+,-0F                                                               (16) 

where Ce is the equilibrium concentration of the dye. On transforming Eq. (16), a function 

can be derived as follows:  

                                               
-0
	&0 �

�
+,&G�H

$ -0
&G�H

                                                                (17) 

The intercept on the vertical axis gives 1/KLqmax and the reciprocal of slope gives qmax. 

 



Chapter 6              Photocatalytic degradation of Victoria Blue and Rose Bengal dye…… 

 

 Page 201 

6.3.15. Kinetic study of Photocatalytic degradation 

For kinetic study of photocatalytic degradation, a control experiment was first carried 

out under two conditions, vis (i) dye + Visible light (no catalyst) (ii) catalyst+ dye in dark 

without any irradiation (Figure 24). It can be seen that in under dark conditions, the amount 

of catalyst adsorbed becomes constant after 20 min, where adsorption equilibrium is 

achieved. For the kinetic study of bleaching of Victoria Blue and Rose Bengal, the initial 

concentration of the dyes was varied and the experiments were first conducted in dark for 20 

min and then immediately followed by irradiation (Figure 6.24). The amount of catalyst was 

kept constant (0.2 g) throughout the experiment. 

Applying the Langmuir Hinshelwood model for determining the oxidation rate of the 

photocatalysis of dye: 

        IJKL	3M= � � NO
NK � PQ � Q � PRSO

	.RSO                                                                       (18) 

Where k is the rate constant (mg/L min-1), C is the concentration of dye, KA is the adsorption 

constant of the dye (L/mg), and t is the illumination time (min). 

During the course of the reaction, the initial pH, the amount of catalyst, and photo intensity 

were kept same. In addition to it, the formation of intermediates may interfere in the rate 

determination; hence the calculation was done at the beginning of irradiation. The rate 

expression can be written as: 

																																																				TU � VW�XU
	.W�XU                                                                         (19) 

Where ro is the initial rate of degradation of Victoria Blue and Rose Bengal and Co is the 

initial concentration (almost equal to Ceq). When the initial concentration Cinitial is very 

small, Co will also be small and Eq. (19) can be simplified as first-order equation [84-85]: 

																			� Y-
Y7 � 	Z���8 � ;%-[

- � Z��2                                                                       (20) 

      												� � �8\�	]^_>878	7																																																																																																							(21) 

Where  

kf, Photo= k kA 
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The value of kf,photo can be determined from the plot of ln Ct/ Co vs. t (Figure 6.25). 
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Fig.6.25. Linear first order reaction of Langmuir Hinshelwood kinetics of Victoria Blue and 

Rose Bengal dye vs. time (a) TiO2 (b) TiO2/PPy (c) TiO2/PPy/GO 

The slope of the straight line obtained will be the value of first order rate constant [86]. 

The Value of apparent rate constant was determined at definite concentrations of dye solution 

for photocatalysis reaction in presence of TiO2, TiO2/PPy and TiO2/PPy/GO showing in 

Fig.6.26. The rate constant values for the photocatalytic degradation of Victoria Blue and 

Rose Bengal follow the first order kinetic for the both photocatalyst. This is confirmed that 

photocatalytic degradation of Victoria Blue and Rose Bengal follows first order kinetic in 

presence of TiO2, TiO2/PPy and TiO2/PPy/GO. 

6.3.16. Mechanism of photo-oxidation process 

The acceleration of a chemical transformation by the presence of a catalyst with light 

is called photocatalysis. The catalyst may accelerate the photoreaction by interaction with the 

substrate in its ground or excited state and/or with a primary photoproduct, depending upon 

the mechanism of the photoreaction, itself remaining unaltered at the end of each catalytic 

cycle. Heterogeneous photocatalysis is a process in which two active phases, solid and liquid 

are present. The solid phase is a catalyst, usually a semiconductor. The molecular orbital of 

semiconductors has a band structure. The bands of interest in photocatalysis are the populated 

valence band (Victoria Blue and Rose Bengal) and it’s largely vacant conduction band (CB), 

which is commonly characterized by the band gap energy (Ebg). The semiconductors may be 
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photo-excited to form electron-donor sites (reducing sites) and electron acceptor sites 

(oxidizing sites), providing great scope for the redox reaction. When the semiconductor is 

illuminated with light (hν) of greater energy than that of the band gap, an electron is 

promoted from the Victoria Blue and Rose Bengal to the CB leaving a positive hole in the 

valence band and an electron in the conduction band as illustrated in Figure 6.26 and 6.27. 

If charge separation is maintained, the electron and hole may migrate to the catalyst 

surface where they participate in redox reactions with absorbed species. Specially, h+  and 

dyes (Victoria Blue and Rose Bengal) may react with surface-bound H2O or OH- to produce 

the hydroxyl radical and e-
cb is picked up by oxygen to generate superoxide radical anion (O2

-

 ), as indicated in the following equations 6-8; absorption of efficient photons by Titania  

 (hυ ≥ Ebg = 3.2 eV) 

                            TiO2+ hυ → e cb + h+
dye                                                                           (22) 

 Formation of superoxide radical anion 

                              O2 + e cb → O2
-                                                                                       (23) 

 Neutralization of OH- group into OH by the hole 

              (H2O ⇔ H+ + OH-)ads + h+
dye → ●OH + H+                                                          (24) 

It has been suggested that the hydroxyl radical (●OH) and superoxide radical anions (O2
.- ) are 

the primary oxidizing species in the photocatalytic oxidation processes [87-88]. These 

oxidative reactions would results in the degradation of the pollutants as shown in the 

following equations 23-24; 

Oxidation of the organic pollutants via successive attack by OH radicals 

                                  R + ●OH → R. + H2O                                                                         (25) 

or by direct reaction with holes 

                               R + h+ → R.+ →  degradation products                                                 (26) 
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Fig.6.26. Mechanism of Photodegradation of Victoria Blue dye by TiO2/PPy/GO 

nanocomposite 

 

Fig.6.27. Mechanism of Photodegradation of Rose Bengal dye by TiO2/PPy/GO 

nanocomposite 

Conclusions 

The present research work describes a proficient method for synthesis of TiO2/PPy 

and TiO2/PPy/GO nanocomposites. These nanocomposites were prepared by one-step in 

situ deposition oxidative polymerization of pyrrole hydrochloride using Ammonium 

persulphate (APS) as an oxidant in the presence of ultra-fine grade powder of 

TiO2 nanoparticles cooled in an ice bath. The obtained nanocomposites were characterized by 

XRD, TEM, SEM, and UV-Vis for band gap determination. The obtained results showed that 

TiO2 nanoparticles have been encapsulated by PPy with a strong effect on the morphology of 

TiO2/PPy and TiO2/PPy/GO nanocomposites. The Photocatalytic degradation of Rose Bengal 

and Victoria blue dye was done at different condition viz concentration of dye, time of 

illumination, pH and dose of the photocatalyst.  The maximum photodegradation was found 

at 7 pH, 20 ppm concentration of Victoria blue and 25 ppm of Rose Bengal dye solution, 800 
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mg/L for VB and 1600 mg/L for RB amount of photocatalyst and 120 min irradiation of 

visible light. Kinetics of photodegradation was investigated for Victoria blue and Rose 

Bengal dye and found first order kinetics. The coating of PPy and GO has enhanced the 

photocatalytic activity of Titania. Hence TiO2/PPy and TiO2/PPy/GO are the efficient 

photocatalyst for the degradation of Rose Bengal and Victoria Blue dye than pure TiO2. 
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CHAPTER-7 

Preparation and Photocatalytic activity of Co:La:TiO2 

nanocomposites for the degradation of Methyl Blue in 

Visible light  

 

 

 

 

 

 

 

 

 

 

 

In this study, prepared the nanocomposites of Co:La:TiO2 by the wet 

chemical method. Synthesized TiO2 and Co:La:TiO2 were 

characterized by X-Ray Diffractometer, SEM,TEM,  UV- vis, FT-IR, 

Band gap energy and BET. The TiO2 and Co:La:TiO2 were used as 

photocatalyst for the degradation of Methyl Blue. The XRD pattern 

confirmed the presence of anatase and rutile phase in the catalyst. The 

particle size was estimated by the Scherrer’s   and found 68 and 32 nm 

for TiO2 and Co:La:TiO2 respectively. The particle morphology of the 

photocatalysts was found in nanodiamension. The surface area of the 

photocatalysts were found 37.52 and 106.68 m
2
/g for TiO2 and 

Co:La.TiO2 respectively . The band gap energy of TiO2 and 

Co:La.TiO2 were 3.2 and 3.0 eV. The FT-IR spectra of Co:La:TiO2 

were recorded and found Co bonded with Titania. The 

photodegradation of Methyl Blue has been found maximum at 5 pH, 25 

ppm concentration of dye, 800 mg/L amount of photocatalyst and 180 

min illumination of visible light. The photodegradation was following 

the first order kinetics. 
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7.1. Introduction 

Photodegradation of dyes, for example, Methylene blue [1] and methyl orange [2] 

on Titania under UV light illumination is known. However, simulated UV light sources 

devour a lot of electrical energy and the toxicity of UV light requires safety of the eyes 

and skin [3-4]. Consequently, the conversion of the light absorption properties of Titania 

remains an important challenge [5]. Titanium dioxide TiO2 is a most important 

nanomaterials which has attracted a great attention due to its unique properties. Titanium 

dioxide TiO2 have excellent merits in solar energy transferring and photocatalysis of 

poison compounds in environment [6]. The chemical inertness and the non-toxicity of 

TiO2 have also made it a superior photocatalyst [7-8].  Titania has a large band gap (3.20 

eV for anatase TiO2) and therefore, only a small fraction of solar light can be absorbed 

[9]. The codoping of metal and non-metal into the Titania has shown affirmative results in 

extending the photoresponse of Titania into the visible light region and getting better 

charge separation [10]. This leads to improved photocatalytic activity of codoped Titania 

compared to single doped and undoped Titania [11]. Variation of Titania with non-metal 

for example sulphur, nitrogen, phosphorus, carbon, etc., introduces mid-band gap states 

within the band gap of titania leading to band gap narrowing and visible light absorption 

[12-13]. The impregnation of metallic species such as palladium, gadolinium, lanthanum, 

iron, samarium, cobalt, silver, etc., has been found to improve charge separation in titania 

by acting as electron scavengers [14-16].  

  Many attempts have been made to sensitize titanium dioxide to the whole visible 

region, such as doping with transition metals [17], transition metal ions [18], non-metal 

atoms [19] and organic materials [20]. Introduction of dopant allows Titania to absorb in 

the visible region but this does not necessarily mean that the doped catalyst has a better 

photocatalytic activity [21]. 

In photocatalysis, light is absorbed by an adsorbed substrate. Today, 

semiconductors are usually selected as photocatalysts, because semiconductors have a 
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narrow gap between the valence and conduction bands [22].  In order for photocatalysis to 

proceed, the semiconductors need to absorbed energy equal to or more than its energy 

gap.  When TiO2 is irradiated by UV light (400 nm or less), electron is excited to generate 

electron (e_) hole (h+) pairs. This movement of electrons forms e-/h+ or negatively 

charged electron/positively charged hole pairs [23]. The hole can oxidize donor 

molecules. In photogenerated catalysis, the photocatalytic activity (PCA) depends on the 

ability of the catalyst to create electron–hole pairs, which generate free radicals able to 

undergo secondary reactions [24]. 

O

HO

N

N N

 

Fig.7.1. molecular structure of Methyl Blue 

7.2. Methodology 

7.2.1 Synthesis of Titania by wet chemical method. 

In this method, both TiCl4 solution (1000 mg/l) and NaOH solution (64.5 g/l) was 

added drop wise to water with stirring. After the resulting solution reaches pH to 7, the 

slurry was filtered, and the filter cake of TiO2 was washed and redispersed in water to 

prepare 1 M of TiO2 slurry. Resulting TiO2 slurry and an aqueous solution of HNO3 were 

refluxed at 950C for 2 h, cooled to room temperature and neutralized with 28% of aqueous 

ammonia. Then, it was filtered, washed and calcined at 400 oC [25, 26].  
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7.2.2 Synthesis of Co:La:TiO2 nanocomposite 

In this study, Co:La:TiO2 nanocomposites were prepared by solution impregnation 

method. In this method, suitable quantity of prepared TiO2 (2 g) was dispersed in 

alcoholic cobalt acetate 10% (w/v) and lanthanum nitrate 5% (w/v). The dispersion is 

agitated continuously for 4 hour at 80 oC temperature. After the treatment, the residue was 

removed through filtration and was sintered for 4 hour in presence of air at 600 oC by 

kipping it in a silica crucible inside the muffle furnace. After sintering and slow anilling to 

room temperature, content was taken out from furnace and was stored in air tight bottles 

and was used as photocatalyst [27]. 

 

7.2.3. Characterization 

The physical properties of metal oxide semiconductor nanocomposites that may 

influence significantly their use as photocatalyst are dependent on nature of crystalline 

phase present. Thus, phase analysis is an important parameter for this study and the 

prepared samples were subjected to x-ray diffraction analysis on Powder X-Ray 

Diffractometer. The observed X-Ray diffractogram of samples were analyzed further to 

estimate average grain size in the sample by Scherrer’s calculation.   Since the absorption 

of light by photocatalyst is the most crucial step in any photocatalysed reaction and is 

decided primarily by the band gap energy of material. The morphology and size of the 

Titania particles were analyzed by scanning electron microscopy (SEM) and transmission 

electron microscopy (TEM).  
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7.2.4. Photo-degradation of dyes  

In this work, the photo-catalytic degradation of Methyl Blue was investigated. A 

solution of dye in water: alcohol (10:1 V/V) was prepared and in this solution, a suitable 

quantity of photocatalyst (100 to 800 mg/L) was dispersed. The dispersion was subjected 

to Visible light irradiation for varying duration and after desired irradiation, the residual 

concentration of dye in the solution was determine spectrophotometrically by taken out 

suitable aliquot of dispersion and removal of photocatalyst by centrifugation. For 

quantitative estimation of dye concentration, initially calibration curve was obtained and it 

was utilized to measure the concentration in different sample aliquot obtained at different 

time. A quantitative estimation of dye concentration spectrometric observation when 

recorded only at the experimental determines λ max value which is 670 nm [28-30]. 

7.3. Results 

7.3.1. Phase identification by X-ray diffraction analysis 

The obtained X-Ray diffraction patterns of Titania and Co:La:TiO2 are shown in 

Figures 7.2 (a) and (b).  The observed pattern of peaks, when compared with the standard 

JCPDS database, suggested that, in prepared TiO2 sample, major peaks at 2θ = 25.5 � 

37.2, 48.3, and 54.4, which can be indexed to the (101), (004), (200), and (211) crystal 

facets of anatase TiO2 (JCPDS File number: 21-1272). Whereas major peaks at 2θ = 26.9º 

and 28.2º indicate the presence of rutile phase which can indexed to the (110), (121), 

respectively. In case of Co:La:TiO2 sample, the observed XRD pattern indicates not only 

a change in the peak intensity, compared to TiO2, but even the absence of some originally 

observed TiO2 peaks [31]. This is, probably, due to the change in the crystallinity and 

grain fragmentation, when the samples were wet impregnated by cobalt and Lanthanum. 

7.3.1.1. Determination of Average size of Particles/ Grains in samples 

The Scherrer’s calculations were attempted to know the average size of 

particles/grains in the samples [32]. Although, Scherrer’s calculations are only 

approximate in nature, but definitely provide a first-hand idea of the average size of the 
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particles/ grains in the samples, which may be quite accurate, provided the size of 

particles/ grains is below 100 nm. The results of Scherrer’s calculations are presented in 

Table 7.1. The results suggest average size of the particles/ grains in the samples lying in 

nm range. 

 

Fig.7. 2. Observed XRD pattern (A) TiO2 (B) Co:La:TiO2 

Table.7.1. Average size of particles/grains in the samples of TiO2 and Co:La:TiO2 

Sample                                             Particle Size 

TiO2                                                         68 

Co:La:TiO2                                              32 

7.3.2. Scanning Electron Microscopy (SEM) 

The morphology of the samples was investigated by scanning electron microscopy 

and it resumes the most interesting outcomes. Fig.7.3 (a) and 7.3 (b) clearly show that 

both the prepared samples are obtained in nanometric dimension. The doping of cobalt 

and lanthanum is indicating that the particle size reduce due the penetration of cobalt and 

lanthanum in the lattice of titanium dioxide [33]. 
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Fig.7.3. SEM image of the (A) TiO2 (B) Co:La:TiO2 

 

Fig.7.4. TEM image of the (a) TiO2 (b) Co:La:TiO2 

7.3.3. Transmission Electron Microscope (TEM) 

TEM images were clearly displayed the morphology and particle size of neat TiO2 

and Cobalt and lanthanum doped TiO2. It is observed from the Fig.7.4 that Cobalt and 

lanthanum doped modified TiO2 change the size of neat TiO2 significantly. The sizes of 

both modified and neat TiO2 are mono disperse was found 100–200 nm. Moreover, the 
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crystal lattice line can be clearly found in the TEM images. The aggregations of both 

kinds of particles are caused by high surface energy; however, the agglomeration of the 

modified one is alleviated obviously compared with that of the neat [34].  

 7.3.4. Surface Area Analysis (BET) 

Figure 7.5 shown the BET and adsorption and desorption plot for the TiO2 and 

Co:La:TiO2. With the help of Figure 7.5, we can determine the specific surface area, pore 

volume and average pore size of the TiO2 and Co:La:TiO2 photocatalyst. Table 7.2 shown 

the physical properties of TiO2 and Co:La:TiO2. The TiO2 modified by Cobalt and 

Lanthanum are fragmentation to some extent during thermal treatment, leading to a 

marked increase of the BET surface areas and the average pore radius size and decreasing 

of the pore volume [35, 36]. 

Table.7.2. The specific surface area, pore volume and pore radius of the TiO2 and 

Co:La:TiO2 

Sample         Surface area (m
2
/g)          Pore volume (cm

3
/g)      Pore radius (nm) 

TiO2                        37. 52                           10.132                                    1.21 

Co:La:TiO2          106.68                             9.5124                                   1.64 
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Fig.7.5. BET and Adsorption desorption plot for TiO2 and Co:La:TiO2 

7.3.5. FT-IR spectroscopy 

FT-IR spectra of TiO2 and 10% Co and % La doped TiO2 samples (Fig.7.6) show 

peaks corresponding to stretching vibrations of the O-H and bending vibrations of the 

adsorbed water molecules around 3350-3450 cm-1 and 1620-1635 cm-1, respectively. The 

broad intense band below 820, 804, 592 and 456 cm-1 is due to Ti-O-Ti vibrations. The 

shift to the higher wave numbers and sharpening of the Ti-O-Ti band may be due to 

decrease in size of the catalyst nanoparticles.  
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Fig.7.6. FT-IR spectra of (a) TiO2 (b) Co:La:TiO2 

In addition, the surface hydroxyl groups in TiO2 increased with the increasing of 

Co and La loading, which is confirmed by increase in intensity of the corresponding 
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peaks. The FT-IR spectra of Co:La:TiO2 show strong band at 616 cm−1, corresponds to the 

vibration of Co–O bond and confirms the penetration of Cobalt in Titania [37]. 

7.3.6. UV-Vis spectra 

Aqueous suspensions solution of the photocatalysts was used for the UV 

absorption studies. The absorption spectrum of TiO2 consists of a single broad intense 

absorption at 371nm due to the charge-transfer from the valence band to the conduction 

band. The undoped TiO2 showed absorbance in the shorter wavelength region while 

Co:La:TiO2 result showed a broad peak at 407 nm in the higher wavelength (shown in 

Fig.7.7). The doping of Co and La ions into TiO2 could shift optical absorption edge from 

UV to visible range, but prominent change in TiO2 band gap was observed [38].  
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Fig.7.7. UV- spectra of (a) TiO2 (b) Co:La:TiO2 

7.3.7. Band gap energy determination 

The band gap of samples was calculated by extrapolation of the (αhv)2 versus hv 

plots, where α is the absorption coefficient and hv is the photon energy, hv = (1239/λ) eV. 

The value of hv extrapolated to α = 0 gives an absorption energy, which corresponds to a 

band gap (Eg). Fig.7.8 yields an Eg value of 3.2 eV for TiO2 and 3.0 for Co:La:TiO2 [39]. 

The slight decrease in band gap energy in case of Co:La:TiO2, is due to formation of sub-

band level between valence band and conduction band caused doping of Co+2 and La+3 in 

TiO2 host. 
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Fig.7.8. Band gap energy of (a) TiO2 (b) Co:La:TiO2 

7.3.8. Photo-degradation of Dyes 

The photo-catalytic degradation of Methyl Blue in the presence of TiO2 and 

Co:La:TiO2 has been studied.  The solution of dye was prepared in 10:1 (V/V) ratio of 

water and alcohol. The known amount of photocatalyst 800 mg/L was dispersed in the dye 

solution. The reaction mixture was illuminated under visible light, while kept 

continuously under agitation, for the different time intervals and different temperature. 

The residual concentration of dye in the reaction mixture was measured 

spectrophotometrically. The results obtained for the degradation of Methyl Blue is shown 

in Fig.7.9 - 7.11. 

7.3.8.1. Effect of Temperature 

The effect of system temperature on photocatalysis has not attracted enough 

attention. But In present research, it is found that the temperature has a great effect on the 

photodegradation of Methyl Blue. The photocatalytic efficiency can be increased about 2-

3 times if the temperature increased from 30 ℃ to 40 ℃ Because the solar energy include 

UV light, which can be used to activate the photocatalytic course, which is increase the 

temperature of photocatalytic system. The experiments showed that Methyl Blue were 

photodegraded in presence of photocatalyst and Visible light. The Methyl Blue was 
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efficiently degraded shown in Fig.7.9. The obvious decrease of concentration of dye 

shows that the TiO2 and Co:La:TiO2 can serve as an effective photocatalyst [40]. 
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Fig.7.9. Photodegradation of Methyl Blue at initial concentration 50 ppm (a) TiO2 at 30oC 

(b) TiO2 at 40oC (c) Co:La:TiO2 at 30oC (d) Co:La:TiO2 at 40oC. 

7.3.8.2. Effect of concentration of dye 

Effect of dye concentration Keeping the catalyst loading concentration constant at 

800 g/liter of the dye solution, the effect of varying concentration of the dye was studied 

on its rate of degradation (from 25 ppm to 100 ppm ) as given in Fig.7.10. With increasing 

concentration of Methyl Blue the rate of degradation was found to decrease. This is 

because as the number of dye molecules increase, the amount of light (quantum of 

photons) penetrating the dye solution to reach the catalyst surface is reduced owing to the 

hindrance in the path of light. Thereby the formation of the reactive hydroxyl and 

superoxide radicals is also simultaneously reduced. Thus there should be an optimum 

value maintained for the catalyst and the dye concentration, wherein maximum efficiency 

of degradation can be achieved [41]. 
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Fig.7.10. Effect of concentration of dye on Photocatalytic degradation of Methyl Blue 

with (a) TiO2 (b) Co:La:TiO2 
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Fig.7.11. Effect of irradiation time dye on Photocatalytic degradation of Methyl Blue with 

(a) TiO2 (b) Co:La:TiO2  

7.3.8.3. Effect of irradiation Time on photodegradation 

The effect of irradiation time on the photodegradation of methyl blue has been 

studied in presence of TiO2 and Co:La:TiO2. The photodegradation of methyl blue was 
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increased with increase irradiation time. The photodegradation was found maximum in 

case of Co:La:TiO2 for 180 min irradiation of visible light. Fig.7.11 shows the effect of 

irradiation time on photocatalytic degradation of methyl blue. This is due to the 

interaction of dye molecule with the surface of photocatalyst as well as the time of 

irradiation increase the interaction increased. Therefore the photodegradation efficiency of 

photocatalyst was increased. 

7.3.8.4. Effect of pH of solution 

The photodegradation reaction was also carried out under varying ph conditions 

from (2 to 9), by adjusting with H2SO4 and NaOH, with TiO2 kept at constant amounts of 

800 mg/ L of dye solutions (Fig.7.12). The reaction was found to have low rates at acidic 

ranges of pH. While at pH 5 photodegradation was found maximum. This implies that less 

acidic conditions are favourable towards the formation of the reactive intermediates that is 

hydroxyl radicals is significantly enhanced, which further help in enhancing the reaction 

rate. On the other hand in highly acidic medium conditions for the formation of reactive 

intermediates is relatively less favourable and hence less spontaneous [42]. 
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Fig.7.12. Effect of pH (a) TiO2 (b) Co:La:TiO2 
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7.3.8.5. Effect of photocatalyst amount 

The effect of photocatalyst amount has been studied by applying the different 

amount (100 ppm to 800 ppm) of the photocatalyst. The photodegradation rate was found 

to increase by increasing the amount of photocatalyst. It is clear from the results shown in 

Fig.7.13, the photodegradation increased rapidly with increase of amount of Co:La:TiO2. 

This is due to the fact that introduction of Co2+ and La3+ the band gap energy decreased up 

to 3.0 eV which enhance the photocatalytic activity [43]. 
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Fig.7.13. Effect of photocatalyst amount on photodegradation of Methyl Blue 

7.3.8.6. Effect of photocatalyst  

It is clear from the results shown in Fig.7.9-7.12 that both TiO2 and Co:La:TiO2 

are effective photo-catalyst for the degradation of Methyl Blue (MB) dye. However 

Co:La:TiO2 seems to be more effective as photo-catalyst for the degradation of Methyl 

Blue (MB). The prominent degradation of Methyl Blue was found in 3 hour study in the 

presence of Co:La:TiO2 in comparison to the prepared TiO2 [44]. 

7.3.9. Recyclability of photocatalyst 

The photocatalyst and Methyl Blue mixture was agitated, illuminated with visible 

light and after desired time, the mixture was centrifuge to remove the photocatalyst. The 
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obtained photocatalyst was washed three times with distilled water and kept in oven for 

24 h at 60 oC and reused for the degradation of Methyl Blue. The photodegradation of 

Methyl Blue by the recyclized Photocatalyst are showing in Fig.7.14. The result shows 

that the recyclized photocatalyst efficiency is slightly decreased probably due to the loss 

of some active sites and decrease of collection efficiency of photon [45].  
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Fig.7.14. Photodegradation of Methyl Blue by recyclable photocatalyst TiO2 and 

Co:La:TiO2 

7.3.10. Lowering of electron-hole recombination 

Photoluminescence spectra have been used to examine the mobility of the charge 

carriers to the surface as well as the recombination process involved by the electron-hole 

pairs in semiconductor particles. PL emission results from the radiative recombination of 

excited electrons and holes. In other words, it is a critical necessity of a good 

photocatalyst to have minimum electron-hole recombination. To study the recombination 

of charge carriers, PL studies of synthesized materials have been undertaken. PL emission 

intensity is directly related to recombination of excited electrons and holes. Fig.7.15 

shows the photoluminescence spectra of synthesized photocatalysts. In the PL spectra the 
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intensity of TiO2 is higher than Co:La:TiO2 indicating rate of recombination of e-- h+ is 

higher in TiO2 than that of Co:La:TiO2.The weak PL intensity of Co:La:TiO2 may arise 

due to the impregnation of Ni in Titania lattice, which for sub band level in band gap 

region of TiO2. This delays the electrons- holes recombination process and hence utilized 

in the redox, reaction leading to improved photocatalytic activity [46]. 
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Fig.7.15. Photolumiscence Spectra of (a) TiO2 (b) Co:La:TiO2 

7.3.11. Hydroxyl radical formation 

As hydroxyl radical performs the key role for the decomposition of the organic pollutants, 

it is necessary to investigate the amount of hydroxyl radicals produced by each 

photocatalyst. In this study, terephthalic acid (TA) has been used as a probe reagent to 

evaluate ●OH radical present in the photoreaction pathway. Fig.7.16 shows the PL spectra 

of TiO2 and Co:La:TiO2 recorded Methyl Blue solution in presence of 10-3M Terephthalic 

solution. OH radical attack Terephthalic, forming 2- hydroxyl terephthalic acid (TAOH) 

which gives a fluorescence signal at 426 nm. The fluorescent intensity is linearly related 

to the number of hydroxyl radicals formed by the photocatalysts. Higher the generation of 

hydroxyl radical, more will be yield of TAOH and hence more intense will be the 
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fluorescence peak [47]. The spectra show that the intensity of peak indicating in presence 

of Co:La:TiO2 higher generation of more number of hydroxyl radicals compared to TiO2. 

 

 

Fig.7.16. PL spectra of photocatalysed Methyl Blue solution in presence of terephthalic 

acid (0.001M) (a) TiO2 (b) Co:La:TiO2 

7.3.12. Mechanism of photooxidation process 

The photocatalytic mechanism is initiated by the absorption of the photon hv with 

energy equal to or greater than the band gap of TiO2 (3.3 eV for the anatase phase) 

producing an electron hole pair on the surface of TiO2 nanoparticles. An electron is 

promoted to the conduction band (CB) while a positive hole is formed in the valence band 

(VB). Excited state electrons and holes can recombine and dissipate the input energy as 

heat, get trapped in metastable surface states, or react with electron donors and electron 

acceptors adsorbed on the semiconductor surface or within the surrounding electrical 

double layer of the charged particles. After the reaction with water, these holes can 

produce hydroxyl radicals with high redox oxidizing potential [48-50]. Depending upon 

the exact conditions, the holes, OH radicals, O-
2, H2O2 and O2 itself, When the 

semiconductor is illuminated with light (hυ) of greater energy than that of the band gap, 

an electron is promoted from the VB to the CB leaving a positive hole (h+) in the valence 
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band and an electron (e-) in the conduction band as illustrated in Fig.7.17. If charge 

separation is maintained, the electron and hole may migrate to the catalyst surface where 

they participate in redox reactions with sorbed species. Specially, h+
vb may react with 

surface-bound H2O or OH
-
 to produce the hydroxyl radical and e-

cb is picked up by 

oxygen to generate superoxide radical anion (O2
-
), as indicated in the following equations 

6-8;  

Absorption of efficient photons by titania (hυ ≥ Ebg = 3.2 ev) 

                            TiO2+ hυ → e cb + h+
vb                                                                  (6) 

Formation of superoxide radical anion 

                              O2 + e cb → O2
-                                                                (7) 

Neutralization of OH- group into OH by the hole 

              (H2O � H+ + OH-)ads + h+
vb → ●OH + H+                                           (8) 

It has been suggested that the hydroxyl radical (●OH) and superoxide radical anions (O2
.-

 

) are the primary oxidizing species in the photocatalytic oxidation processes. These 

oxidative reactions would results in the degradation of the pollutants as shown in the 

following equations 9-10; 

Oxidation of the organic pollutants via successive attack by OH radicals 

                                  R + ●OH → R
.
 + H2O                                                            (9) 

or by direct reaction with holes 

                               R + h+ → R
.+

 →  degradation products                                    (10) 
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Fig.7.17. Mechanism of photodegradation of Titania and formation of free radical. 

7.3.13. Kinetic study 

The pseudo-first-order rate constant (k, min－
1) for the photodegradation reaction 

of Methyl Blue was determined through the following relation where k can be calculated 

from the plot of ln(Co/Ct) against time (t), Co and Ct denote the initial concentration and 

reaction concentration, respectively. 

                                             ��� � ln 		
	 /	� 

In addition, the linear feature of plots of ln(Co/Ct) versus time (Fig.7.18 and 7.19) 

indicates that this photocatalytic degradation reactions follow the pseudo-first-order rate 

law [51-54]. The rate constant of the photocatalysis at 30 oC is 0.04260 to 0.0234 min－
1. 

The effect of temperature and concentration are showing in table 7.3. 
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Fig.7.18.The straight line relationship between the ln (Co/ Ct) and irradiation time 

indicates photodegradation rate of Methyl Blue (50 ppm) can be approximated by a 

pseudo first order reaction (a) TiO2 at 30oC (b) TiO2 at 40oC (c) Co:La:TiO2 at 30oC (d) 

Co:La:TiO2 at 40oC. 
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Fig.7.19.The straight line relationship between the ln (Co/ Ct) and irradiation time 

indicates photodegradation rate of Methyl Blue (100 ppm) can be approximated by a 

pseudo first order reaction (a) TiO2 at 30oC (b) TiO2 at 40oC (c) Co:La:TiO2 at 30oC (d) 

Co:La:TiO2 at 40oC. 
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Table.7.3. The effect of concentration and temperature on rate constant 

 100 ppm 50 ppm 

 k (min-1)      R2 k (min-1)      R2 k  (min-1)       R2              k  (min-1)       R2 

Sample 30   oC 40 oC 30 oC 40 oC 

TiO2 
Co:La:TiO2 

0.006      0.969 
0.008      0.988 

0.008       0.999 
0.012       0.998 

0.005       0.955 
0.007       0.990 

0.006       0.986 
0.010       0.998 

 

Conclusion 

Prepared nanocomposites of Co:La:TiO2 were characterized by X-Ray Diffractometer, 

SEM, TEM,  UV- Vis, FT-IR, Band gap energy and BET. The TiO2 and Co:La:TiO2 

were used as photocatalyst for the degradation of Methyl Blue. The particle size was 

estimated by the Scherrer’s   and found 68 and 32 nm for TiO2 and Co:La:TiO2 

respectively. The surface area of the photocatalysts were found 37.52 and 106.68 m2/g 

for TiO2 and Co:La.TiO2 respectively. The band gap energy of TiO2 and Co:La.TiO2 

were 3.2 and 3.0 eV. The photodegradation of Methyl Blue has been found maximum at 

5 pH, 25 ppm concentration of dye, 800 mg/L amount of photocatalyst and 180 min 

illumination of visible light. The photodegradation was following the first order kinetics. 
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                                                    CHAPTER-8 

Summery and Conclusion 

Titanium dioxide (TiO2), commonly known as Titania, is one of the most 

commonly used photocatalysts. Because of its high oxidative power, stability, 

and non-toxicity, it promises a broad range of uses as a photocatalysts. 

Advantage of using TiO2 as photo-catalyst are: (a) using TiO2, the process 

occurs under ambient conditions.(b) using TiO2, the oxidation of the substrate 

to CO2 is complete in most cases and (c) it is comparatively inexpensive and 

remains quite stable in contact with different substrate. TiO2 has also played a 

leading role in the active research for the utilization of solar energy. In this 

thesis, prepared the different nanocomposites by the doping of metals in 

Titania and polymer based nanocomposites. The prepared materials were 

characterized by the XRD, FTIR, UV-Vis, BET, SEM, TEM, PL and LCMS. 

The Photodegradation of Eriochrome Black T, Acetic Acid, Methyl Green, 

Victoria Blue, Thymol Blue, Methyl Blue and Rose Bengal have been done. 

In this study, investigate the effect of different parameters on the 

photodegradation.  
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8.1 Summery and Conclusion  

Titanium dioxide (TiO2), commonly known as Titania, is one of the most commonly 

used photocatalysts. Because of its high oxidative power, stability, and non-toxicity, it 

promises a broad range of uses as a photocatalysts. Advantage of using TiO2 as photo-

catalyst are: (a) using TiO2, the process occurs under ambient conditions.(b) using 

TiO2, the oxidation of the substrate to CO2 is complete in most cases and (c) it is 

comparatively inexpensive and remains quite stable in contact with different substrate. 

TiO2 has also played a leading role in the active research for the utilization of solar 

energy. The TiO2 based, dye sensitized, photo-electrochemical cells are receiving a 

great deal of attention as a possible candidate for converting solar energy into 

electricity on a large scale. Titanium dioxide's photocatalytic characteristics are greatly 

enhanced due to the advent of nanotechnology. At nano-scale, not only the surface 

area of titanium dioxide particle increases dramatically but also it exhibits other effects 

on optical properties and size quantization. An increased rate in photocatalytic reaction 

is observed as the redox potential increases and the size decreases. In some cases, 

energy from any ambient light source can be used effectively as the energy source of 

photo catalysis instead of UV light.  

Photo catalyst of solarcoat not only have all the advantages of the traditional 

photocatalyst but also can disinfect, purify air and eliminate harmful substance in the 

condition of visible light .therefore, it has incomparable technology and quality 

advantages of fighting against pollution indoors and outdoors. The strong functions 

of solar coat photocatalysis will completely eliminate odours of newly-decorated 

houses and enable people to get rid of the danger caused by epidemic disease. Solar 

coat of photocatalyst has been widely applied in all kinds of fields and highly affirmed 

& appraised. The theory of photocatalyst: with the irradiation of light, the TiO2 on the 

surface of the ultra strong photocatalyst of solarcoat will take photocatalytic reaction 

the same as photosynthesis which can produce free radical and ozone with 

strong function of oxidization. And it can oxidize and decompose various organic 

compounds and some minerals. 
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Titanium dioxide, particularly in the anatase form, is a photocatalyst under ultraviolet 

light. Recently it has been found that titanium dioxide when spiked with nitrogen ions 

or doped with metal oxide like tungsten trioxide, is also a photocatalyst under visible 

and UV light. The strong oxidative potential of the positive holes oxidizes water to 

create hydroxyl radicals. It can also oxidize oxygen or organic materials directly. 

Titanium dioxide is thus added to paints, cements, windows, tiles, or other products for 

sterilizing, deodorizing and anti-fouling properties and is also used as a hydrolysis 

catalyst. It is also used in the Graetzel cell, a type of chemical solar cell. 

A detailed study of the synthesis, characterization and photocatalytic activity of 

titania based nanocomposites have been carried out and presented in the thesis. The 

organization of whole thesis is given below: 

Chapter 1: Introduction and literature review 

Chapter 2: Photocatalytic degradation of Eriochrome Black-T by the Ni:TiO2 

Nanocomposites 

Chapter 3:  Photocatalytic Activity of Co:TiO2 Nanocomposites and their Application 

in Photodegradation of Acetic Acid 

Chapter 4: The photocatalytic degradation of Methyl Green in presence of Visible 

light with photoactive Ni0.10:La0.05:TiO2 nanocomposites 

Chapter 5: Photocatalytic degradation of Rose Bengal and Thymol blue dye under 

visible light by TiO2/PAni/GO nanocomposites 

Chapter 6: Photocatalytic degradation of Victoria Blue and Rose Bengal dye in visible 

light by prepared TiO2/PPy/GO nanocomposite 

Chapter 7: Preparation and Photocatalytic activity of Co:La:TiO2 nanocomposites for 

the degradation of Methyl Blue in Visible light  

Chapter 8: Conclusion and Scope of Further Research Work 

The study will broadly follow the scheme as given above. The summary of 

research work carried out is as follows: 
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8.1. Introduction and literature review. 

In the first chapter, general introduction about the subject, historical 

background, theories, applications, literature review and objectives of the present 

study has been presented. 

8.2 Photocatalytic degradation of Eriochrome Black-T by the Ni:TiO2 

Nanocomposites 

Conventional chemical, biological and adsorption treatments have been applied for the 

removal of dyes from textile waste water but these processes are insufficient in 

removing dye contaminants. Photocatalysis is greener approach for the degradation of 

harmful dye pollutant compounds completely. In the present study TiO2 and Ni:TiO2 

nanoparticles (NPs) were prepared and their photocatalytic activity was measured 

against Eriochrome Black T (EBT). The Photo-degradation of Eriochrome Black T 

was investigated at different condition of concentration and pH in presence of TiO2 

and Ni:TiO2. The prepared nanoparticles of photocatalyst are characterized by XRD, 

SEM, EDX, UV-Vis, and BET. The photocatalyst activity was measured by varying 

pH and concentration of dye solution. Kinetics study was also performed in this 

investigation. 

Table. 1. BET data of TiO2 and Ni:TiO2 

Sample             Surface area (m2/g)     Pore volume (cm3/g)               Pore radius (nm) 

TiO2                      2.1522                           10.132 x 10-3                              1.21 

Ni:TiO2                 46.685                           9.5124 x 10-2                              1.64 
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Fig.8.1: Photodegradation of EBT at different parameters such as concentration, time, 

pH and amount (a) TiO2 and (b) Ni:TiO2 
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Fig.8.2. Graphical abstract of photodegradation of EBT 

8.3. Photocatalytic Activity of Co:TiO2 Nanocomposites and their Application in 

Photodegradation of Acetic Acid 

The prepared material was subjected to XRD analysis which gives the rutile and 

Anatase both phases were present in the prepared sample. It is found that in samples 

sintered at 400 0C both Anatase and rutile phases were presented and rutile phase was 

more dominant, while in samples without sintered the exclusive formation of 

polycrystalline Anatase and rutile phase separately was occurred. Applying the 

Scherrer’s calculations through which particle size was found 35 and 80 nm in case of 

copper titania and pure titania respectively. The prepared sample of titania and copper 

titania were subjected to photocatalytic degradation of acetic acid was done. The 

degradation of acetic acid occurs efficiently. The prominent degradation was found in 

case of Acetic acid in the presence of nanocomposites Co-TiO2. 
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Fig.8.3: Graphical abstract of photodegradation of acetic acid  

8.4. The photocatalytic degradation of Methyl Green in presence of Visible light 

with photoactive Ni0.10:La0.05:TiO2 nanocomposites 

In this paper, we have done the photodegradation of Methyl green dye in presence of 

prepared Ni0.10:La0.05:TiO2 nanocomposites. The nanocomposites of Ni0.10:La0.05:TiO2 

was prepared by the solution impregnation method. The characterization of 

Synthesized TiO2 and Ni0.10:La0.05:TiO2 nanocomposites were done by X-Ray 

Diffractometer, SEM, TEM, UV- Vis, FT-IR, Band gap energy and BET. The 

photocatalytic degradation of Methyl Green has been done in presence of TiO2 and 

Ni0.10:La0.05:TiO2 nanocomposites. The presence of anatase and rutile phase in the 

nanocomposites has been confirmed by XRD analysis. The photocatalysts particle was 

found in nanodiamension in morphology. The surface area was observed 34.72 and 

96.58 m2/g for the TiO2 and Ni0.10:La0.05:TiO2 nanocomposites. The band gap energy 

was observed 3.2 and 3.0 eV for the TiO2 and Ni0.10:La0.05:TiO2 nanocomposites. The 

photocatalytic degradation behaviour of photocatalysts was investigated by 
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considering different parameters such as effect of concentration, effect of amount of 

photocatalyst, effect of pH, effect of temperature, adsorption, and kinetics. The 90-98 

% photodegradation of Methyl Green has been found at 7 pH, 25 ppm concentration of 

dye, 800 mg/L amount of photocatalyst and 50 min illumination of visible light in 

presence of Ni0.10:La0.05:TiO2 while 10-18 % in presence of neat TiO2. The 

photodegradation of Methyl Green was following the first order kinetics. 
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Fig.8.4. Graphical abstract of photodegradation of MG 

8.5 Photocatalytic degradation of Rose Bengal and Thymol Blue dye under visible 

light by TiO2/PAni/GO nanocomposites 

Nanocomposites of TiO2, TiO2/PAni, and TiO2/PAni/GO were prepared by in situ 

oxidation polymerization method. The prepared TiO2, TiO2/PAni, and TiO2/PAni/GO 

Nanocomposites were characterized by the XRD, SEM, TEM, BET, UV-Vis, FTIR, 

Band gap energy and Photolumiscence. The XRD confirmed the presence of Anatase 
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and rutile phase in the prepared photocatalysts. The average particle size was found 

68, 15 and 12 nm for TiO2, TiO2/PAni, and TiO2/PAni/GO respectively. The SEM and 

TEM images also confirmed the formation of nanocomposites in the range of ~ 100 

nm. The surface area 37.52, 76.68 and 96.24 m2/g were observed for TiO2, TiO2/PAni 

and TiO2/PAni/GO Nanocomposites respectively. The Band gap energy of TiO2, 

TiO2/PAni, and TiO2/PAni/GO were calculated by talc plot and obtained 3.0, 2.86 and 

1.76 eV respectively. The Photocatalytic degradation of Rose Bengal dye was done at 

different condition viz concentration of dye, time of illumination, pH, and dose of 

photocatalyst.  The maximum photodegradation were found at neutral pH, 6.25 ppm 

concentration of dye solution, 800 mg/L amount of photocatalyst and 120 min 

irradiation of visible light. The Photocatalytic degradation of Thymol blue dye was 

done at the different conditions viz concentration of dye, time of illumination, pH, and 

the dose of the photocatalyst.  The photodegradation of Thymol blue was found 98-

99%, 72-93% and 12-17% presence of TiO2/PAni/GO, TiO2/PAni and 

TiO2 respectively. Kinetics of photodegradation was investigated for Rose Bengal and 

Thymol blue dye and found first order kinetics. The coating of PAni and GO were 

enhanced the photocatalytic activity of Titania. Hence TiO2/PAni and TiO2/PAni/GO 

are the efficient photocatalyst for the degradation of Rose Bengal B dye than pure 

TiO2. 
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Fig.8.5. Graphical abstract of photodegradation of RB 

 

Fig.8.6. Graphical abstract of photodegradation of TB 
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8.6 Photocatalytic degradation of Victoria Blue and Rose Bengal dye in visible 

light by prepared TiO2/PPy/GO through oxidative Polymerization 

The present research work describes a proficient method for synthesis of TiO2/PPy and 

TiO2/PPy/GO nanocomposites. These nanocomposites were prepared by one-step in 

situ deposition oxidative polymerization of pyrrole hydrochloride using Ammonium 

per sulphate (APS) as an oxidant in the presence of ultra fine grade powder of 

TiO2 nanoparticles cooled in an ice bath. The obtained nanocomposites were 

characterized by XRD, TEM, SEM, UV-Vis, FTIR, techniques. The obtained results 

showed that TiO2 nanoparticles have been encapsulated by PPy with a strong effect on 

the morphology of TiO2/PPy and TiO2/PPy/GO nanocomposites. The Photocatalytic 

degradation of Rose Bengal and Victoria blue dye was done at different condition viz 

concentration of dye, time of illumination, pH and dose of photocatalyst.  The 

maximum photodegradation were found at 7 pH, 20 ppm concentration of Victoria 

blue and 25 ppm of rose bengal dye solution, 800 mg/L for VB and 1600 mg/L for RB 

amount of photocatalyst and 120 min irradiation of visible light. Kinetics of 

photodegradation was investigated for Victoria blue and Rose Bengal dye and found 

first order kinetics. The coating of PPy and GO were enhanced the photocatalytic 

activity of Titania. Hence TiO2/PPy and TiO2/PPy/GO are the efficient photocatalyst 

for the degradation of Rose Bengal and Victoria Blue dye than pure TiO2. 
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Fig.8.7. Graphical abstract of photodegradation of VB and RB 

8.7 Preparation and Photocatalytic activity of Co:La:TiO2 nanocomposites for 

the degradation of Methyl Blue in Visible light  

In this study, prepared the nanocomposites of Co:La:TiO2 by the wet chemical 

method. Synthesized TiO2 and Co:La:TiO2 were characterized by X-Ray 
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Diffractometer, SEM,TEM,  UV- vis, FT-IR, Band gap energy and BET. The TiO2 and 

Co:La:TiO2 were used as photocatalyst for the degradation of Methyl Blue. The XRD 

pattern confirmed the presence of anatase and rutile phase in the catalyst. The particle 

size was estimated by the Scherrer’s   and found 68 and 32 nm for TiO2 and 

Co:La:TiO2 respectively. The particle morphology of the photocatalysts was found in 

nanodiamension. The surface area of the photocatalysts were found 37.52 and 106.68 

m2/g for TiO2 and Co:La.TiO2 respectively . The band gap energy of TiO2 and 

Co:La.TiO2 were 3.2 and 3.0 eV. The FT-IR spectra of Co:La:TiO2 were recorded and 

found Co bonded with Titania. The photodegradation of Methyl Blue has been found 

maximum at 5 pH, 25 ppm concentration of dye, 800 mg/L amount of photocatalyst 

and 180 min illumination of visible light. The photodegradation was following the first 

order kinetics. 
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Fig.8.8. Graphical abstract of photodegradation of MB 

 

Future trends 

At the present infancy stage of new century future trends for development would 

include: 
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� The preparation of photocatalyst material capable of selective 

photocatalytic degradation of organic pollutants; 

� Novel preparation of ternary mixed oxide systems for photooxidative 

degradation; 

� Novel photocatalyst preparations from titanium oxo families since more 

members of the families became available; 

� Preparation of new hybrid nanocomposites of Titania for the 

photodegradation of organic toxic compound. 

� To create the visible light active photocatalyst by the Coating of 

conducting polymer layer on the surface of Titania. 

� Design of more reliable photocatalyst that can be photoactivated by visible 

and solar light or both. 
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